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Featured Application: The conducted research is a fundamental step for gaining a better under-
standing of the behaviour of steel tubular knee joints in prefabricated aluminium halls. The con-
clusions made in this research can be applied for the development of reliable design methods of
such joints and, consequently, wider application of aluminium halls.

Abstract: Aluminium portal frames with a tension tie element are a commonly used type of alu-
minium structure. Due to the significant reduction in aluminium’s mechanical properties caused
by welding, typical beam to column joints of such frames are formed using bolts and welded steel
knee joints embedded in the structure. Expressions for the reliable assessment of the behaviour of
such joints are lacking, thus limiting the use of aluminium portal frames. Although the behaviour
of steel joints using hollow sections is well investigated, there are only a small number of studies
regarding knee joints, none of which investigate the influence of the tie element on the joint behaviour.
Therefore, the first stage of the research is focused on the flexural behaviour of steel knee joints with
tension tie elements. Laboratory tests of three identical steel knee joints with a tension tie element
were conducted as well as a parametric numerical study with variation of tie element stiffness.
It was concluded that different stiffnesses of the tie element have little influence on moment–rotation
behaviour of the knee joint, but greatly affect overall frame resistance to vertical loads. It was also
concluded that different stiffnesses of the tie element can lead to different failure modes of the knee
joint as well.

Keywords: aluminium frame; steel knee joint; rotational behaviour; tie element stiffness

1. Introduction

So far, aluminium structures have mostly been used in cases where the lowest pos-
sible weight of the structure and the longest durability are essential [1,2]. A typical
example of the use of aluminium in civil engineering is for temporary roofing structures.
Today, when sustainable construction is of utmost importance, there is an obvious need
for aluminium application in permanent structures and, consequently, for reliable alu-
minium design methods [3]. Prefabricated aluminium halls are mostly designed as portal
frames with added high-grade steel tension tie elements, where larger spans are required.
Since welding in some types of aluminium alloy causes a significant reduction in resis-
tance [4], typical joints of such structures are formed using bolts in combination with steel
reinforcement embedded inside hollow aluminium sections. Such joints transfer the load
partially through bolts and partially through a complex contact between the steel insert
and aluminium tubes [3]. Expressions for reliable assessment of the behaviour for such
joints are lacking, thus inhibiting the usage of aluminium prefabricated halls.
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Although the behaviour of joints between steel hollow sections is generally well
known, steel knee joints that are usually used in aluminium frames are not investigated
as often. Wilkinson and Hancock conducted numerous tests to assess the ability of knee
joints in portal frames to form plastic hinges [5–7]. Cold-formed rectangular hollow
sections (RHS) made from steel grade C350 and C450 (nominal yield strength of 350 MPa
and 450 MPa according to Australian Standard [8]) were used in tests. Experimental
research included welded unstiffened and stiffened knee joints, end-plated bolted knee
joints, and knee joints with a fabricated internal sleeve [7]. The joints were tested under
both opening and closing moments. Knee joints under an opening moment failed at
low rotational values, mostly by fracture in the heat-affected zone of the steel hollow
section, while under a closing moment, web buckling was observed. Unstiffened and
stiffened welded knee joints complied with the strength interaction requirements given
in the CIDECT design guide for rectangular sections [9], but the joints were unsuitable
for plastic design. Unstiffened joints were incapable of reaching the plastic moment both
under opening and closing moments. Stiffened joints under an opening moment were also
considered unsuitable for plastic design. Only stiffened joints under a closing moment
were considered suitable to form plastic hinges, and only for steel grade C350. The bolted
plate connection exhibited plasticity; however, the problem of weld failure in the heat-
affected zone under tensile stresses was not fully overcome [7]. Joints with an internal
sleeve sustained the plastic moment for large rotations, proving them to be suitable for
plastic design. An additional benefit of the welded sleeve joint was the formation of the
plastic hinge away from the junction of the two steel tubes [7].

Based on the research given in [5–7], Hancock [10] investigated the influence of a new
welding-based solution on the rotation behaviour of stiffened steel knee joints under
an opening moment. The solution implies the use of additional layers of weld on the
flange in tension of a stiffened welded knee joint. The conducted research proved that the
proposed welding-based solution allows for a significant increase in the rotation capacity
of stiffened welded knee joints made from rectangular hollow sections.

