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Abstract: This paper investigates the behaviour of an extended end plate connection for rec-
tangular hollow sections subjected to bending moment. The end plate extends on two sides of
the RHS and has one bolt on each side. Such connection designs are typically used at the ends
of RHS columns in laterally braced building frames. The connection is commonly considered
as ideally pinned for end-rotation about the weak axis of the connection, i.e., about the axis
through the two bolts, while it is partial-rigid about the other main axis. The objectives of the
present study are to obtain data for both the initial bending stiffness and the capacity of the
end plate connection for moment about each of the two axes. The results are compared to the
predictions of the component method of EN 1993-1-8, which is applicable only for the bend-
ing about the connection’s strong axis. For the weak axis resistance, classical yield line analy-
sis is used to develop an expression for the moment resistance. The test results are used for a
discussion of the stiffness boundaries for joint classification for this particular connection.

1 Introduction

Rectangular and quadratic hollow sections are widely used in steel frames, trusses and gird-
ers, and are extensively used as columns in buildings. Connection design for hollow sections
ranges from fully welded solutions for large structural elements as lattice girders, to connec-
tions designed with plates and bolts for assembling elements at the construction site. A com-
mon design of the connection of a hollow section to a concrete foundation, or to other struc-
tural elements, is to use an extended end plate welded to the section, and fastening by thread-
ed bars or bolts. Such connections may be designed to be either rotationally rigid and full-
strength in moment resistance, semi-rigid and partially- or full-strength, or to function as a
pinned connections transferring only shear forces.

The design formulas for end plate connections given in EN 1993-1-8 [1] cover typical beam-
to-column connections and column bases for I-section members and gives design formulas for
predicting both the connection strength and stiffness. Earlier investigations [2,3] pointed out
complications when applying the T-stub capacity models [1] for RHS end plate cases, due to
bending of the RHS wall and a shift in the location of the hogging plastic line into the part of
the end plate inside the section. It was also shown by [2] that modifications were necessary
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for the component stiffness models to yield proper results for the RHS cases. It is the inten-
tion of the present investigation to contribute with experimental data and analyses on the be-
haviour of an extended end plate connections used for RHS sections, and to either modify or
extend the component model of [1] to cover the present case or to suggest new models. This
includes development of modified yield line model for predicting the end plate resistance for
the two directions of the bending moment, as well as new stiffness models for predicting the
rotational stiffness of the joint.

The connection studied in the present paper has an end plate extending on two sides of the
rectangular hollow section, with one bolt on each side. The connection is depicted in Fig. 1.
The results presented here were obtained in a master project at NTNU [4].

Fig. 1: Investigated end plate connection for RHS member.

2 Test program

A test program was carried out to provide experimental data and to verify the analytical mod-
els for joint stiffness and capacity. Results for two specimens are reported in this paper. The
test section was a rectangular hollow section RHS 80-80-4 mm in S355. The end plate was
also in S355, made from a flat bar with cross-section 100-8 mm. Fig. 2 shows the simple test
arrangement. The RHS was fixed to a stiff reaction wall in the laboratory, mounted in a hori-
zontal position as a standard cantilever, and a load (P) was applied at the tip by manual
weights. The end plate was connected to the stiff wall by two bolts, as shown in Fig. 2. The
connection was tested in two configurations, one with the bolts positioned along a vertical
line above and below the horizontal bending axis of the RHS cross-section (Specimen A in
Fig.2) and the other with the bolts positioned on the horizontal bending axis (Specimen B).
The two test configurations are denoted “strong axis” and “weak axis” in the following, which
refers to the moment strength and stiffness of the end plate connection. It is quite obvious that
the end plate connection of Specimen A, due to the “correct” orientation of the end plate, is
stronger and stiffer than for Specimen B.

The RHS member had a length of approximately 3.0 m in the tests. The end plates had overall
dimensions of 220-100 mm and a thickness of 8 mm, and bolt holes positioned as shown in
Fig. 3. The measured yield strength of the end plate material was f,=405 MPa. The specimens
were manufactured in the workshop in the laboratory, using ordinary tolerances and weld
quality. The throat dimension of the fillet welds varied between 3.7 and 4.2 mm around the
section. The bolts were M 16-grade 8.8 in holes 17 mm and were tightened to 80 Nm. The
welding introduced an initial curvature in the end plate, which resulted in initial gaps at the
plate edges when the end plate was connected to the wall. The chosen bolt pre-tensioning
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produced good contact between the end plates in the region around the bolt hole, but a small
gap remained at the edges.
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Fig. 2: Geometry of test specimen A (top) and B (bottom).
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Fig. 3: Geometry of end plate.

