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Report Abstract

Retrofit of existing steel buildings often requires strengthening of the connection regions.
One common connection, the bolted beam-column connection, is often strengthened in
design using stiffened extended endplates, or with column web stiffeners welded between
the column flanges. In a retrofit scenario, adding stiffeners to the endplate is difficult due to
the concrete slab and metal deck, and excessive field welding of column web stiffeners may
be uneconomical. Simplifying retrofit efforts, and for economy, connection strength may be
improved by simply adding additional bolts to the connection. Current code methods,
broadly generalized to all connection configurations, are based on component experiments
having only two bolts per row (one bolt on either side of the column web). This study
experimentally investigates strengthening of bolted beam-column connections using more
than one bolt on either side of the column web. Six full-scale bolted beam-column
connections are tested, representing exterior beam-column connections (beams attached to
only one column flange). Connections with both extended and flush endplates are
considered. Two column sections (HE300A and HE300B) are tested along with HE300B
beams creating both equal-column/beam, and weak-column strong-beam scenarios.
Analytical simulations provide insight into local connection demands, and experimental
results are compared with current code methods. The experiments indicate that using
multiple bolts per row increases connection moment capacity but decreases rotation capacity
(connection ductility) due to increased bolt prying forces from column flange distortions.
With the exception of specimen T-3B which failed through bolt-thread shear after 0.02rad,
all connections with multiple bolts per row still achieved rotations greater than 0.06rad. The
NASCON software, which is based on Eurocode 3 component method, conservatively
predicted the connection strength of each test specimen, including weak-column strong-
beam assemblies, and accurately identified the initial connection limit state.
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11 Experimental Testing and Simulation of Bolted Beam-Column Connections

1. Introduction

Understanding the strength and rigidity of connection regions is necessary for the
efficient design of steel building systems. One common steel building connection, the
bolted beam-column connection, is often assumed in design as either fully pinned or fully
rigid; however in reality, the rigidity of such connections is generally somewhere in-
between (a semi-rigid connection). The required strength of beams and columns depends
directly on considerations made for the connection rigidity [1]. Moreover, in retrofit
scenarios where strengthening of connections is needed, accurate understanding of existing
and improved strength and rigidity is required. To estimate the true strength and rigidity
characteristics of bolted beam-column connections, the EuroCode has adopted the
component method [2] which considers individual connection components (bolts, flanges,
webs, endplates, etc.) and their interactions.

The component method presented in the EuroCode 3, part 1-8 (hereafter referred to as
EC3-1.8) is based on research published in the early 1980°s by Zoetemeijer [3,4] and can be
summarized in five general steps: 1) identification of the load-path through the connection;
2) determination of individual component strength within the load path (for example, the
compressive strength of the column web, tensile strength of the beam flange, etc.); 3)
determination of individual component stiffness in the load path; 4) assembly of the
individual components in series and or parallel (depending on their arrangement); and 5)
determination of the “weakest link” in the load path based on strength and deformation
capacity. Figure 1 shows a typical beam-column connection and the component method
representation. Figure 2 presents a detailed flowchart of the component method analysis
procedure including reference to code sections.

Beam End-Plate

/ Beam Flange
a [ b /

g |
Column Web Beam Web

|
~ 1. Unstiffened column web in shear
Column Flange 2. Unstiffened column web in compression
3. Beam flange in compression
4. Unstiffened column web in tension
5. Column flange in bending
6. Bolt row in tension
a) b) 7. End-plate in bending

Figure 1. a) Typical beam-column bolted connection and b) component method representation.

Many analytical and experimental studies have investigated bolted beam column
connections [5,6,7,8,9,10,11,12] along with the predictive capabilities of the EC3-1-8
component method. One such study by Abidelah et al. [13] investigated the strengthening
of bolted beam-column connections by comparing configurations with and without
stiffeners in the extended endplate portion. In [13], results showed that additional endplate
stiffeners increase moment capacity but decrease connection ductility. The EC3-1.8
component method accurately predicted the connection failure modes in the strengthened
connections; however, connection strength was consistently under-predicted. All
connections in [13] had two bolts per row and column web stiffeners were not used.
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13 Experimental Testing and Simulation of Bolted Beam-Column Connections

Although connection strength may be increased using endplate stiffeners, in a retrofit
scenario adding endplate stiffeners is difficult when a concrete slab or metal deck is present.
Adding another bolt on either side of the column web (compare bolt configurations in
Figure 3) may result in similar connection strength gain while simplifying retrofit
application. Additionally, it is often more economical to use multiple bolts per row when
wide H-sections are used [14]; however, current code methods, broadly generalized to all
connection configurations, are currently based on T-stub experiments [3,4] having only one
bolt on either side of the column or beam web.

