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Abstract

The paper presents an analytical method for the determination of the rotation capacity of
moment connections, based on the component method from prEN 1993-1-8. From test
results and numerical simulations, simple analytical expressions for the deformation capacity
of the components are derived. These values are subsequently used for the determination of
the rotation capacity of the complete joint. Comparisons with tests on whole joints indicate
a good agreement between analytical and experimental results. The method is fully consist-
ent with the present rules of prEN 1993-1-8 and extends them to the numerical estimation of
the rotation capacity.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Steel structures; Moment connections; Joints; Rotation capacity; Component method

1. Introduction

Three basic parameters describe the behaviour of connections: strength, stiffness
and ductility. In moment resistant connections, the ductility is achieved by a suf-
ficient rotation capacity. Although there do exist well-elaborated methods for
determination of the initial stiffness and strength of beam-to-column joints [1,2],
there are no generally accepted procedures for the determination of the rotation
capacity. Indicatively it may be said that the relevant Eurocode, prEN 1993-1-8 [1]
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devotes only one out of 75 pages to the determination of the rotation capacity. The
estimation of the rotation capacity is very important in many applications, as e.g.
when partial-strength connections are used under seismic conditions or plastically
designed frames. It is therefore evident that a simple method for the determination
of the rotation capacity for everyday design applications is needed.

This paper presents an analytical method for the determination of the rotation
capacity of moment connections. The intention is not to develop completely new
rules, but to upgrade the existing procedure of prEN 1993-1-8 [1], to include the
determination of the rotation capacity. For this reason, the component method is
used and the initial stiffness and the strength, which are needed in the process of
the calculation of the rotation capacity, are determined according to [1]. The main
task here is to determine the deformation capacities of the basic components of a
joint.

The deformation capacity of components has been studied by several researchers
[3-7]. Faella et al. [8] carried out tests on T-stubs and derived analytical expres-
sions for the deformation capacity of this component. Kuhlmann and Kuhnemund
[9] performed tests on the column web subjected to transverse compression at dif-
ferent levels of compression axial force in the column. Some authors have tried to
extract the information of the behaviour of single components from the tests on a
whole joint. Bose et al. [10,11] determined only the strength of the most important
components, while da Silva et al. [12] tried to determine all three important para-
meters, stiffness, strength and deformation capacity, at different levels of axial force
in a beam.

Based on the test results of other authors and partly on our own tests, combined
with FE analysis [13], deformation capacities for all the relevant components are
established and presented in Section 2. Single components are then represented by
non-linear springs, and appropriately combined in order to determine the rotation
capacity of the joint, as shown in Section 3.

2. Deformation capacity of components
2.1. Methods and assumptions

The most common moment connections are end-plate connections, with an ex-
tended or flush end-plate, and welded connections (Fig. 1). For these connections,
the most important components that may significantly contribute to the rotation
capacity of the whole joint are: column web in compression, column web in ten-
sion, column web in shear, column flange in bending and end-plate in bending
(Fig. 2).

Components related to the column web are relevant only when there are no stif-
feners in the column that resist compression, tension or shear forces. The presence
of a relevant stiffener eliminates the corresponding component, and its contribution
to the rotation capacity of the joint can be therefore neglected. End-plates and col-
umn flanges are important only for end-plate connections. Both components act as
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Fig. 1. Typical welded and end-plate bolted connections.

a T-stub, where also the deformation capacity of the bolts in tension is included
[14-16].

A simplified force—displacement relationship for each component following the
idea of prEN 1993-1-8 can be defined, as shown in Fig. 3. §, is the deformation ca-
pacity of the component, but there is no indication in the code how to calculate it.