The influence of bending moment and axial force interaction on the strength and
stiffness of beam-to-beam and beam-to-column knee joints using component method
extension was examined in [11,12] by Urbonas and Daniūnas. The obtained results show
that tensile axial force reduces the stiffness of such joints. Tensile load equivalent to 10%
and 25% of the joint load-bearing capacity can lead to stiffness reduction in the joint of up
to 15% and 50%, respectively [11]. On the other hand, the results show that compression
force increases the rigidity of such joints.

The behaviour of knee joints in portal frame sheds made of cold-formed C-channels
was investigated by Mills, J. E. [13]. Such structures have been broadly used in Australia
and New Zealand. Nevertheless, in many cases, designs of cold-formed C-channel section
knee joints were taken from hot-rolled portal frame designs given in Australian design
codes [14]. Such a design approach is incorrect, since the sections being connected are
obviously different in nature. According to the conducted research, knee joints in portal
frames made of cold-formed C-channel sections fail prematurely as they are not able to
achieve the moment capacity of the connected sections. Various alternative knee joint
designs using cold formed channel sections were proposed and constructed, but testing
showed [13] that many of these are also unable to meet required capacities under test.

The current European norm for the design of joints in steel structures [15] gives
a design procedure for stiffened and unstiffened welded knee joints subjected to bending
and axial force but without the tension tie element. A similar design method can be found in
CIDECT design guide [16]; however, it is questionable whether method is applicable to knee
joints with a tie element, a solution that is quite often used for aluminium portal frames.

The aim of this research is to provide deeper insight into the behaviour of such joints
and consequently the future development of effective expressions for their reliable and
quick design. In the first stage of the research, a series of laboratory tests were conducted
on steel knee inserts with a tie element. Additional parametric numerical studies provided
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insight into the effect of tie element stiffness on the bending resistance, rotation capacity
and failure modes of analysed steel knee joints.

2. Experimental Program
2.1. Scope

Laboratory testing was conducted at the Faculty of Civil Engineering, University of
Zagreb. Three identical steel knee joints (marked with S1–S3) were tested under static
loading to induce bending in the specimens. At both ends, specimens were supported
with pin connection to allow free rotation around one horizontal axis while restraining
translation in all directions (Figure 1). However, translation in the vertical direction
was allowed at the free end of the beam element using roller type support to enable
the introduction of the load. At the initial position, the angle between the tie element
and the beam was 15◦, which corresponds with the geometry of realistic prefabricated
aluminium halls.

Figure 1. Test setup—a general view.

2.2. Geometrical Properties

The geometry of the steel joint (insert in aluminium portal frame) was selected to
simulate the realistic situation occurring in the prefabricated aluminium frame, which is
usually built by using a rectangular aluminium profile 230 × 90 × 3 mm with slots.
Thus, the geometry of steel insert was determined with the size of the aluminium cross
section. The insert was formed using butt-welded hollow sections RHS 180 × 80 × 3 mm,
forming an angle of 105◦. Additionally, a smaller tube RHS 30 × 20 × 2 mm was butt-
welded on the inner side of the steel knee insert as reinforcement (Figure 2).

For aluminium portal frames with spans greater than 10 m, a high-strength steel
tension tie element (typically Ø 16, 6 × 37-FC, 1770 MPa (EN 12385-1 [17])) is used.
However, due to the requirements of the strain measurement, a tie element with a circular
hollow section (CHS) 100 × 4.75 (S 235 JRH) was selected (Figure 2). The tie element is
connected to the beam by a T-adapter with two M20, 8.8 quality grade bolts, which are
attached to nuts that are welded to the previously drilled holes on the lower flange of
steel insert beam part [3]. On the other side, the tie element was connected to the rigid
supporting structure using a similar T-adapter and a pair of M20, 8.8 quality grade bolts.
That kind of setup allowed the steel tube to rotate freely around two horizontal axes (pins),
thus only axial forces could occur.
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Figure 2. Geometrical properties of steel knee joint specimens S1–S3 (dimensions in mm).

2.3. Mechanical Properties of Base Material and Welds

To determine the material properties of the base material, a series of 15 coupon tensile
tests were performed according to ISO 6892-1:2019 [18] on universal testing machine
Zwick/Roell Z600E. Coupons were divided into two groups: 12 coupons taken from RHS
180 × 80 × 3, and the remaining 3 coupons taken from smaller RHS 30 × 20 × 2, as shown
in Figure 3. SWR and SWL stand for steel web right and steel web left, respectively,
while SFT and SFB stand for steel flange top and steel web bottom, respectively. Similarly,
SST stands for smaller steel tube. All the steel elements were made from structural steel
S235 JRH [19]. No coupons were taken from the tie element CHS 100 × 4.75.

