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Abstract

Steel beam-to-column connections under a cyclic sinusoidal loading history were studied.
The investigation of the cyclic response of the steel beam-to-column connections contained an
experimental and numerical part. The experimental part included a number of full-scale spec-
imens having a cross section of IPE240 or IPE300 and a height of 1.0m which were rigidly
connected to a much stiffer steel beam thus representing a steel beam-to-column connection.
These specimens were tested to failure being subjected to a cyclic sinusoidal point load of
continuously increasing amplitude. Each specimen experienced yielding and plastic rotation
till the final damage, which occurred either in the form of local instability of the flanges or
fracture. Next, a numerical study is performed in an effort to simulate the observed behaviour
of these steel beam-to-column connections and their response is presented and discussed. The
material test data for the numerical simulation of the steel beam-to-column connection were
provided from simple steel coupons which were taken from the T-beam specimens after test-
ing. Experimental and numerical results of the beam-to-column connections are presented
and discussed in this paper. It can be concluded that the employed numerical simulation can
be quite successful in yielding realistic prediction of the cyclic response of the steel beam-to-
column, provided that the material model in this numerical simulation was equipped with the
appropriate values for the parameters defining the material constitutive law from the experi-
mental test data.
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1 INTRODUCTION

Steel frame structures are commonly used in seismic areas because of their excellence on
seismic resistance. This type of structures are usually composed of moment resistant frames
whereby the performance of beam-to-column connections are of particular importance espe-
cially when these structures are subjected to strong earthquake ground motions [1, 2, 5]. Usu-
ally these connections undergo large moment reversals during the earthquake excitation, thus
it is important to exhibit stable plastic flexural response in order to provide dissipative capa-
bility, without the development of undesired damage patterns, and in this way prevent any
kind of local or global instability. However, two recent earthquakes, in Northridge, California
1994 and Kobe Japan 1995, revealed the vulnerability of this type of construction. Premature
cracks were observed at welded connections of steel beam-to-column joints leading to brittle
failure without prior warning (obvious yielding) at the area around the weld. Such a failure
mode or the development of local buckling when beam-to-column connections undergo low-
cycle fatigue seismic-type of loading is of particular research interest 3, 4, 9, 14].

The fatigue life of steel beam-to-column joints depends on the amplitude of the imposed
loading cycles and the hysteretic behavior of the constituent material that is linked with the
amplitude and rate of the developing plastic strains. In order to investigate the fatigue life of
steel beam-to-column joints several fatigue testing investigations have been proposed leading
to tests that can be categorized in two groups. Testing regimes in which the elastic strain am-
plitude is higher than the plastic strain amplitude and testing regimes in which the plastic
strain dominates. The first type of tests is generally referred as high cycle fatigue (HCF);
these tests typically involve more than 10° cycles to cause failure. The second type of tests is
named low cycle fatigue (LCF) test and the number of cycles to failure generally ranges from
10? to 10* cycles and this is usually employed for testing the seismic performance of steel
beam-to-column joints [6, 8, 11, 12, 15].

The current work studies the performance of steel beam-to-column joints first by examin-
ing steel beam-to-column welded joint specimens at the laboratory subjecting them to cyclic
seismic-type low-cycle fatigue loading as is explained in section 2. Next, the performance of
the same specimens is simulated numerically. Similar studies have been performed in the past
by other researchers. Despite the fact that many similar experiments have been performed in
the past [6, 8], the current experimental investigation was considered as necessary in order to
provide at first hand all the information required for the numerical analyses. That is, the exact
geometric and material characteristics of the specimens as well as specific information on the
type of loading conditions and on the measured response. The numerical simulation is per-
formed utilizing a commercial software package that is thought to be suitable to simulate the
observed response and the non-linearities that developed and included large plastic strains and
local instabilities.

2  MATERIALS AND EXPERIMENTAL SETUP

2.1 Tested specimens

Two full-scale specimens, namely T-Beam 8 and T-Beam 8R1 INV have been constructed
with prototype steel cross sections in order to form a beam-to-column joint. Both specimens
were of the same geometry and used as the beam part a IPE 300 steel section and as the col-
umn part a HEA 300 steel section. These two parts were welded together, as shown in figures
1 and 2, to form the beam-to-column connection to be tested .