In this paper, the following procedure is used for the determination of defor-
mation capacity, d,, of individual components:

e For each component, FE analysis was calibrated against the available test
results. During the calibration procedure, an appropriate FE mesh was estab-
lished. The analysis was made by means of the ABAQUS computer program.
The components were modelled by 8- and 20-node 3D solid brick finite elements.
Plastic constitutive relations, based on the Mises yield criterion with associated
flow rule and isotropic hardening, were used. Where appropriate, initial geo-
metric imperfections for the column webs were introduced. The shape of the
imperfections was obtained from the first buckling mode, while the maximum

Column flange and end-plate

i Column web in tension
7/ in bending (with bolts)

— M,
[’J’ I Qsd
\ AN /
A N/
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~ Column web in shear

™ Column web in compression

Fig. 2. Components of steel structure connections important for rotation capacity.
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Fig. 3. Simplified force—displacement diagram of components.

amplitude was scaled to an appropriate value. The modelling of the components
was done in such a way that the influence of other components on the compo-
nent under investigation was excluded, as much as possible, in order to prevent
the duplication of contributions to the deformation capacity.

e A parametric study of the deformation behaviour of each component was per-
formed by means of FE analysis. The main parameters were the level of the col-
umn axial force and the column web slenderness.

e Based on these parametric studies, analytical expressions for §, were established.

In order to obtain safe-sided results, displacements corresponding to the
maximum resistance were taken as the deformation capacity. In the cases where
force—displacement diagrams exhibited a long plastic plateau, the deformation
capacity was limited to the values reached at the relevant principal strain of 10%

(column web) or 20% (T-stub).
The results of the calibration process are described in detail in Zupanci¢ [13],

Vayas et al. [17] and Beg et al. [18], and in this paper only the results of the para-
metric study are presented.

2.2. Column web in compression

The basic idea of this component is presented in Fig. 4. The transverse com-
pression comes from the compression flanges of the connected beams [19]. Another

important load is the axial load in the column.
The test results of Kuhlmann and Kuhnemund [9] were used for the calibration of

the numerical model. The authors made a set of tests on HEB 240 profiles acting
as the column section. The columns were subjected to axial compression forces of
different magnitude and were kept constant during the tests. Point loads were
introduced transversally to produce transverse compression in the column web.
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Fig. 4. Geometry of the component column web in compression.

The parametric study for a component column web in compression was per-
formed for a set of profiles with different web slenderness (HEB 100, HEB 240,
HEB 400, HEB 500, HEB 600, HEB 700, HEB 1000), each loaded with a range of
axial forces, defined as a fraction of axial plastic resistance Ny, (n = N/Ny: 0, 0.1,
0.2,0.3, 04, 0.5).

Altogether 42 calculations were done, resulting in a set of deformation capacities
du. The equivalent ultimate transverse strain in the web can be determined from

Eq. (1):

Oy
u = " 1
b= (1)

where d is the depth of the web defined in Fig. 4. ¢, can be regarded as a non-
dimensional deformation capacity.

The results for ¢,, as a function of axial force in the column and the web slender-
ness, are presented in Fig. 5. The deformation capacity is decreased with the in-
crease of web slenderness, but a constant lower value is reached at higher
slenderness. The influence of the axial force is more important at smaller slender-
ness. Black dots represent the deformation capacities from FE analysis and the
three-linear diagrams represent the best fit analytical expressions, given in detail in
Vayas et al. [17].

2.3. Column web in tension

There were no test results available for this component. In this case, the mechan-
ical behaviour is relatively simple. The analytical expression for the deformation
capacity is first derived and subsequently tested with the results of the numerical
simulation.