Figure 3. Positions form where coupons were taken and their belonging labels.

The mechanical properties of RHS 180 × 80 × 3 were characterised by stress-strain
curves taken from 12 coupons (Figure 4). Deviation of the results for the curves SWL1–
SWL3 can be noted. Those coupons showed higher yield and ultimate strength but brittle
behaviour as well. Such results are expected, since coupons for SWL were taken from the
welded part of the cross section. Hence, those results were not taken into consideration
when calculating mean values of mechanical properties for the RHS 180 × 80 × 3 for
the purpose of numerical study. The mean value of yield strength (fy) was 369 MPa,
with a standard deviation of 9.06 MPa. The mean value of ultimate tensile strength (fu)
was 430 MPa, with a standard deviation of 6.64 MPa. It can be noted that values of fu of
9 tested samples show lower scatter compared to values of fy (6.64 < 9.06).
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Figure 4. Stress-strain curves with main mechanical properties of tested coupons (RHS 180 × 80 × 3 and RHS 30 × 20 × 2).

Mechanical properties of RHS 30 × 20 × 2 used as reinforcement are characterised
by stress–strain curves SST1-SST3 (Figure 4). Deviation can also be noted for the SST1
coupon which was taken from the welded part of the smaller steel section RHS 30 × 20 × 2.
That coupon failed prematurely as well; therefore, that result was omitted when calculating
mean values of fy and fu for the smaller steel section. The mean value of fy was 435 MPa,
with a standard deviation of 1.00 MPa. The mean value of fu was 465 MPa, with a standard
deviation of 3.50 MPa. Although they are made from nominally the same steel grade, it can
be noted that steel coupons taken from the smaller RHS 30 × 20 × 2 section show higher
values of fy and fu strength but lower ductility. That kind of behaviour can be contributed
to the higher effect of the residual stresses in the cross section introduced by welding and
the cold forming process of the smaller tube.

Detailed testing of butt welds between the beam and the column (Figure 5) was
conducted at the Faculty of Mechanical Engineering and Naval Architecture, University of
Zagreb. The welding process MAG 135-D was used. It must be noted that test specimens
were chosen by random sampling and they represent standard quality and work in the
practice of the steelwork manufacturer.

Figure 5. Performed testing procedures of butt welds between the beam and the column: (a) dye
penetration test; (b) sample extraction; (c) bending test; (d) macrograph analysis; (e) static tension test.
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Based on the visual quality testing, welds are classified as category D (lowest quality
of weld according to EN ISO 5817:2014, [20]) because of the uneven geometry, spatter on
the base material and poor start-stop performance. Dye penetrant testing gave insights
into the local lack of fusion and sagging, mostly around the weld transition from the butt
weld to the corner weld and the start-stop area. The presence of cracks was not found.

Macrograph analysis showed incomplete penetration with approx. 2–2.5 mm of weld
reinforcement. Bending of the face and the root of the weld (to an angle of 180◦) did not
reveal irregularities in the metal of the weld or the heat affected zone (HAZ). Due to the
very small and incomplete penetration of approx. 0.5 mm, a static tension test of the entire
section, including the reinforcement of the weld, was performed. The results show that the
failure occurs in the base material, outside of the HAZ. It must be noted that the strength
of the base material is lower compared to that of the consumable material (wire).

2.4. Loading Protocol and Measurements

Displacements of the specimens were measured using linear variable differential
transformer (LVDT) sensors, while deformations were measured using strain gauges
(SG) [21]. For each sample, nine LVDT sensors were used (LVDT1 to LVDT9) and five strain
gauges (SG1 to SG5) (Figure 6). Rotation of the column was measured using LVDT 1 and
LVDT 2, while the horizontal displacement of the column base was measured using LVDT
3. Vertical displacements of the beam were measured with LVDT 4–LVDT 6. Displacements
of the supporting structure measured using LVDT 7–LVDT 9 were smaller than 1 mm,
leading to the conclusion that no significant rotation of the supporting structure occurred
during all tests.

Figure 6. Test set-up and measuring devices.

Strain gauges SG1 and SG2 measured relative deformations on inner and on outer
column flange to obtain the stress state of the column. In the middle cross section of the tie
element, three strain gauges (SG3 to SG5) were radially placed, forming an angle of 120◦,
to determine the value of deformations and subsequently the axial force in the tie element.