Limited experimental data is available for comparing the performance of the EC3-1.8
component method with connection configurations having multiple bolts per row. The
authors are aware of a finished European study with beam-column experiments having
multiple bolts per row performed by the research group of Professor Ungermann at TU
Dortmund (through personal communication); however, the results of such experiments are
not available and have not yet been published in the literature. Additionally, Demonceau et
al. [14] claim that many tests on beam-column connections having multiple bolts per row
were carried out, but the data are “no more available nowadays”.

@ O
Two bolts @ (@) Four bolts [9) 15)
per row per row
\\ \
@ 0
@ O @ o
a) b)

Figure 3. a) Connection with two bolts per row and b) connection with four bolts per row.

This study experimentally investigates the interactive behavior of bolted beam-
column connections having thick extended endplates and four bolts per row (without
column web stiffeners). Weak column strong beam situations are considered. Six beam-
column connections having various bolt configurations and section dimensions are tested up
to failure to determine connection performance. Detailed numerical models are also created
to determine stress and strain distributions within the connection regions, and to investigate
the feasibility of simulating semi-rigid bolted connections having four bolts per row. Both
the experimental and analytical tests are compared with the current EC3-1.8 component
method. The study begins with an overview of the experimental program, followed by the
numerical modeling methods and result comparisons. Conclusions on the performance of
bolted beam-column connections with thick extended end-plates and four bolts per row are
provided.

2. Experimental Program

An experimental program was developed to determine the static monotonic behavior
of bolted beam-column connections having multiple bolt configurations, with the main
objectives being: 1) determine the influence of bolt grouping (multiple bolts per row) and
thick endplates on connection response; 2) determine the different connection failure modes;
and 3) compare experimental performance with code methods. The following sections
discuss the experimental program in detail and present results based on the objectives
outlined above.

EPFL - 181194 ICOM, June 2013
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2.1. Test Specimens

The experimental specimens consist of a column element and a beam element fully
welded to an endplate. The beam and column elements are connected using multiple GR
10.9 M20 bolts with GR10.9-HV nuts and standard GR4.6 washers. All bolts are pre-
tensioned to 480 N-m as per [15]. A total of six beam-column connections are considered,
representing three different bolt configurations (both extended and non-extended
configurations) and two column profiles. All beam and column elements are fabricated
from S235 steel while the endplates are fabricated from S355 steel following typical
practice. Figure 4 shows the specimen geometry including endplate and bolt group details;
Table 1 shows the experimental test matrix; and Table 2 presents the specimen material
properties, as provided by the steel fabricator. Shown in Table 1, the column profile tested
in group A (specimens 1A, 2A, and 3A) is an HE 300A section having a web thickness of
8.5mm and a flange thickness of 14mm; the column profile tested in group B is an HE 300B
section having a larger web and flange thickness (11mm and 19mm respectively). The
beam (HE 300B) is the same for all specimens, creating a weak-column strong-beam
scenario for specimens 1A, 2A, and 3A. The endplate thickness of each specimen is 30mm.

ann

525
! 40 40 55190 55 10 40 40 55 130 55 10 10 55 190 5510
; | | ) L
Actuater {0 I 1I ’I 1 '{ ‘i II'I 1 i
Centetline i 45 45
i 70
ol |4t ¢ ol o] 0Tt *
Ld R4 + * +
Beam 110 130 1o
e *
~ - 40 ole + a0 * +
45 + ]+ - 70 45 * -+
Endplate o : A
P * i * Connection Connection Connection
1 3” 1AM1B 24/78 3473B
oo | L_*_/’
= Endplate/Bolt Configurations: Section A-4
290 a0 : Column
J :
T F ‘ =)

S ‘ b
LT 695 T 340

Figure 4. Test specimen geometry.