Several loading-unloading sequences were performed at low load levels in order to obtain ac-
curate data on the initial bending stiffness of the end plate connections. Finally, both speci-
mens were loaded with increasing weights until plastic bending occurred and the connection
was permanently deformed. No physical failures were observed, even though the vertical dis-
placement at the tip of the cantilever was 400-500 mm when the tests were terminated. The
manual weights and available clearance to the test floor did not allow further loading. After
unloading, the remaining displacement at the tip of the cantilever was approximately 250 mm.
The permanent deformation occurred in the end plates and by some bending deformation of
the bolts.

The weights (P) were applied in increments of 5 kg at the low load levels (initial stiffness
range). The bending moment at the joint was calculated from simple statics (M=P-L, see Fig.
2). The cantilever displacement was read manually at the load point using a simple tape



4 Nordic Steel Construction Conference 2015

measure at each load increment. The rotation of the connection was measured using rotation
gauges (Accustar electronic clinometers) attached to the RHS sidewalls adjacent to the weld
to the end plate, using a pin and plate arrangement. This can be seen in Fig. 4 (one rotation
gauge on the RHS was not mounted yet when the image was taken). A thick support plate was
used to attach the tests specimens to the reaction wall, as shown in the image to the left in Fig.
4. A rotation gauge was also mounted on the support plate to check that it was stiff enough
not to influence the rotation.

Fig. 4: Support plate on reaction wall (left) and connected Specimen A (right) with rotation gauges.

3 Test results

The test programme is summarized in Table 1.

Table 1: Test programme

Test Moment at initiation Moment at termi- Prediction by Initial connec-
specimen  of permanent rota- nation of test Yield line analy- tion stiffness
tion (KNm) (KNm) sis (kNm) Si.ini (KNm/rad)
A 3.0 8 4.55 560
B 2.5 5.3 4.6 180

3.1 Strong axis bending

The response curves obtained in the strong axis bending test (Specimen A) are given in Figs.
5 and 6, with the recorded data points indicated on the curves. Fig. 5 shows the behaviour of
the specimen in an initial loading test, where the specimen was loaded to a moment of ap-
proximately 2.5 kNm and a corresponding rotation of 0.005 radians. Fig. 6 shows the com-
plete response curve obtained when the specimen was loaded into the inelastic range, where
the test was terminated at a load of 280 kg. This caused a maximum moment of 8 KNm at the
rotation of 0.1 radians (at 400 mm displacement at the tip of the cantilever).

The rotation recorded by the rotation gauges was compared with the rotation derived from the
measured displacements of the tip of the cantilever. This was done by subtracting the deflec-
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tion caused by the bending deformation of the cantilever, A =PL®/3EIl , from the measured
displacement and converting the remaining into a concentrated rotation at the connection. The
resulting moment-rotation curves (not shown here) were practically identical with those in
Figs. 5 and 6 (and similarly in Figs. 8 and 9 for the weak axis test).
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Fig. 5: Response of Specimen A for initial loading step.
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Fig. 6: Response of Specimen A for final capacity test.

In an ideal case the initial part of the response curve would be linear over a significant part of
the loading range and the initial (elastic) stiffness of the connection thus easy to define. As
seen this is not the case here. Similar observations have been reported by [2,5,6]. The re-
sponse curve is non-linear from the very beginning of the test. The reason is the complexity of
the contact zone / compressed area between the end plate and the support plate. Due to the
initial curvature of the end plate and the local contact zone in the region around the pre-
tensioned bolts, the contact pressure is non-uniform in both directions (y and z) in the inter-
face between the plates. During loading the developed end-rotation of the RHS causes elastic
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bending deformations in the end plate, particularly at the tension side of the connection. This
causes lever arm and prying action effects and changes the contact area between the plates. At
larger moment a gap develops between the end plate and the support plate at the level of the
upper wall of the RHS section, which shifts the contact zone between the plates toward the
upper edge of the end plate. It was observed at the end of the test that there was still contact at
the middle part of the upper edge of the end plate (over a width of 40 mm), but there were
significant gaps at the corners of the end plate. At the compression side of the RHS section
the largest compressive stresses probably occurred between the end plate and the support
plate in the area in line with the bottom wall or the weld of the RHS.