Deformation capacity, d,, can be expressed as follows:

Sy =&y -d (2)

where ¢, is a transverse strain corresponding to the ultimate resistance of the web
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Fig. 5. &, as a function of axial force n and web slenderness d/(ty - ¢), ¢ = 1/235/fy.

and d is defined in Fig. 6. The yield criterion at biaxial stress conditions in the web
can be written as:

fy =02+ al+ayay, (3)

where o, is the absolute value of the compression stress, resulting from the axial
force, and ¢, is the transverse tension stress.
With n = ¢, /f;, Eq. (3) can be rewritten as:

<%>2+n : (;—;) it —1<0. 4)

and solved for o, /f,. For positive values, that are only reasonable, the solution is:

(7)< <—“‘ﬁ22 —”> . 5)

The web resistance, in terms of stresses o, is obtained when the equality sign is
set in expression (5). The right-hand term r expresses the influence of a compressive
axial force in a non-dimensional form:

o =1y (6)

A similar expression can be used for the ultimate transverse strain ¢,:

&y =8 T (7)
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Fig. 6. Geometry of the component column web in tension.
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where ¢ is the ultimate transverse strain in the case when no axial force is present.
It is set to ¢y = 0.10.

The analogy of Egs. (6) and (7) is not complete and, as will be presented below,
better results are obtained when the square of r is used in Eq. (7). Accordingly:

\/4—3-r12—n>2

: ®)

en=¢ -1 =0.1- (

This assumption is examined by means of a numerical simulation. The same
numerical model as in Section 2.2 was used with the difference that transverse ten-
sion, instead of compression, was applied. The numerical analysis was done for
HEB 500 profiles, loaded at different levels of axial force. Force—displacement dia-
grams are shown in Fig. 7. Displacements ¢ represent the increase of distance
between the flanges at the transverse tension.

Black dots represent deformation capacity J,, calculated with expression (8), and
crosses the, somewhat, larger J,, calculated using Eq. (7) instead of Eq. (8). Ulti-
mate strength and deformation capacity decrease with the increase of axial force.
At that point, equivalent strain never exceeds the limiting value 0.1. This means
that on the long plateau of the force-displacement diagrams, the analytical
expression for the deformation capacity gives safe-sided values.

2.4. Web in shear

The component column web in shear, shown in Fig. 8, generally exhibits very
ductile behaviour and can significantly contribute to the rotation capacity of joints.
The tests of Dubina et al. [20] were selected for the calibration of the numerical
analysis.

The numerical parametric study was performed in order to obtain the defor-
mation capacity of the web in shear. Five cross-sections were selected with different
web slenderness (HEB 100, HEB 200, HEB 400, HEB 600 and HEB 1000) and loa-
ded with six different axial forces (n = 0, 0.1, 0.2, 0.3, 0.4, 0.5).

Typical results for HEB 400 are shown in Fig. 9, where diagrams of transverse
force—average rotation y of the web panel are plotted for different levels of axial
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Fig. 7. Results of numerical simulation (column web in tension).

force. Black dots indicate the maximum strength and the corresponding character-
istic deformation capacity, measured with panel rotation y,.

These ultimate rotations are plotted in Fig. 10, in relation to web depth-to-thick-
ness ratio and the level of the axial force. The positions of dots on the plateau of
diagrams in Fig. 9 were slightly rearranged regarding the maximum strength, to
obtain perfect linear relationship between ultimate rotation and the web slender-
ness for each level of axial force. The deformation capacity is not affected much by

SENNEE

A
A\

Fig. 8. Component column web in shear.
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Fig. 9. Diagram shear force-rotation of the panel y (numerical simulation—HEB 400).

this correction, and is anyway on the safe side. As expected, again the deformation
capacity decreases with the increase of web slenderness and axial force, but the
relationship is now linear.

2.5. Column flange and end-plate in bending

Of all components under consideration, the T-stub behaviour of column flanges
and end-plates is the most complex. Besides bending of the steel plates, the defor-
mations of bolts, nuts and washers are also involved. Different collapse modes are
possible and prEN 1993-1-8 [1] distinguishes three collapse modes. Faella et al. [8]
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Fig. 10. Ultimate shear strain y,,.
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Test specimen 1.1 (HEB 200) Test specimen 2.1 (HEA 260)

Fig. 11. Photos of test specimens after the tests.

proposed an analytical expression for the T-stub deformation capacity, based on
own tests, which gives reasonable results but is rather complicated for use.