The same loading regime was applied for all the tested specimens. The testing of steel
knee joints was carried out on universal tensile-compression testing machine 600/250 with
the capacity of 600 kN and maximum piston movement of 250 mm powered with a 55 kW
hydraulic pump. The loading procedure was carried out in three phases: (i) loading up
to 20 kN, (ii) unloading, and (iii) stepwise loading up to the failure [3]. Displacement
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controlled loading was applied with constant speed of 1.2 mm/min. In the third phase,
the load increment was 10 kN in the elastic range. As the load value progressed to the
plastic range, load increment was limited to a piston displacement of 6 mm, as the load
increment of 10 kN could not be maintained. Each phase was followed by a 2-min pause
with the constant load value [22].

2.5. Experimental Results
2.5.1. Load–Displacement Relationship

The overall behaviour of all specimens is characterised by the load–displacement
curves given in Figure 7, where the steel joints are marked with S1–S3. The displacements
were recorded in the piston. Small drops can be spotted in the load–displacement curves
due to the incremental increase in the load value. During every pause in the loading process,
slight relaxation in the specimens occurred since loading was displacement-controlled
and not force-controlled. It can be concluded that specimens S1 and S2 behaved similarly,
while specimen S3 had a softer response after reaching 53 kN. This behaviour can be
explained by the premature failure of the weld between the tensile bolt nut and the steel
knee joint [3].

Figure 7. Force–displacement curves of the steel specimen measured in the piston.

The curves shown in Figure 7 are characterised in Table 1, where Fpl and ∆pl stand
for plastic resistance and the corresponding deformation of the joint, while Fu and ∆u
stand for ultimate resistance and ultimate deformation, respectively. The plastic resistance
of the joint and the corresponding deformation are defined as values at the intersection
between regression lines of the elastic and plastic region of the load–displacement curve
(see methodology explained in Section 2.5.2).

Table 1. Characterization of experimental load–piston displacement curves.

Specimen Fpl [kN] ∆pl [mm] Fu [kN] ∆u [mm]

S1 60.0 11.0 86.0 31.2
S2 64.0 13.0 84.0 30.8
S3 53.0 9.50 72.7 23.6

Mean value 59.0 11.2 80.9 28.5
Std. Dev. 4.55 1.43 5.86 3.49

It can be seen from Table 1 that the mean value of Fpl is equal to 59.0 kN, while the
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mean value of Fu is equal to 80.9 kN. It is also visible that measured values of Fpl are less
scattered than those of Fu (4.55 < 5.86). Furthermore, the mean value of ∆pl is 11.2 mm,
while the mean value of ∆u is 28.5 mm. The values of ∆pl are significantly less scattered in
comparison to the values of ∆u (1.43 < 3.49).

2.5.2. Moment–Rotation Relationship

To characterise the flexural behaviour of the tested steel knee joints, bending moments
versus rotational deformations curves, i.e., the Mj–φj curves, were obtained, using primary
test results and common rules to obtain equilibrium on the undeformed element, Equations
(1)–(5). Having obtained force at the piston (FP) and force in the tie element (FT) from
the test, the horizontal reaction at the beam end (RH,P) can be calculated using known
geometry (Figure 8) and consequently, first order bending moment at the beam to column
intersection Mj can be expressed as follows:

Mj = 739 RH,P−1323 FP +
(

185 cos
(

14.17
◦
)

− (89 + 248) sin
(

14.17
◦
)
) FT (1)

Mj = 487 FP − 271 FT (2)

1 

 

 

Figure 8. Loading and boundary conditions of the steel knee specimen (dimensions in mm).

Note that dimensions in Equations (1) and (2) are in mm, therefore, the results of
bending moment will be expressed in kNmm if forces are entered in kN. Generally, rotation
at the knee joint φj can be calculated as subtraction of the beam rotation (φb) and the
column rotation (φc):

φj = φc − φb (3)

Assuming that the column and the beam remain undeformed due to external loads
and all the deformation is concentrated in the beam–column intersection (Figure 8), rotation



Appl. Sci. 2021, 11, 70 9 of 18

of the beam (φb) and of the column (φc) can be calculated using the following expressions:

φb = tan−1

[
561 − 352 + tan

(
14.17

◦)
δ1 − δ4

375 + δ1

]
− 29.17

◦
(4)

φc = tan−1
[
δ1

352

]
(5)

where δ1 and δ4 are displacements in mm measured at LVDT1 and LVDT4, respectively.
The angle of 14.17◦ represents the deviation of the column from verticality (see Figure 8).
It must be noted that for the arbitrary displacement of the piston, Equation (4) will give
negative values of φb, while Equation (5) will give positive values of φc. Such an approach
was chosen since arbitrary displacement of the piston will lead to a mutually opposite
direction of rotation of the beam relative to the column.