The IPE 300 beam was to a steel base plate having a thickness of 20mm welded and this
steel plate in turn was bolted to the HEA 300 column (figure 1 and 2). Furthermore, in order
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to avoid the brittle type of failure at the welds joining the IPE 300 beam part with the base
steel plate two or six 20mm thick steel stiffeners of triangular shape (with a height of 150mm
and width of 150mm) were welded at either side of the IPE 300 section connecting its flanges
with the base plate as shown in figures 1 and 2. The T-Beam 8 specimen had in total two
identical triangular steel stiffeners on each side of the flanges welded and the T-Beam 8R1
INV specimen had in total 6 steel stiffeners 3 evenly spaced on each side of the flanges. The
height of the IPE 300 beam part was 1200mm and was connected on its upper part with the
forcing fixtures that were provided by a double acting hydraulic actuator. This actuator was
controlled by a servo-hydraulic digital electronic controller providing the desired imposed cy-
clic horizontal displacement amplitude at a distance of 1000mm from the base plate. The two
IPE 300 beam-to-column connection specimens were tested as shown in figures 1 and 2. Both
specimens were of the same overall geometry having webs with thickness equal to 7mm. The
flange thickness varied from 10.2mm for the west flange and 10.5mm for the east flange.

Figure 1. Details of the experimental setup with the tested IPE 300 T-Beam 8 beam-to-column joint specimen
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Figure 2. Details of the experimental setup with the tested IPE 300 T-Beam 8R1 INV beam-to-column joint
specimen

2.2 Loading arrangement

The tested specimens were subjected to a cyclic seismic-type loading arrangement. An ex-
tensive discussion on the loading protocols was presented by Krawinkler [11]. This is a very
important and difficult issue as on one hand it is believed that it influences the resulting per-
formance and on the other hand it poses demands on the capabilities of the experimental facil-
ity [6, 7, 8, 11, 12, 15]. As this work at its present stage aims to produce results that will be
utilized for validating the numerical capabilities of existing software rather than checking the
validity of code provisions the used loading protocol does not comply exactly with ones sug-
gested by Krawinkler and other researchers [6, 7, 11, 15]. Instead, a series of sinusoidal hori-
zontal cyclic displacements were used and were imposed on the top of the IPE 300 beam part,
as shown in figures 1,2 and 4. Both specimens were rigidly attached on the strong floor of the
Laboratory of Strength of Materials and Structures of Aristotle University. The hydraulic ac-
tuator was attached on the strong metal frame which together with the strong floor forms this
experimental facility. The imposed horizontal displacement and the resulting horizontal load
leads to the development of a bending moment at the beam-to-column connection which, if of
sufficient amplitude, is expected to bring this part of the beam-to-column connection to a cer-
tain limit state condition, as will be explained in section 3. The imposed horizontal displace-
ment in amplitude and frequency content is controlled by the electronic servo-controller. A
relatively simple imposed displacement protocol is depicted in figure 3. It consists of thirteen
(13) groups of 3 full sinusoidal cycles. In each group the imposed maximum displacement
amplitude remains constant and keeps gradually increasing from one group to the next in a
prescribed manner, as a percentage of the maximum target displacement. The difficulty in im-
posing this protocol accurately lies on the fact that the target displacement is known at best
through predictions that may differ considerably from the actual target displacement that,
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when imposed, will produced the desired phenomena. The protocol depicted in this figure was
adopted in the current study in a general sense. That is, the amplitude of the imposed horizon-
tal displacement kept increasing from one group to the next till the plastification of the tested
specimens led to some type of failure, as will be described in section 3. One distinct differ-
ence in the followed loading protocol for the specimen T-Beam 8 is the fact that the frequency
content was relatively low (0.005Hz) as to allow this test to be characterized as a dynamic test
accompanied with low level of strain rate. On the contrary, the loading protocol for T-Beam
8R1 INV specimen was relatively high (0.1Hz) that is characterized as cyclic test of relatively
medium level strain rate.
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Figure 3. Typical cyclic seismic-type imposed displacement protocol for low fatigue loading