Table 1: Test Matrix

Cobunn Beam Number Bolt/ Endplate
Specimen  Element Element of Bolte  Configuration

woogm o, R
A EEIDEA IIEIII;EH 6 —
A 3::;;. 3:;5 8 .
wo HEom o, GRS
i8 EIEIIEH '.‘-'ISI'[EIEI} & ': :
woogEom s B

* Note two 1B specimens were tested due to an experimental error
(discussed later in the Experimental Results section)
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15 Experimental Testing and Simulation of Bolted Beam-Column Connections

Table 2: Beam, Column, and Endplate Material Characteristics

Yield  Ultimate Fracture Chemical Composition
Material stress  Stress  Strain
Grade Element [MPa] [MPa] [e+] %C  %Mn %P %S %Si %N %Cu %Ni %Cr %V %Mo
S235JR+M  HE 300A 353 433 0.320 0.060 0.670 0.033 0.026 0.220 0.009 0.390 0.160 0.160 0.007 0.040
S235JR+M  HE 300B 346 433 0.320 0.070 0.660 0.030 0.026 0.180 0.009 0.360 0.190 0.200 0.006 0.030
S355J2+N  Endplate 366 538 0.279 0.190 1470 0.015 0.009 0.220 0.006 0.060 0.030 0.030 0.002 0.005

2.2. Test Configuration, Instrumentation, and Loading

The experimental setup shown in Figure 5 is designed to investigate the response of
bolted beam-column connections during beam overloading.  In Figure 5, the column
section rests horizontally on two supports, preventing column-flange contact with the
ground and allowing column rotations within the connection region; the beam extends
vertically from the column, and is connected to a horizontal actuator where the displacement
controlled loading is applied. To prevent sliding of the specimen during loading, four pre-
tensioned rods (two on either side of the column web) clamp the column flange to the
testing floor.

Various measuring devices attached to the specimen are used to record local and
global connection behavior. Twelve unidirectional strain gauges and four linear variable
differential transducers (LVDTs) are attached to each specimen to record local member
strains and global connection displacements. Two strain gauges located on each beam
flange near the connection (four gauges in total) allow for determination of beam moment
demands; four strain gauges located on each side of the column web near the connection
(eight gauges in total) measure local column web demands; two LVDTs located on the
extended portion of end-plate (on the column flange for the flush endplate connections)
determine plate uplift; one LVDT attached to the column element records any slip between
the column and floor; and a single horizontal LVDT attached to the beam at the centerline
of the horizontal actuator records beam displacements. Figure 5 shows the applied
instrumentation. With the instrumentation setup in Figure 5, connection rotations in this
study are calculated as = (LVDT;-LVDT,)/L.

Actuator support

column
Horizontal _’_, Direction of applied
acttuator displacement

Iﬁ'ﬂ 2 ' ] i D LVDT, Zﬁ

Support column
reinforcement LVDT L

/ (x2) Strain Gauges
L / LVDT,
End-plate Ny Tso E.:,.\/\
= = é/
:F% Column 7 11071, %:
| |
J/ Column bottom flange ﬂ
attachment to floor

I Y

Ty T

Beam

‘J’

Figure 5. Experimental setup with instrumentation locations.
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The connection loading protocol consists of two phases: 1) elastic load and unload to
engage specimen supports and bolt threads, and 2) static monotonic loading up to
connection failure. In the first loading phase, 3mm of displacement is applied and then
removed at a strain rate of 0.1mm/sec. Following, monotonic loading up to failure is
applied at a strain rate of 0.1mm/sec for the remainder of the test. Ultimate failure is
defined in this study as a 20% reduction in moment capacity.

3. Experimental Results
3.1. Observations and Governing Failure Modes

Two failure limit levels are considered, 1) a classical failure limit based on initial
component yielding (used to compare code methods and experimental results), and 2) an
ultimate failure limit defined as a 20% reduction in connection moment capacity. In each
test, column flange capacity was observed to be the initial limiting component, with large
deformations clearly visible within the connection tensile zone (similar to Figure 6).
Residual flange deformations after testing indicated significant yielding. Following large
flange deformations, bolt failure occurred in each test, reducing connection capacity to
below 80% of ultimate.