For this component, simple analytical expressions for all three modes were
derived based on four of our own tests and appropriate numerical simulation. Two
T-stub assemblies were made with HEB 200 profiles and the other two with HEB
240 profiles. Bolts M20 8.8 and M24 8.8 were used, respectively. Fig. 11 shows test
specimens 1.1 and 2.1 after the test. Fig. 12 shows the FE mesh used for the
numerical simulations of groups 1 and 2 of specimens.

The comparison between test results and numerical simulations is shown in Fig.
13. It may be seen that a good agreement was achieved. HEB 200 test specimens
failed in Mode 2 and HEB 240 specimens in Mode 1, as indicated bellow.

The following analytical expressions for the deformation capacity of T-stubs for
all three failure modes are proposed.

Mesh M4: Group 1 (HEB 200) Group 2 (HEA 260)

Fig. 12. Finite element meshing.
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Fig. 13. Comparison of results—numerical analysis and test results.

2.5.1. Mode 1 (complete yielding of the flange)
The plastic mechanism of Mode 1 is presented in Fig. 14. Ultimate displace-
ments, d,, can be calculated from:

Oy =@ -m. 9)

The rotation of the plastic hinge, ¢, can be determined under the assumption
that the maximum strain at the outer surface of the flange in bending, ¢,, cannot
be larger than ¢, = 0.20, in order to prevent tearing of the material, and that the
length of the plastic hinge /, can be approximately set equal to the thickness of the
flange #. Accordingly:

8u~lp_8u~lf_
tf/2 o tf/2 o

Deformation capacity d, is then:

qp: 2'811' (10)

Oy=2-& -m=04-m. (11)
F;‘Rt!

FI'.R(.' @ O-A
A Ei ¢

M Té‘ u

43/%\0—‘— u < oy /h
m " > u N E
oy L=t 0.20

Fig. 14. Deformation capacity J,—Mode 1.
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Fig. 15. Deformation capacity é,—Mode 2.

2.5.2. Mode 2 (bolt failure with yielding of the flange)

Mode 2 plastic mechanism according to prEN 1993-1-8 [1] is shown in Fig. 15a.
It is used there in order to calculate the resistance of Mode 2. However, due to the
local bending of flanges around bolts, the real deformation pattern is similar to the
model in Fig. 15b. This kind of behaviour at ultimate loading was demonstrated in
many tests (see also Fig. 11). The deformation capacity J, according to the model
in Fig. 15b can be written as:

Ou =@ -n+ @y -m. (12)
¢ is obtained from the plastic deformation of bolts:

_ewn b
n

(13)

where ¢, is the maximum strain allowed in bolts, to prevent rupture of bolts in
tension, which is set equal to 0.1. /, is the clamping length of bolts, including the
thickness of washers. ¢, can be expressed in terms of ¢; as

Py =k (14)

where k is an empirical factor with values between 1.0 and 5.0. Hence, 1.0 is a very
conservative value and 3.0-4.0 is the value that is normally reached.
Taking into account Egs. 13 and 14, the final expression for d,, is

5u:0.1-lb-(1+k~%). (15)

?q

2.5.3. Mode 3 (bolt failure)
The deformation capacity for this mode is simply the elongation of the bolts at
failure:

5u:8ub'lb:0-1'lb- (16)

3. Determination of the rotation capacity of the entire joint

The characteristic moment-rotation curve as defined in prEN 1993-1-8 [1], is
shown in Fig. 16, where ¢, is the rotation capacity. When the behaviour of compo-
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Fig. 16. Moment-rotation diagram from prEN1993-1-8.

nents, represented by bilinear diagrams (Fig. 3), is known, the rotation capacity of
the whole joint may easily be obtained. A simple mechanical model for the joint
behaviour composed of non-linear springs representing the relevant components
(Fig. 17) can be established. The rotation capacity is primarily determined by the
deformation capacity of the component with the lowest strength.