Bending moment versus rotational deformation curves are shown in Figure 9. It is
visible that these curves consist of three characteristic regions: the elastic (linear) region
(marked as 1), the knee-range (marked as 2), and the postcritical region (marked as 3)
(Figure 9b). The bending moment that characterises the resistance of the steel joint Mj,R is
defined at the intersection of the secants of the elastic and small postcritical region (after
knee-range and before ultimate moment) (Figure 9b). The initial rotational stiffness is
defined as the slope of the downward curve in the first loading phase (Figure 9b).

Figure 9. Moment–rotation curves: (a) rotational behaviour of specimen S1–S3; (b) main properties of the Mj–φj curves.

As can be seen from Figure 9a, all the specimens showed relatively similar rotational
properties. The main properties of Mj–φj curves are given in Table 2. The lowest bending
resistance Mj,R was obtained for specimen S3, amounting to 16.6 kNm, while specimens
S1 and S2 had slightly higher values of bending resistance Mj,R (17.1 and 17.6 kNm,
respectively). The lowest value of elastic bending moment Mj,el was measured for specimen
S1, amounting to 12.4 kNm. Specimen S3 had a 10% (13.7/12.4) higher value of elastic
moment compared to specimen S1, while specimen S2 had a 20% (14.9/12.4) greater value
of elastic moment compared to specimen S1. The elastic bending moment Mj,el showed
greater variation of values compared to bending resistance Mj,R (1.02 > 0.408).
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Table 2. Main properties of the Mj–φj curves.

Joint Property S1 S2 S3 Avg Std. Dev.

Mj,R [kNm] 17.1 17.6 16.6 17.1 0.408
Mj,el [kNm] 12.4 14.9 13.7 13.7 1.02
Mj,u [kNm] 17.9 18.2 17.2 17.8 0.419
ϕj,Mu [mrad] 19.9 15.4 13.9 16.2 2.55
ϕj,u [mrad] 39.2 43.9 63.3 48.8 10.4

Sj,ini [kNm/rad] 1641 1663 1541 1615 53.1

The maximum value of the ultimate bending moment Mj,u was achieved for specimen
S2, amounting to 18.2 kNm, with corresponding rotation of 15.4 mrad. On the other
hand, the minimum value of the ultimate bending moment was achieved for specimen
S3, amounting to 17.2 kNm, with corresponding rotation of 13.9 mrad. Specimen S1
failed at the value of ultimate bending moment of 17.9 kNm and a corresponding rotation
of 19.9 mrad. It can be noted that specimen S1 showed significantly higher rotational
deformation prior to reaching maximum bending moment.

In terms of the initial rotational stiffness Sj,ini, all the specimens showed similar
behaviour. Specimen S2 had the highest initial rotational stiffness of 1663 kNm/rad,
followed by specimen S1, with the value of initial rotational stiffness of 1641 kNm/rad.
Specimen S3 had the lowest initial rotational stiffness of 1541 kNm/rad.

On the other hand, specimen S1 had the lowest ultimate rotational deformation φj,u,
amounting to 39.2 mrad while the specimen S3 showed the highest ultimate rotational
deformation of 63.3 mrad. Specimen S2 had ultimate rotational deformation of 43.9 mrad.
It must be noted that specimen S3, which had the softest response compared to specimens
S1 and S2, also had by far the highest value of ultimate rotational deformation.

2.5.3. Failure Modes

All of the steel specimens failed in a similar mode. In the beginning phase of loading,
slight buckling in the compression zone of the joint can be noticed (Figure 10a). A further
increase in the load causes the activation of the tie element, i.e., tension in the tie element
occurs, restraining further buckling of the joint in the compression zone. As the load
increases even more, tension in the tie element increases, causing rotation of the T-adapter
of the tie element. Rotation of the T-adapter causes compression in the knee joint on one
side of the adapter and tension in the bolt on the other. The joint fails when the end weld
between the tensile bolt nut and the steel knee joint fails, Figure 10b.

Figure 10. Failure mode of the steel knee joint: (a) local web buckling in the knee joint connection
region; (b) tensile bolt nut weld failure.