For beam-column connections having extended endplates, complete bolt fracture
always occurred in the extended section on the bolt group closest to the column web; for
beam column connections with flush endplates, bolt failure occurred in the tensile zone on
the bolt group closest to the column web. Higher demands on the bolts nearest the column
web are attributed to relative deformations between the endplate and column flange created
from the increased flange stiffness near the web (see Figure 6). As column flange
deformations increase, flange behavior transitions from flexural to membrane action,
increasing bolt prying demands making bolt failure unavoidable. Figure 7 shows this
flexural-to-membrane flange transition, which occurs near 0.04rad of rotation for the
geometries tested in this study.

1 0.05
Bendin
o e Beam - 08 A 9 ) - 0.04
Eh:jCkl t S z
e © ) |
S 06 - N/i/ 003 8
%) i “\iy =
T S & \ /\ =
E 04 - 0\‘2”0 HE 300A ’/ L 002 %
Column flange & HE 300B \\/ / @
Column distortion and qﬁm \ 5 /
Web —~—__ bolt prying 02 | . ; L 0.01
-l -
I I - —— Membrane
| I 0 . . . . 0
| by > 0 0.02 0.04 0.06 0.08 0.1
241 b
Figure 6. Column flange distortion Figure 7. Flange flexural-to-membrane behavior transition
and bolt prying and corresponding connection rotation (note by is the total

flange width and A is the flange distortion).
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17 Experimental Testing and Simulation of Bolted Beam-Column Connections

Excepting specimen T3B (having a flush endplate), tensile fracture of the complete
bolt cross-section occurred in each test after the 0.04rad flexural-to-membrane flange
transition limit. In specimen T3B, bolt-thread shear failure occurred at 0.027rad of rotation.
Figure 8 shows the fractured bolts for specimens T1A through T3A and bolt-thread shear
for specimen T3B.

Following bolt fracture, permanent deformation was observed in the GR4.6 washers
(bending and compressive yielding, see Figure 9). The influence of washer deformations on
bolt demands and connection performance are not known. The performance of the GR4.6
washers compared to standard high-strength washers was identical, as will be explored with
T-stub tests later in Section 4.

.. - - . - - -
»
- - - i -.- I-'I 'I‘-I‘
e ——— —_—
Specimen 1A Specimen 1B Specimen 24 Specimen 2B Specimen 3A Specimen 3B

Figure 8. Beam-column connection bolt failures.

Bolt head

.~ indentation Out-of-plane

deformation

Figure 9. Deformed washer from critical bolt in specimen T3A.

The testing conditions of specimens T1A and T1B (the first two specimens tested)
differed slightly from the remaining four tests due to unanticipated issues with the test setup
and instrumentation. The following sections (3.1.1 and 3.1.2) describe the test T1A and
T1B observations to clarify these differences.

3.1.1. SpecimenT1A

Figure 10 shows the moment rotation curve for test specimen T1A. Note in Figure 10
that the specimen was unloaded after 0.02rad due to excessive movement of the actuator
support column. Following reinforcement of the actuator support column, the specimen was
reloaded up to nearly 0.05rad where lateral movement of the beam began (lateral buckling
due to column web instability). Prior to this lateral beam movement, the peak applied
moment was 224 kN-m, and significant deformation of the column flange near the extended
end-plate was noticed. In realistic beam configurations, this lateral beam movement is
restrained by transverse girders and the presence of a concrete slab; therefore, beam guide
rails were added and the specimen was reloaded up to failure. The observed failure mode
was bolt fracture in the extended plate section closest to the column web (see Figure 10),
due to excessive deformations and prying between the endplate and column flange.
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Figure 11 shows local deformation of the column flange at the edge of the end-plate.
Figure 12 shows the connection rotation during testing with large deformations of the
column flange and web.
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Figure 11. Column flange deformation. Figure 12. Connection rotation at peak applied
moment.