2.3 Instrumentation

Instrumentation was provided capable to record the dynamic response of the specimen at
the top in terms of imposed horizontal displacement (LVDT 01, figure 4) and horizontal force.
In addition, four displacement transducers (LVDT 02, LVDT 03, LVDT 04 and LVDT 05)
were attached to the specimen in order to record the relative vertical displacement of two sets
of horizontal cross sections of each specimen near the plastification zone (figures 1, 2 and 4).
The first set of horizontal cross sections was that at the base, where the IPE 300 part was
welded at the base steel plate) and the one 500mm higher. Utilizing LVDT 02 and LVDT 03
the relative elongation or shortening between these two cross sections of the specimen was
measured at the flanges of both sides of the IPE 300 section. The second set of horizontal
cross sections was that at 150mm from the base, where the triangular stiffeners ended, and the
one 100mm higher. Utilizing LVDT 03 and LVDT 04 the relative elongation or shortening
between these two cross sections of the specimen was measured at the flanges of both sides of
the IPE 300 section. In this way, it became possible to deduce from the measured response
the rotation between the first and the second set of these horizontal cross sections. The second
set of horizontal cross sections is of particular importance as the highly plastified region (plas-
tic hinge), which was expected to develop during the experimental sequence, lies between the
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horizontal cross-sections of the second set. Indeed, the used instrumentation was able to cap-
ture the plastification of this region from the initial stages of yielding till the final stages of
local instability. In addition, a set of strain gauges was also provided in order to control in a
different way the initiation and development of plastification in this zone.

Displacement u

= — -
LVDT 0l
IPE 300
LYVDT 02 LVDT (3
o]
L\'D’I'lt.'l-i Lj[m' 051
' £
| 1 : g
L .___g' J _'.___I L Pl
t=2Umm - o B = —t—
bl
150 HEA300
L 25 L THD 1. 25 y
1 1 1 1
: 1200 :
T 1

Figure 4. Experimental set-up with the geometry of the specimens, the instrumentation and loading

Figures 5 and 6 depict the instrumentation of this zone near the beam-to-column joint. The
used hydraulic actuator can also be seen in figure 5 whereas in figure 6 the vertical displace-
ment transducer utilized to measure the relative elongation or shortening between two hori-
zontal cross sections above the stiffener having a distance between them equal to 100mm can
also be seen (second set of horizontal cross sections).

Figure 5. Instruments located near the beam-to-column Figure 6. Measuring the relative elongation/shortening
joint. between two horizontal cross sections above the stiffener
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2.4  Steel tensile properties

In order to input the proper information related to the steel characteristic in the finite ele-
ment program monotonic tensile tests from similar T-Beam IPE300 beams and cyclic tests
from T-Beam 8 with different loading frequencies were performed with coupons taken from
the specimens. These coupons were taken from the flanges of the specimens after the comple-
tion of the relevant test sequence. In order to measure the material properties of the virgin
steel prior to any plastification and permanent straining these coupons were taken from the
upper part of the IPE 300 beam sections near the section where the imposed displacement was
applied. More detailed information about the material steel coupons and the corresponding
results are given in the work of Manos G.C. and Nalmpantidou A. [18].

3 OBSERVED PERFORMANCE AND CORRESPONDING MEASUREMENTS.

3.1 Observed over-all performance and actual damage

Each specimen experienced plastic rotation above the stiffeners that was captured by the
employed instrumentation. Despite the fixity of the attachment of the specimens on the
strong floor part of the imposed horizontal displacement was consumed by the rotation of the
specimen at its fixed base as well as of the elastic response along the height apart from the
plastic rotation that developed at the desired location above the stiffeners. Fortunately, despite
the limitations of the capabilities of the experimental facility it was possible to attain the plas-
tic limit state for both studied specimens and produce the expected form of damage. This is
depicted in figures 7 for specimen T-Beam 8 and figure 8 for specimen T-beam 8R1 INV.