2.5.4. Force in the Piston-Tension in tie Element Relationship

Strain in the tie element was recorded by three strain gauges (SG 3–SG 5) in the middle
cross section of the tie element in all 3 specimens (S1–S3). Using the calculated mean
strain value of the tie element, tensile force in the tie element was calculated for each
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specimen, and subsequently, the relationships of the load at the piston and the force in the
tie element was obtained (see Figure 11). The mean value of tensile force in the tie element
for specimens S1–S3 was also calculated. After reaching a force at the piston of approx.
72 kN, specimen S3 failed. Due to the premature failure of specimen S3, tensile force in
the tie element for that specimen had to be extrapolated so that average value could be
calculated for the entire range (black curve).

Figure 11. Force in the piston-force in the tie element relationship.

As expected, an increase in the force in the piston leads to an increase in the load
in the tie element. Jumps in the force in the piston-force in tie element curves are visible
around 20 kN force in the piston (Figure 11), and they are caused by slippage of the bolts
between the tie element and the knee joint. Maximum tensile force in the tie element was
approx. 86 kN for the specimen S1. On the other hand, resistance of the tie element cross
section to axial tensile force was approx. 340 kN for the measured cross section surface
area and fy = 235 MPa. Therefore, it can be concluded that tie element was not even close
to reaching the yield strength, i.e., that its behaviour was deeply in the elastic range during
all tests.

3. Numerical Analysis
3.1. General Overview of the Numerical Model

Numerical modelling was conducted in software package ANSYS 17.0 [23]. Geometrical
properties of the numerical model were determined according to laboratory measurements
to achieve more realistic behaviour. Thicknesses of the steel tube sections were determined
as an average of measured values [22]. To apply different material properties to various
parts of the numerical model and to generate more precise mesh, the numerical model was
divided into several geometrical parts (Figure 12). Only solid finite elements were used in
the analysis, both tetrahedral and hexagonal. Finite element size in the model was 7.5 mm,
which was enough to achieve mesh convergence. In the contact regions, mesh was refined
to 2.5 mm element size to achieve more accurate results.

Nonlinear behaviour of the base material was included using multilinear stress–strain
curves analogous to those obtained by coupon tensile tests, Figure 4. All the stress–strain
curves were transformed into true stress–strain curves by common rules to achieve more
accurate results. It must be noted that no tensile tests were performed for the tie element;
therefore, to model the behaviour of the tie element, the same mechanical properties were
used as for the RHS 180 × 80 × 3 element. Since no plastic deformations of the tie element
were recorded during laboratory tests, such simplification had a negligible effect on the
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overall behaviour of the steel specimen. Nonlinear behaviour of the bolts was included
using a multilinear stress–strain curve. Since bolts were not tested, nominal strength values
for the 8.8 quality bolt class were used. Prior to reaching a bolt yield strength of 640 MPa,
material behaviour was modelled as linear elastic with E = 2 × 105 MPa. The ultimate
strength of 800 MPa corresponds to plastic deformation of 1%, followed by a plateau region
up to an ultimate deformation of 2%.

Figure 12. Numerical model (3D view).

Initial geometrical imperfection of the steel specimen around the butt-welded connec-
tion was included in numerical models as well. To prevent the penetration in the contact
region between the two parts of the model, contact interaction between the surfaces was
defined or the addition of the contact elements was introduced. Numerical modelling was
conducted using three-dimensional solid elements only. To reduce the number of finite
elements in the model and to shorten the calculation time, symmetry around the vertical
plane was used [21].

Boundary conditions in the numerical model were defined to represent those of the
laboratory test as accurately as possible. At both ends, the steel specimen was free to rotate
around the horizontal axis while translations at both ends were restricted in all directions
except for vertical displacement at the free end of the beam to allow the introduction of
the load in the specimen in the form of a 30 mm vertical displacement. It must be noted
that 2 mm displacement of the supporting structure in the horizontal direction occurred
during the loading phase, which corresponds to approx. 2 mm displacement in the vertical
direction at the piston. That was included in the numerical results as 2 mm translation of
the numerically obtained force–piston displacement curve (Figure 13a). All the boundary
conditions in the model were assigned on the perimeter of the pin hole.

Figure 13. Comparison between experimental and numerical results: (a) load-displacement; (b) moment–rotation curves.
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Loading of the steel specimen was modelled in two steps. Prestressing of the bolts to
a value of 10 kN that corresponds to manual tightening of the bolts as well as out of plane
line pressure of 40 N/mm at the line of the web welds to represent initial deformations in
the HAZ were modelled in the first load step. Linearly increasing displacement of 30 mm
in the vertical direction at the free column end was modelled in the second loading step.