3.1.2. SpecimenT1B

Specimen T1B was tested prior to the installation of the horizontal LVDT accounting
for slip, and slip occurred. During testing, relaxation of the pre-stressed rods clamping the
column flange to the floor allowed the beam-column assembly to translate (slip), affecting
rotation measurements. Figure 13 shows the resulting moment rotation curve for specimen
T1B which is elongated on the rotation axis due to the slip. In Figure 13, the provided
moment values are unaffected by the slip.

The resulting failure mode for specimen T1B was bolt fracture in the extended
endplate section closest to the column web. Excessive deformations between the beam
endplate and column flange were noticed. The column web prevented local flange
deformations leading to prying between the thick endplate and inner bolt group (the bolt
group nearest the column web). Figure 14 shows the deformed shape of the beam-column
assembly corresponding to the peak moment (just after bolt failure).
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3.1.3. Specimen T1B(2)

Due to the translational slip of specimen T1B which prevented accurate determination
of connection rotation, an additional TIB specimen was prepared and tested [named
T1B(2)]. Similar to specimen T1B, the resulting failure mode for specimen T1B(2) was
bolt fracture in the extended endplate section closest to the column web. With specimen
T1B(2), simultaneous fracture of both bolts in the extended endplate (nearest the column
web) occurred. Again, deformations between the beam endplate and column flange were
noticed prior to bolt fracture. Connection rotation behavior for specimen T1B(2) will be
discussed in the following section on Moment-Rotation Behavior.

3.2. Moment-Rotation Behavior

The use of four bolts per row and extended endplates increases connection moment
capacity but may reduce rotation capacity. Figure 15 shows the moment rotation behavior
for all six beam-column connection configurations. As could be expected, extended
endplate configurations having four bolts per row (specimens T1A and T1B, T1B(2))
achieved higher moment capacity than the corresponding specimens having two bolts per
row (specimens T2A and T2B) (on average 29.5% higher capacity).
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Weak-column strong-beam extended endplate specimens with only two bolts per row
achieved 52% more rotation than corresponding specimens with four bolts per row
(compare T1A and T2A). This increase in rotation capacity is likely due to the flexible
column flange and increased distance between the bolt and column-web, resulting in
decreased rotational stiffness and decreased prying between the endplate and column flange
at comparable rotation values (see again Figure 6). A similar increase in rotation capacity
was not observed between the equal column-beam specimens having thicker column flanges
(compare specimens T1B(2) and T2B). Table 3 shows the strength, stiffness, and ultimate
rotation values for each test. Note in Table 3 that the rotational stiffness of specimen T1A,
having four bolts per row, is more than twice that of specimen T2A having two bolts per
row.

All specimens having extended endplates achieved higher moment resistance than the
flush endplate connections. Comparing specimen T2A (having an extended endplate and
two bolts per row in the connection) with specimen T3A (having a flush endplate and four
bolts per row) indicates 34% higher capacity with the extended endplate connection (see
Figure 15).
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Figure 15. Moment-rotation behavior for all six test specimens.

Table 3: Connection strength, elastic stiffness, and rotation values.

Ultimate  Rotational Peak
No.of  Strength  Stiffness  Rotation
Specimen Bolts [kN-m] [kN-m] [rad]

T1A 12 248.6 26341 0.069
T2A 6 192.4 12346 0.105
T3A 8 1432 14268 0.097
T1B 12 308.7 21153 0008

T1B(2) 12 3317 22313 0.081
T2B 6 23738 17577 0.062
T3B 8 169.9 27277 0.027"

E3
Specimen experienced lateral slip during testing

- Reduction to 80% of ultimate capacity after 0.027rad, specimen
regained strength and achieved 0.084rad
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3.3. Effect of Column Section and Bolt Group on Web Strains

Figure 16 shows the distribution of column-web strains for each connection
configuration. The column-web strains in Figure 16 represent only transverse web
compression and tension as flexural strains (induced through web bending) were removed
by averaging of the strain gauge readings. As could be expected, extended endplate
connections having four bolts per row experienced higher column web strains than the
corresponding connections having two bolts per row (300% higher for column sections
HE300A, and 66% higher for column sections HE300B). This increase is likely due to the
closer spacing of the bolts, relative to the column web, created from the additional bolts.
Additionally, with the exception of specimen T3B which experienced early bolt-thread
shear failure, specimens having HE300B column sections (specimens in Group B, see
Figure 16) experienced higher column web strains. This is likely due to increased resistance
of the column flange transferring higher connection demands to the web. The strain
required to initiate web material yielding was exceeded in each test. Interestingly, the
neutral axis remained relatively constant between connection configurations.
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Figure 16. Column-web strain distribution.
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4. Effect of GR4.6 Washers on Bolt Load and Pre-Stress