The main parameters that describe the behaviour of individual components are
initial stiffness Jcomp.ini» Strength Feompra and ultimate deformation capacity o,
(Fig. 3). Section 2 describes how the deformation capacity can be determined,
using simple analytical expressions. The initial stiffness and the strength can be

obtained using prEN 1993-1-8.
In the overall deformation of the joint, the contributions of all individual com-

ponents are included (Fig. 18). The component with the lowest strength contributes
with its full deformation capacity, while the other components with the deforma-
tions at the stress level corresponding to that strength. It is therefore important to
estimate the strength of each component as accurately as possible.

TENSION (c.w.) T-STUB

SHEAR (c. w.) \
M
/,

y
COMPRESSION (c. w.)

Fig. 17. Mechanical model of a joint.
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Fig. 18. Flow chart for the determination of the rotation capacity of the joint.

Unfortunately, direct use of the strength, calculated according to prEN 1993-1-8,
is not possible. The reason is that in prEN 1993-1-8 safe-sided expressions for the
strength are provided, reflecting rather the strength at the onset of plasticity
instead of the ultimate resistance, which is relevant for the deformation capacity.
The problem can be overcome by using, in the design expressions of the code, the
ultimate strength instead of yield stress when relevant (T-stub), and by using
characteristic values of the strength parameters instead of the design values.

4. Comparison between analytical method and test results

The results of the proposed analytical method were compared to the test results
of Bose et al. [21], who performed tests on joints with double-sided end-plate
moment connections (Fig. 19). Four tests were selected for comparison (Table 1).

Because the rotation capacity is sensitive to the relative strength of individual
components, four calculations of strength were performed with different values of
material parameters (Cases 1-4):

e Case 1: Calculation strictly to prEN 1993-1-8
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Fig. 19. Geometry of tested connections.

e Case 2: Measured f,—all components, yy = 1.10
o Case 3: Nominal f,, for T-stub nominal f,—without material safety factors
e Case 4: Measured f), for T-stub measured 0.9f,—without material safety factors

The last case is expected to be closest to real behaviour and can be regarded as
characteristic resistance. Normally, measured values are not available and Case 3
can be regarded as relevant for the calculation of the rotation capacity.

The results of the comparison are given in Figs. 20-23, where moment-rotation
diagrams are plotted, and in Table 2, where failure modes are compared.

It is evident that prEN 1993-1-8 [1] overestimates the initial stiffness and that the
calculated strength is always lower than the measured one, irrespective of how
strength parameters are taken into account.

Regarding the rotation capacity, there are significant differences in relation to
the way of the determination of the strength. As expected, Case 4 gives the most
accurate results that are safe, except for test No. 3, where a slight overestimation is
observed.

Case 3 gives safe-sided results, but it is only for test No. 4 that the calculated
rotation capacity is not too conservative. The reason for such unsatisfactory
results, especially in comparison to test No. 3, are the measured values of yield
stress and tensile strength that vary significantly from one component to another.
In this case, nominal values do not represent the actual strength parameters satis-

Table 1
Geometry of tested connections

Test No. Column Beam Bolts Axial load in
column (kN)

1 254 x 254 UC 89 457 x 191 UB 74 8 x M24 (8.8) 688
2 254 x 254 UC 89 762 x 267 UB 147 574
3 254 x 254 UC 73 457 x 191 UB 74 470
4 254 x 254 UC 132 457 x 191 UB 74 689




616 D. Beg et al. | Journal of Constructional Steel Research 60 (2004) 601-620

300 / // —
E yd
< 200 2
100 -
0 ‘ |
0.00 0.02 0.04 0.06

@ [rad]

Fig. 20. Moment-rotation diagrams: Test No. 1 and analytical method.

factorily. It is worth mentioning that the same problem would occur with any
other, even more elaborate, method, such as FE analysis. Inaccurate input cannot
result in accurate results. It seems that the proper answer to this kind of difficulties

could be a probabilistic approach.
For test No. 4 (Fig. 23), all cases give almost the same value of the rotation

capacity. The reason is the very low end-plate resistance compared to the other
components. This prevents other components from contributing to the rotation
capacity. At the end of the test, bolt stripping—not accounted for in the analytical
method—occurred and enlarged the measured value of the rotation capacity.