3.2. Simulation of Performed Tests

Comparison of experimental and numerical results is given in the form of piston
force–piston displacement curves (Figure 13a). It can be observed that experimental results
coincide well with the numerical simulations, confirming the correctness of the calibration
procedure. However, numerical models displayed higher stiffness in the beginning of the
loading compared to experimental results. The reason for that kind of deviation is the
inactivity of the tension tie element in the beginning of tests, while in the numerical model,
the tie element is active from the beginning of the loading phase [21]. Good matching
between experimental and numerical results in the form of bending moment–rotation of
joint (Mj–φj) curves is also obtained (Figure 13b).

In Figure 14, a graphical comparison between the failure mode obtained in the labo-
ratory specimen and by numerical analysis is given. The numerical model gave a similar
response regarding failure behaviour. In both experimental and numerical analyses, tensile
bolt nut pull-out was the cause of failure in conjunction with the rotation of the T-adapter
and buckling of the web on the beam to column joint.

Figure 14. Failure mode comparison between: (a) laboratory specimen; (b) numerical model.

3.3. Numerical Parametric Analysis

For prefabricated aluminium halls with spans greater than 10 m, a high-strength
steel tension tie element is used (commonly Ø 16, 6 × 37+FC, 1770 MPa [17]) to reduce
bending in the knee and to allow for greater spans. Due to the limitations of the laboratory
equipment, the circular tube CHS 100 × 4.75 (S 235 JRH) was selected, resulting in much
stiffer overall behaviour of the steel knee joints subjected to bending compared to one in
a real structure, when high-strength wire rope would be used. That kind of behaviour can
be contributed to three reasons:

1. The cross-sectional area of the tie element used in the laboratory testing is 14.2 cm2,
which is much higher compared to that of a high-strength steel wire rope that is equal
to 1.10 cm2 for commonly used Ø 16, 6 × 37 FC steel wire rope.

2. Due to spatial limitations of the laboratory equipment, the length of the tie element
was approx. 1 m, which is much shorter compared to real aluminium portal frames
with a tie element (usually spanning between 10 and 20 m).

3. High strength steel wire ropes in general have a lower modulus of elasticity compared
to that of a structural steel. The modulus of elasticity for various types of steel
wire ropes with fibre core can vary in the range from 68.7 to 98.1 GPa according
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to [24]. For this numerical analysis, a modulus of elasticity of 80 GPa was chosen
and implemented.

To investigate the influence of the tie element stiffness on the behaviour of the steel
knee joint, numerical analyses were conducted, varying the stiffness of the tie element.
Since the geometry of the steel wire rope is very complex, a simplification was made in
the numerical model where the geometry of the specimen was left unchanged (Figure 12),
but the modulus of elasticity of the tie element was reduced by the nondimensional factor,
fred, which represents the stiffness ratio of the tie element used in the laboratory test and the
tie element used in practice. Taking into consideration the difference in cross-sectional area,
modulus of elasticity and the length of the tie element between the laboratory specimen
and real structure, the reduction factor, fred, can be defined with the following expression:

fred ≈ 17.2 L, (6)

where L represents the span of the portal frame in meters. Six different spans where taken
into consideration ranging from 1 to 20 m (Table 3). Considering that the common span
of the aluminium portal frames with the tie element ranges between 10 and 20 m, 5-, 2.5-
and 1-m spans were considered for academic purposes only. A knee joint without the
tie element was considered as well. In Table 3, reduction factors fred along with their
corresponding reduced modulus of elasticity are given for the considered span values.

Table 3. Comparison of the stiffness values of tie elements used in experimental program and the
one used in practice.

Portal Frame Span [m]. Stiffness Ratio fred [–] E’=E/fred [MPa]

1 17 12,200
2.5 43 4880
5 86 2440
10 172 1220
15 258 815
20 344 610

E—modulus of elasticity for steel taken as E = 210 GPa

3.4. Discussion of Parametric Numerical Analysis Results

The results of the numerical analyses are presented in Figures 15 and 16. Force–piston
displacement curves for different tie element stiffnesses are shown in Figure 15. The in-
crease in the tie element stiffness increases the maximal piston force (load) significantly.
In the elastic region, the behaviour of the knee joint is relatively similar for all analysed
cases. In the knee range, and especially in the postcritical region, the influence of the
tie element stiffness is much more pronounced. In the case of knee joints with a softer
tie element (dashed curves), differences in the force–piston displacement curves in the
postcritical region are less pronounced.