To explore the influence of washer strength on bolt demands, including effects on bolt
pre-stressing, two T-stub connections are fabricated using two GR10.9 HV bolts. The bolts
are constructed with both GR4.6 and GR10.9 washers. The T-stub connections are
fabricated from an HE300B section cut in half at the web centerline, and tested in a
universal testing machine with a 1000kN capacity. Similar to the beam-column
experiments, all bolts are pre-tightened to 480N-m as per [15] using a pre-set torque
wrench. Figure 17(a) shows the specimen setup including T-stub geometry and bolt
locations.

Each bolt is instrumented with two unidirectional strain gauges positioned 180
degrees apart and fixed near the bolt surface (see Figure 17(b)). Attaching gauges on
opposite sides of the bolt surface allows for determination of prying strains during expected
deformations of the T-stub.

\‘ :\*‘\\ mY = )~ opposite side
AN T of bolt
Gr10.9 HV N E}‘Z';t?;:‘ge S 7 ons
T /=
/ / 4
\ / * ” .
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[ ] I/ [ head for guage
— ‘II-|V(IEE§OOB HE300B wires
flange o
M20 Gr10.9 HV — _ Uni-axial

strain gauge

bolt (typ.) b 70 mm -
(@ ®)

Figure 17. (a) T-stub specimen geometry and bolt locations (b) bolt instrumentation.

—— Notched bolt
surface

Results indicate that the use of GR 4.6 washers, rather than GR 10.9 HV washers, has
negligible effect on the applied bolt pre-stress. Figure 18 shows the measured axial pre-
stress between the bolts having GR 4.6 and GR 10.9 HV washers, with less than 15MPa
difference after the applied torque. This indicates similar friction resistance for both washer
strengths, and suggests accurate application of bolt pre-stress in the beam-column tests.

Measured prying strains between the two bolts were similar, but slightly larger for the
GR 10.9 HV bolt. During testing of the T-stub connection, failure of the GR 10.9 HV bolt
governed the connection capacity. Figure 19(a) shows the distribution of strains in each
bolt at the peak applied load, and Figure 19(b) shows the evolution of bolt surface strains
during loading. From Figure 19(a), similar strain distributions are observed between the
two bolts, with a 26% higher maximum tensile strain value for the GR 10.9 HV bolt. In
Figure 19(b), this significant bolt prying occurs near an applied load of 300kN; however, as
evident in Figure 19(b), bolt bending is also induced from the applied pre-tensioning.

Similar pre-stress values and prying strains between the two bolts suggests that the
GR 4.6 washers had a negligible effect on the experimental values obtained for the beam-
column specimens.

Calculations using the EC3-1.8 T-stub capacity equations suggest flange yielding as
the governing T-stub failure mode. From the EC3-1.8 calculations, the flange yielding
capacity (mode 1 failure) is calculated as 169kN whereas capacities for mode 2 (flange-
yielding with bolt fracture, including prying) and mode 3 (bolt tensile fracture) are 228kN
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and 352kN respectively. Comparing calculated capacities with the T-stub response in
Figure 19(b), the predicted limit state of flange yielding is overly conservative; however, the
EC3-1.8 method appears to predict the mode 2 failure limit (bolt fracture with flange
yielding) with reasonably accuracy.
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Figure 18. Measured bolt axial pre-stress.
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Figure 19. (a) Peak measured surface strains and (b) evolution of bolt surface strains during loading.

5. Numerical Modeling

To investigate parameters not measured experimentally, such as bolt forces and
continuous connection stresses, each test configuration is analyzed using finite elements.
All finite element models are validated using the experimental data. The following sections
present the connection modeling techniques, including: element selection, mesh refinement,
bolted interaction, boundary conditions, and material properties. Results from the
simulations and validation will be presented later in the Numerical Results section.