As stated above, the correct prediction of a failure mode, as well as the correct
ratio of component resistances, is essential for an accurate prediction of the
rotation capacity. In Table 2, failure modes are given for the test results and for

800

el ==l

0.00 0.01 0.02 0.03
@ [rad]

Fig. 21. Moment-rotation diagrams: Test No. 2 and analytical method.
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Fig. 22. Moment-rotation diagrams: Test No. 3 and analytical method.

the analytical method. Cases 3 and 4 were able to predict the correct failure mode
for all four tests.

For test No. 3, the predicted rotation capacity for Cases 2 and 4 differs by a fac-
tor 2, although in both cases the correct failure mode, column web buckling, was
detected.

These results can be explained by comparing load—displacement diagrams for an
individual component (Fig. 24). In Case 2, the component web in compression has
a small deformation capacity, but its strength is close to the strength of the end-
plate and column flange. In this way, a relatively large deformation contribution
from T-stub components is involved, resulting in a large rotation capacity. In Case
4, the strength of the column web in compression is lower and the other compo-
nents contribute much less, resulting in a two times smaller rotation capacity than
in Case 2.

400
S — 5

0 —
//
200 7/ [ 2]

100 ~

M [KNm]

0.00 0.01 0.02 0.03 0.04
@ [rad]

Fig. 23. Moment-rotation diagrams: Test No. 4 and analytical method.
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Table 2
Failure modes
Case Test No. 1 Test No. 2 Test No. 3 Test No. 4
Test Column web buck- Column web buck- Column web buck- Bolt fracture, bolt
ling and end-plate  ling ling stripping and end-
fracture plate fracture
1 End-plate in bending End-plate in bending Column web in End-plate in bending
compression
1. Row Mode 1 1. Row Mode 1 1. Row Mode 1
2. Row Mode 2 2. Row Mode 2 2. Row Mode 2
2 End-plate in bending Column web in Column web in End-plate in bending
compression compression
1. Row Mode 1 1. Row Mode 1
2. Row Mode 2 2. Row Mode 2
3 Column web in Column web in Column web in End-plate in bending
compression compression compression
1. Row Mode 1
2. Row Mode 2
4 End-plate in bending Column web in Column web in End-plate in bending

compression
1. Row Mode 2
2. Row Mode 2

compression

1. Row Mode 2
2. Row Mode 2

5. Conclusions

This paper presents a simple analytical method for the calculation of the

rotation capacity of moment connections. An important feature of the method is its

compatibility with the procedure given for the analysis of joints in prEN 1993-1-8 [1].

F [kN]

600
400 EPB
CFB
200
0 i
0 5 10 15 20
8 [mm]
Case 2

F [kN]

1000

800

CWT
T EPB

///<I——I
mr{% i

10 15 20

8 [mm]

Case 4

Fig. 24. Test No. 3: force-displacement diagram of components.
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The proposed method gives simple numerical expressions for the deformation
capacities of joint components, while the initial stiffness and strength of compo-
nents can be assessed according to the above code.

A comparison with the test results shows good agreement and the calculated
rotation capacity is lower than the measured values.

The relative strength of individual components is of great importance and it was
shown that the characteristic values of the measured or at least of the nominal
yield stress (column web) and ultimate strength (T-stub) should be used in the cal-
culation of the rotation capacity instead of the design values of yield stress used in
the code.
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