Figure 16 represents the moment–rotation relationship of the analysed knee joints
where both moment and rotation were measured at the beam to column intersection of the
knee joint using Equations (1)–(5). It can be seen from the Figure 16 that stiffness of the
tie element has a negligible effect on the moment–rotation relationship of the knee joint.
In the elastic range, the moment–rotation relationship of the knee joint is almost identical
for all the analysed cases, therefore leading to the conclusion that the tie element does not
affect the bending resistance or rotational stiffness of the knee joint. It must be noted that
the tie element has a major effect on the redistribution of bending moments due to external
vertical loads. Because the bending moment in the knee joint for the frame with a tie
element is much lower in comparison with the portal frame without the tie element for the
same level of loading, tie element is very useful for large-span aluminium portal frames.
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Figure 15. Force–piston displacement curves for different stiffnesses of the tie element.

Figure 16. Joint bending moment–rotation curves for different stiffnesses of the tie element.

Slight differences in the moment–rotation curves can be observed in the knee region
and post-critical region. Contrary to expectation, knee joints with softer tie element de-
veloped slightly higher values of ultimate bending moment and rotational deformation.
This kind of behaviour can be explained by the fact that joints with softer tie elements have
lower values of compression force, enabling them to have slightly higher ultimate moment
and total rotation.

Changing the stiffness of the tie element also led to different failure modes of the knee
joint (Figure 17). For the knee joints with a stiffer tie element, numerical analyses showed
that the ultimate knee joint failure was caused by failure of the weld between the beam
section and the tensile bolt nut. In the case of knee joints with a softer tie element, tensile
force in the tie element is much lower, therefore the pull-out of the tensile bolt does not
occur. In that case, bending at the beam to column intersection along with web buckling
was the dominant cause of joint failure. In real aluminium halls with a tension tie element,
the latter failure mode is to be expected, which is favourable since that kind of failure is
much more ductile compared to brittle failure where tensile bolt nut pull-out occurs.
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Figure 17. Comparison of failure modes for different tie element stiffnesses: (a) E’ = 210,000 MPa; (b)
E’ = 610 MPa.

Furthermore, joints with a stiffer tie element have discontinuity in force–piston dis-
placement curves after reaching a force value of approx. 40 kN (Figure 15), which is caused
by the slip of the manually prestressed bolts that connect the T-adapter to the beam of the
steel knee joint. Before reaching force at the piston of 40 kN, force in the tie element is
transferred to the knee joint beam by the friction between the T–adapter and the smaller
steel tube. After reaching a force at the piston of approx. 40 kN, slip of the bolts occurs in
numerical models, causing tension from the tie element to be transferred by the contact
between the bolts and the perimeter of holes. This kind of behaviour is much less pro-
nounced in joints with a softer tie element, since slippage of the bolts occurred just prior to
reaching ultimate failure.

4. Conclusions

Laboratory tests along with parametric numerical analysis were conducted to examine
the steel knee joint flexural behaviour. Three identical steel knee joints with a tie element
subjected to a bending moment were tested in a laboratory. Due to the limitations of the
laboratory equipment, a steel tube was used as a tie element instead of high-strength steel
wire rope, giving a much stiffer joint response that is quite different from the joints in real
aluminium portal frame structures. To examine the influence of tie element stiffness on the
overall behaviour of the knee joint, the numerical model was calibrated to the laboratory
tests and additional numerical parametric analysis was conducted with various tie element
stiffnesses. Based on the conducted research, the following conclusions can be drawn:

1. Tested laboratory specimens have similar behaviour, all failing due to weld failure
between the beam tube section and the tensile bolt nut.

2. In general, the stiffness of the tie element has very little influence on the bending
moment–rotation relationship of the knee joint but has high influence on the force–
piston displacement relationship.

3. The influence of the tie element stiffness on the bending moment–rotation and the
force–piston displacement relationship is more pronounced in the knee range and
especially in the postcritical region.

4. Knee joints with stiffer tie elements are much more prone to tensile bolt (nut) pull-out
when reaching failure compared to knee joints with a softer tie element. When a softer
tie element is used, web buckling at the beam to column intersection is much more
pronounced, giving a more favourable ductile failure mode.

The findings from the research performed lead to the conclusion that steel knee
joints with tension tie elements are a good solution for aluminium portal frames. Ductile
behaviour and the favourable effect of the soft tie element that is commonly used in practice
ensure a safe way of connecting aluminium members without unfavourable welding. To get



Appl. Sci. 2021, 11, 70 17 of 18

an overall picture of the complex behaviour of aluminium portal frames, further research
should be oriented to the behaviour of aluminium beam-to-column joints with steel inserts.
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