The initial loading and unloading sequences for Specimen A were performed seven times, to
increasing load levels (weights) from 30 to 100 kg. Fig. 5 depicts the response curve for a
maximum loading of 87.5 kg. For all lower load levels the obtained response curves were
practically identical and perfectly elastic, as the rotation returned to zero after the load was
removed. As shown in Fig. 5, a straight line Si,° is fitted to the initial part of the response
curve. The line corresponds to a connection stiffness of 1450 kNm/rad. It is observed in the
figure that this stiffness only reflects the behaviour for moment up to 1.0 kNm, which is far
below the actual capacity of the connection, and thus not very relevant.

Some suggestions on how to define the initial rotation stiffness (design stiffness) of the spec-
imen may be found in the definition figure of EN 1993-1-8 (Figure 6.1 and section 6.1.2.3),
giving the theoretical moment-rotation relation obtained using the component method. The
initial stiffness is defined from the initial linear region of the curve, corresponding to 2/3 of
the moment capacity of the joint. The curve has a pronounced “knee” and the joint capacity is
given by a constant moment, which enables the simple definition. For the nonlinear curve of
the test (Figs. 5 and 6) it was chosen to define the design stiffness by a straight line fitted to
the response curve such that it intersected the response curve at the moment corresponding to
the initiation of permanent rotation (i.e., secant stiffness). References [5,6] use alternative def-
initions. For practical reasons the stiffness was derived from the test data using the moment
causing a small permanent rotation (10 % of the applied rotation remaining when the loading
was removed). For the test specimen this occurred at a moment of approximately 3.0 kNm
(Table 1). The constructed stiffness line, Sj,ini, is shown in Figs. 5 and 6, and has the stiffness
value S;,ini=560 KNm/rad. As observed in Fig. 6 the line provides a reasonable estimate for the
stiffness of the connection for moment up to 50% of the applied maximum moment in the test.

Fig. 7: Deformed end plate of Specimen A, close-up of extending part at tension side.
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The image in Fig. 7 shows the deformed shape of the end plate after the test. A yield line has
developed across the plate adjacent to the toe of the weld, while the plate is bent in both di-

rections in the region of the bolt. The gap at the corner is clearly visible.

3.2 Weak axis bending

The response curves obtained in the weak axis bending tests (Specimen B) are given in Figs.
8 and 9. The initial loading sequences for this specimen were performed in the same manner
as for the strong axis test (Specimen A). It is observed from Fig. 8 that the first part of the re-
sponse curve is quite linear. The onset of permanent deformations for this specimen occurred
at a moment of approximately 2.5 kNm. By defining an initial stiffness and a design stiffness
in the same manner as for Specimen A the values Si,"=220 kNm/rad and S;,;=180 kNm/rad

are obtained, respectively, both indicated in Fig. 8.
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Fig. 8: Response of Specimen B for initial loading step.
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Fig. 9: Response of Specimen B for final capacity test.
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The shape of the response curve for the capacity test (Fig. 9) closely resembles that of Speci-
men A. The largest load applied was 180 kg before the test was terminated, corresponding to
a maximum moment of 5.3 kNm and a rotation of 0.135 radians with 460 mm displacement at
the cantilever tip.

The images in Fig. 10 show the deformed shape of the specimen in the test rig at 5.3 kNm
loading. As seen, there is a gap of several millimetres along the upper edge of the end plate,
i.e., at the tension side of the connection. Note that the gap goes all the way to the corners of

the plate (image to the right).
1) ‘?

Fig. 10: Deformed end plate connection of Specimen B. Left: view from above. Right: view from the
side showing a 5 mm gap at the upper corner of the plate and small gap along the vertical edge of the
end plate at the lower part.

4 Comparison with predictions — strong axis bending

As a first attempt to predict the capacity and stiffness of the test specimen for strong axis
bending the concept and formulas of Eurocode 3-1-8 [1] were applied. The decisive failure
mechanism is a full yield mechanism in end plate with two yield lines at the tension side; one
yield line located at the toe of the weld and the other through the bolt hole (Mode 1 of [1]).
The extending part of the end plate below the RHS is neglected. The effective length of the
model T-stub [1] is thus b,/2=50 mm and the predicted tension resistance of the stub is 37 kN.