Figure 7. Plastification of specimen T-Beam 8 at the end of test - 11
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Figure 8. Plastification of specimen T-Beam 8R1 INV at the end of test - 14

3.2 Measured response in terms of plastic rotations at the plastic hinge.

Figure 9, depicts the full loading sequence in terms of horizontal displacement at the top of
the specimen T-Beam 8 that could be deduced from the employed instrumentation as directly
linked with the elastic/plastic rotation at the zone of the specimen extending at a length of
100mm above the stiffeners of the IPE 300 beam (figures 4 and 6). The corresponding devel-
opment of the plastic rotation with time in this plastic hinge region is shown in figure 10. The
imposed loading history in terms of plastic hinge rotation and the corresponding horizontal
displacement at the top of specimen T-Beam 8R1 INV is shown in figure 11 and 12.
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Dynamic Tests 0.005Hz Steel Joint T-beam 8 IPE300
with stiffeners Summary Tests 1 to 11

60
—_ Buckling of flange and web with
E 40 fracture at the ultimate state
T —Tasi-1
b= Restrained out-of-plane [ o
g Tast-2
20 gttt L ]
E —Tast-3
& AR F \ ——Taztl-4
g. 0 M/\W" H dete ettt ———Tig51-5
\
2 0 100 V' 200 U 400 500 408l 1icis
B 20 ————— L Test-7
§ Test-8
E 40 Test-
T Test-10
- Tast-11
-60

Time (sec)

Figure 9: Horizontal displacement at the top of specimen T-Beam 8 due to the plastic rotation at the plastic
hinge region.
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Figure 10: Plastic rotation at the plastic hinge region due to horizontal displacement at the top of specimen T-
Beams8.
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Figure 11: Horizontal displacement at the top of specimen T-Beam8R1 INV due to the plastic rotation at the
plastic hinge region.
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Figure 12: Plastic rotation at the plastic hinge region due to horizontal displacement at the top of specimen
T-Beam 8R1 INV.

As can be seen in figures 10 and 12 specimen T-Beam 8 reaches the flexural plastic
limit for plastic hinge rotations of the order of 0.027 radians and specimen T-Beam §R1 INV
of the order of 0.015 radian, having undergone a considerable number of low-fatigue cycles
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[10, 13, 14]. Moreover, both specimens failed by developing local instability at the plastic re-
gion in the form of flange local buckling and eventually fracture. Figures 13 and 14 portray
the observed cyclic response in terms of bending moment and plastic hinge rotation, for spec-
imens T-Beam 8 and T-Beam 8R1 INV, respectively. The bending moment values were de-
duced at a section above the stiffeners from the measured horizontal load.
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Figure 13: Measured cyclic response of the plastic hinge for specimen T-Bea 8.
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Figure 14: Measured cyclic response of the plastic hinge for specimen T-Beam 8R1 INV.

In both figures 13 and 14 a corresponding envelop curve is also plotted with a dashed
blue line for T-Beam 8§ specimen and a green line for T-Beam 8R1 INV specimen. As can be
seen, both specimens developed large cycles of stable plastic response before reaching their
failure mode thus dissipating considerable energy in terms of hysteretic damping. Figure 15
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depicts this hysteretic cyclic response through the corresponding envelop curves. As can be
seen from the comparison of these two envelope curves in figure 17 there is a slight difference
in the specimens performance in terms of maximum flexural baring capacity and plastic hinge
rotation corresponding to that flexural capacity. The measured flexural capacity is of the order
of 244 KNm and 248 KNm for specimens T-Beam 8 and T-Beam 8R1 INV, respectively. The
plastic hinge rotation values corresponding to these flexural capacity values are for the T-
Beam 8 specimen approximately 0.018 rad and for the T-Beam 8R1 INV specimen approxi-
mately 0.012 rad. Consequently, it can be concluded that the variation in the loading frequen-
cy from 0.005Hz of the T-Beam 8 specimen to 0.1Hz of the T-Beam 8R1 INV specimen led
to a decrease in the value of the plastic hinge rotation of the maximum flexural baring capaci-
ty with the increase of the loading frequency. Finally from the overall envelope curve a slight
increase in the flexural capacity of T-Beam 8R1 INV specimen can be observed with increas-
ing loading frequency and increasing strain rate.