Assuming the compression resultant to be located along the center line of the bottom wall of
the RHS, the moment arm between the bottom wall and the bolt on the tension side is 118 mm
giving a moment capacity of M;q=4.3 kNm for the connection (considering a force couple).
As the weld is located along the outside of the RHS, another reasonable assumption for the
location of the compression zone could be the center line of the weld, which gives a moment
arm of 123 mm between the forces and the resulting moment capacity M;q=4.5 KNm. Note
that the moment arm is not defined for end plates with one row of bolts on the tension. For
angle flange cleats the arm is given as the distance between the centre of compression to the
bolt-row in tension. The theoretically correct in terms of basic statics would be to distinguish
between two cases; for failure of the bolts (Mode 3, i.e., zero prying force) the moment arm is
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as indicated in [1] the distance to the bolt-row in tension, whereas for Mode 1 and 2 the equi-
librium equation should include the moment in the end plate, which reduces the predicted ca-
pacity. However, as favourable effect of developed membrane forces will contribute signifi-
cantly, simplifications may be justified. M;=4.5 KNm may thus be accepted.

Fig. 11 shows an alternative model for calculating the moment capacity of the end plate con-
nection. In [6] an almost similar model is outlined. A mechanism with three yield lines (I, I
and I11) in the end plate is assumed (Model-type of failure on the tension side), as observed in
the test. The coefficient m, is the yield moment of the plate (mp:O.25tp2fy). By equating the
external and internal virtual work the following expression is obtained for the applied connec-
tion moment to cause the plastic collapse:

h 1
M, =2mb, {m—°+1} (1)

X

o

+ =

Fig. 11: Yield line model for strong axis bending capacity.

Equation 1 yields a plastic moment capacity of My=4.55 KNm. The contribution from yield
line I to this value is 14 %. The calculated value of the plastic moment is indicated in Fig. 6
by the horizontal line denoted “yield mechanism”. As observed, the moment is located at the
level of the diffuse knee-range of the response curve and exceeds the experimental moment
corresponding to initiation of permanent rotation in the test (3 kNm) by approximately 1.5
kKNm. Compared to the maximum applied moment in the test (8 kNm) the utilization by the
predicted plastic moment is modest, as given by the predicted-to-test ratio (Mp/Mmax) Of ap-
proximately 0.6. Utilizations on this level for both the classical yield line models (as Eqgn. 1)
and the formulas of [1] have been reported in several other studies, e.g., [2,6].

The rotational stiffness of the connection predicted by the EN 1993-1-8 model depends on
two stiffness coefficients; (1) the coefficient for the axial stiffness of the single bolt on the
tension side (ki10=0.5-1.6A/Ly) and (2) the coefficient for the bending of the extending part of
the end plate (k5:0.9-leﬁ-tp3/m3). By inserting the values for the bolt and plate dimensions a
coupled stiffness (two springs in series) of k=0.42 mm is obtained, which gives a connection
stiffness of Sj;in=1300 kNm/rad. The plate bending is the major source of the flexibility (77
%). This stiffness agrees quite well with the stiffness in the initial part of the test curve (Fig.
5), where Sini’= 1450 kNm/rad was determined. The agreement is probably more or less a co-
incidence and as discussed previously the high initial stiffness S’ is not particularly relevant
for the behaviour of this specimen for reasonable moment utilization.
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5 Yield line mechanism model for weak axis bending

The deformed end plate of Specimen B was examined after the test in order to determine the
shape of the out-of-plane deformations and to establish a capacity model. The plastic defor-
mations in such plates are distributed and do not develop along straight lines; therefore some
simplification (judgement?) was necessary. The yield line pattern indicated in Fig. 12a depicts
schematically the observed deformations of the specimen (see also images in Fig. 10). How-
ever, to enable a kinematic mechanism and simplify the calculations, the model in Fig. 12b is
suggested for design purpose. Here, the bolts are assumed without plastic deformations and
the yield line pattern is symmetrical on the two sides of the RHS. A vertical yield line (A) is
assumed along the side (a-b) of the RHS and another yield line (B) inclined over the end plate
through the bolt hole. The RHS may thus rotate along the bottom edge of the end plate. As the
edge distance ex for a normal connection design will be larger than the distance my, the in-
clined yield line (B) may be assumed to extend to edge b-c rather than c-d, which simplifies
the problem.
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a) Observed yield lines b) Assumed yield line pattern

Fig. 12: Weak axis bending — yield lines

The equation for the plastic moment M, of the connection is again determined from the work
equations, and is given by

M, =2rr:—z[bp2 +2m? ] )

Equation 2 predicts a plastic moment capacity of M,=4.6 KNm, as indicated in the response
plot in Fig. 9. The prediction corresponds for this specimen to a level above the knee-range of
the response curve, such that it agrees quite well with the “plastic” region of the curve. The
utilization ratio (Mp/Mmax) is thus higher than observed for the strong axis bending case, Spec-
imen A. One possible explanation for the relatively higher level of the prediction may be con-
nected to the work contributions from the lower part of the assumed yield lines (Fig. 12),
where larger rotations of the RHS are required for these regions to become plastified. Besides,
there are relatively smaller contributions from membrane forces in the end plate for the weak
axis case.

Eurocode 3-1-8 [1] uses the conceptual T-stub to represent the various failure modes that can
occur in end plate connections; i.e., the plate yielding failure, combined plate-and-bolt failure
and bolt failure (Mode 1 to 3), for either single bolt-rows or groups of bolt-rows. The T-stub
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is assigned a finite effective length for each of the failures and has uniform properties along
its length. For the present weak axis bending case, the out-of-plane displacements vary over
the height of the end plate and it is therefore considered not feasible to assume a uniform T-
stub model.

A safe solution to the design problem would be to ensure that the failure modes involving bolt
failures are prevented. This may be obtained by ensuring that the bolts have sufficient tensile
strength. It is commonly known that the lever arm effect increases the bolt force. In the study
of [6], on which the formulas in [1] are based, an increase of 26% in the bolt forces was de-
termined. It is therefore suggested here to design the bolts for a tensile force equal to 1.3
times the force determined directly from the external loading. Assuming the applied moment
of the connection to be M, (Eqn. 2) and that the internal moment arm of the connection is b,/2
(which is the distance from the lower edge of the end plate to the axis through the two bolts in
tension), the requirement for the bolt strength becomes (notation as in [1]):

R =Xefwh e _g3Me (3)

= t,Ed
VM2 P

6 Stiffness boundaries

Classification of stiffness boundaries for joints in building frames are given in section 5.2.2.5
of Eurocode 3-1-8 [1]. The boundaries were established [9-11] to obtain a required accuracy
of the design, either with respect to the calculated internal forces and their distribution or the
displacements of the structure. A beam-to-column joint can be rigid, semi-rigid or nominally
pinned, and it is distinguished between unbraced and braced frames. For column bases only a
“rigid-limit” is given, due to the observations [9,10] that all common column bases will have
a rotational stiffness higher than what should be classified as nominally pinned.

If the investigated connection detail (Fig. 3) is used for the base of a column of an unbraced
frame, the minimum connection stiffness required for it to be classified as rigid would be
30El/L¢ [1]. Assuming a column length of 2 m the requirement becomes S;in=3700 KNm/rad.
As an illustration, it may be shown that the end plate has to be approximately 14 mm thick to
meet the “rigid-limit” requirement, i.e., to have a thickness of 3.5 times that of the wall of the
RHS.

For the column base to behave practically as pinned, Birkeland et al. [8] suggested a boundary
based on a limit for the moment that can be transmitted by the connection under a realistic
rotation. Using 20 % of the moment capacity of the column as limit (same limit as assumed in
the derivation of the boundary for the beam-to-column joints), the maximum stiffness allowed
becomes S;j;ini=0.5 Elc/Lc [11]. This yields a “pinned-limit” of 60 kNm/rad for the present case.
The stiffness values observed in the tests were 560 and 180 kNm/rad for the strong and weak
axis test, respectively, which are both within the semi-rigid range. The stiffness of the weak
axis test is however close to the “ad hock” established pinned-limit. As shown by [8], even a
small value of the rotational stiffness of the connection influenced the elastic response of the
frame significantly, in particular for the horizontal displacement. Considerations on the ef-
fects of simplifications in the joint modelling are thus recommended.
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7 Conclusions

The main conclusions are:

1.

The investigated RHS end plate connection has a bending moment capacity which may
conservatively be assessed by yield line mechanism analysis, both for the strong axis
and weak axis bending case.

The connection behaves as semi-rigid for a bending moment about the strong axis
whereas it is close to pinned for a moment about the weak axis. For the connection to be
considered flexurally rigid for moment about the strong axis, an end plate thickness of
3.5 times the RHS wall thickness is necessary.

3. The definition of appropriate initial connection stiffness for elastic analysis should be
related to the utilization of the moment resistance of the connection, as the response
curve shows nonlinear behaviour even at low load levels.

4. A stiffness model should be developed for the weak axis bending case.
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