Dynamic Tests Steel Joint T-beam 8 0.005Hz & 8R1 INV 0.1Hz
IPE300 with stiffeners
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Figure 15: Measured cyclic response of the plastic hinge in terms of envelop curves for both specimens
T-Beam 8 and T-Beam 8R1 INV.

4 NUMERICAL SIMULATION OF THE OBSERVED CYCLIC RESPONSE AND
PERFORMANCE

4.1 Numerical modeling.

The commercial software ABAQUS [16] was utilized in this numerical simulation effort.
In doing so, the IPE 300 beam part of the experimental sequence was reproduced through the
finite element representation as accurately as possible. This is shown in figure 16 whereby it
can be seen that the numerical simulation extended all the way from the top section where the
horizontal load was imposed to the bottom horizontal section where the IPE 300 beam was
welded to the base plate. Moreover, the triangular stiffeners with their actual thickness and
geometry were also included in this numerical simulation. The whole surface of the IPE 300
and the stiffeners at the bottom level where the specimens were welded to the base plate was
considered to be represented with absolute fixity conditions in the numerical simulation. In
addition, the horizontal displacement of the specimen outside the loading plane was con-
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strained. The discretization scheme that was adopted was considerably fine in an effort to be
able to catch numerically the observed local modes of buckling of the flanges in the plastic
hinge region.

Figure 16: Employed numerical model.

4.2 Material modeling

In the framework of the numerical investigation a parametric study was conducted that fo-
cused on the way the steel material properties were introduced in the numerical simulation.
Two different approaches were tried. According to the first approach the measured tensile
steel properties were introduced in the numerical simulation through the Abaqus isotropic
hardening parameters whereas in the second approach the measured properties were modified
accordingly in order to be introduced in the numerical simulation through the ABAQUS com-
bined hardening material model [16]. More information on this approach can be obtained
from the previous work by Manos G.C. at al [19].

In thic work the focus relies in the numerical simulation of the material tests through the
ABAQUS combined hardening material constitutive law. There are several ways in this
commercial software package [16] to define a combined hardening material constitutive law
in order to capture the cyclic response of a specimen. The evolution law of this model consists
of two components: a nonlinear kinematic hardening component, which describes the transla-
tion of the yield surface in stress space through the back-stress, and an isotropic hardening
component, which describes the change of the equivalent stress defining the size of the yield
surface, as a function of plastic deformation [16]. In this study the combined hardening con-
stitutive law is defined through the values that are given to certain relevant parameters. Values
for these parameters were calculated from the test data that were obtained from the experi-
mental process from the tests of steel samples that were taken from the T-Beam specimens
and can be seen in the work by Manos G.C and Nalmpantidou A. [18] .

This software (Abaqus) allows the specification of strain rates effects with the option of
rate dependent data at combined and isotropic hardening constitutive law. In order to define
the strain rate effect the use of a dynamic increase factor (DIF) was utilized based on the work
of Malvar and Crawford [9]. The work of Malvar and Crawford [20] is based on numerous
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experimental data from a literature review on the effects of strain rates on the properties of
steel reinforcing bars for reinforced concrete structural elements. The dynamic increase factor
(DIF) is the amplification by DIF of the value a certain mechanical property (yield stress or
maximum stress) has under low strain rate loading conditions (static) to another condition
whereby because of the nature of loading (dynamic) the strain rate has a larger value than be-
fore. A relationship is proposed by Malvar and Crawford [20] that a DIF value can be derived
for a given strain rate increase and thus evaluate through this DIF the corresponding for this
increased strain rate amplified yield and ultimate stress values. Figure 17 depicts the dynamic

increase factor considered for the numerical simulation.
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Figure 17. Dynamic increase factor which have been considered for the numerical investigation

4.3 Numerical results from the parametric study

This section will present numerical results of the experimental investigation carried out
with T-Beam 8 and T-Beam 8R1 INV under cyclic tests. The necessary material parameters
for the numerical simulation were calculated from the experimental data of simple steel cou-

pons taken from T-Beam 8 and are the following:

Combined hardening parameters:

Yield stress at plastic strain c]o=180-200Mpa,
Kinematic Hardening Parameter Cx=34000

Gamma yx=250
Cyclic hardening paraneters:

Equivalent stress 6/o=180-200Mpa

Q-Infinity parameter Q=85
Hardening parameter biso=6.5

Combined hardening parameters:

Yield stress at plastic strain cjo=100-140Mpa,
Kinematic Hardening Parameter C,=51800

Gamma yx=250
Cyclic hardening paraneters:

Equivalent stress cjo=100-140Mpa

Q-Infinity parameter Q=305
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Hardening parameter biso=6.5

Combined hardening parameters:

Yield stress at plastic strain c|o=140Mpa,
Kinematic Hardening Parameter C,=59520
Gamma yx=250

Cyclic hardening paraneters:

Equivalent stress c|o=140Mpa

Q-Infinity parameter Q=30

Hardening parameter biso=6.5
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Figure 18. Numerical predictions of the cyclic response of the plastic hinge for specimen T-Beam 8
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Figure 19. Predicted cyclic response of the plastic hinge in terms of envelope curves for specimen T-Beam 8
together with the measured response
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Figure 20. Numerical predictions of the cyclic response of the plastic hinge for specimen T-Beam §R1 INV
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Figure 23. Predicted cyclic response of the plastic hinge in terms of envelope curves for specimen
T-Beam 8R1 INV together with the measured response

In figure 18 and 20 are the results of the numerical simulation of T-Beam 8 and T-Beam
8R1 INV and the corresponding envelope curves shown. As can be seen specimen T-Beam §
reaches the flexural plastic limit for plastic hinge rotations of the order of 0.027 radians and
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specimen T-Beam 8R1 INV of the order of 0.015 radian, having undergone the same number
of low-fatigue cycles [10, 13, 14] as the experimental setup.

Figure 19 and 21 compare the envelop curves predicted by the numerical simulation for
specimens T-Beam 8 and T-Beam 8R1 INV, respectively, with the corresponding envelop
curves of the measured cyclic response for the same specimens. The predicted response was
obtained by using the combined hardening material model and as can be seen there is a small
variation between the measured flexural capacity and rotation at the plastic hinge and the nu-
merical simulation with higher values of the numerical simulation for T-Beam 8 specimen.
Furthermore the predicted cyclic response of T-Beam 8R1 INV has a quite good agreement
between the measured flexural capacity and rotation at the plastic hinge and the numerical
simulation.

5 CONCLUSIONS

e The seismic performance of a steel beam-to-column connection was studied by subject-
ing two specimens of such steel beam-to-column connection specimens to imposed cy-
clic displacements with a variety of low to medium range strain rates. The tested
specimens were constructed with prototype steel sections welded in a typical fashion.

e Both specimens developed local flange buckling modes of failure for plastic hinge rota-
tion values approximately equal 0.027 radians for T-Beam 8 specimen and 0.015 radians
for T-Beam 8R1 INV specimen. For values of plastic hinge rotation higher than 0.027
radians for T-Beam 8 specimen and 0.15radians for T-Beam 8 R1 INV specimen the de-
terioration of the flexural capacity became substantial for both specimens as the local
flange buckling mode of failure prevailed.

e The consequence of the previous observation is that the employed strain rate variation in
the used loading sequence of specimen T-Beam 8 with 0.005Hz from that of the loading
sequence of specimen T-Beam 8R1 INV with 0.1 Hz led to a decrease in the value of the
plastic hinge rotation of the maximum flexural baring capacity with the increase of the
loading frequency. From the overall envelope curve a slight increase in the flexural ca-
pacity of T-Beam 8R1 INV specimen can also be observed with increasing loading fre-
quency and increasing strain rate. However, this is a partial conclusions based on rather
limited data. Therefore more research is needed to further investigate the strain rate in-
fluence on the beam-to-column connections earthquake performance.

e The numerical simulation of the tested specimens utilizing the capabilities of a commer-
cial software package yielded reasonable good agreement between both the measured and
predicted cyclic response in terms of maximum flexural capacity, dissipation characteris-
tics and deterioration of the flexural capacity. It is of utmost importance to have realistic
estimates of the values of the parameters are oo (yield stress at zero equivalent plastic
strain), Cyx and yk (material constants) which define the steel combined hardening materi-
al behaviour.
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