In addition to finite element modeling and for comparison, the behavior of each
connection is also predicted using the EC3-1.8 component method. Comparison and results
are presented later in the Numerical Results section.
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5.1. Finite Element Modeling Methods

Three-dimensional finite elements, nonlinear multi-directional springs, and various
boundary conditions are used to simulate the connection test setup. To allow for detailed
determination of stress and strain states throughout the connection assembly, shell elements
model the beam web, beam flanges, end-plate, column web, and column flanges. All shell
elements are located at the member section centerlines. Pinned boundary conditions at the
column ends simulate the column-to-floor attachment in the test, and an applied
displacement at the beam tip simulates the horizontal actuator. To prevent local stress
concentrations at the pinned column ends and beam tip, rigid nodal constraints distribute the
effects throughout the entire member cross-section. Figure 20(a) shows the model boundary
conditions and applied constraints. The welded connection between the beam and end-plate
is assumed fixed. The bolted interaction between the end-plate and column is simulated
using nonlinear multi-directional springs, where the axial and shear resistance of the bolt are
input as nominal values. To prevent local stress concentrations at the shell-spring junction,
the spring force is distributed over a shell area equal to the area of the bolt diameter using
rigid nodal constraints (see Figure 20(b)).  All analyses are performed in ABAQUS [17]
and consider nonlinear geometry (large displacement) effects.
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Figure 20. (a) Boundary conditions for beam-column connection and (b) modeling techniques for column-to-
endplate bolted connection.
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5.1.1. Material Properties

Steel material behavior in the beam, column, and end-plate is simulated using a bi-
linear material hardening model. Material properties (yield strength, ultimate strength) for
the hardening model were taken from the material data provided in Table 2.

Constitutive properties for simulating bolt resistance are based on tested strength-
deformation values for M20 10.9 bolts, obtained by other researchers [11]. A multi-linear
material model simulates bolt behavior while in tension, and because the beam endplate is
in contact with the column flange while in compression, the bolt is given infinite
compressive stiffness. Figure 21 shows the multi-linear bolt behavior in terms of the bolt
yield stress. The bolt yield stress, Fy, used in this study is 990MPa.

— 1 0.0063*E

J E=210,000 MPa

Infinite Compressive
Stiffness

Figure 21. Bolt material behavior

5.2. Component methods

The EC3-1.8 component method can be used to predict the onset of yielding. This
method served as a basis to a numerical analysis tool called NASCON [18,19]. This
software does the computations according to the EC3 method. It also contains an extension
which allows the prediction after yielding onset and thus post-limit stiffness and ductility of
the joints.

For each connection configuration, NASCON is used to apply both strictly the EC3-
1.8 method (called in the results chapter EC component method), as well as the prediction
after yielding (called NASCON method). For the NASCON method, computations are made
using the component material data provided in Table 2, nominal member dimensions
provided in [16], and bolt behavior as described above for the finite element modeling. For
the EC3-1.8 component method, computations are made using Swiss code guaranteed
material values as well as resistance factors, i.e. the values computed correspond to
application of the code in engineering offices.

6. Numerical Results
6.1. Comparison between FEA, Experimental Response, and Component Methods

The finite element simulations are able to capture the global inelastic moment-rotation
behavior observed in the experimental tests, while the NASCON method significantly
under-predicts the observed moment resistance. Figure 23 shows the moment-rotation
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comparison between the finite element analysis, experimental measurements, and the
NASCON method. Table 4 presents the rotational stiffness, peak rotation (rotation at peak
applied load), comparative strength values at 0.02rad, and the different failure limits for the
experiments, analyses, the NASCON as well as the EC3-1.8 component method. One can
notice that, logically, the EC3-1.8 component method values are systematically lower than
the NASCON values.

The value 0.02 rad was chosen due to the early failure of specimen T3B; and is still
over two times the theoretical rotation required to achieve the fully plastic (P-P) state for an
HEB300 beam of 9m (assuming rigid fixation to the column, see Figure 22). Note that the
classical failure limit predicted by the ABAQUS and NASCON simulations is based on the
location of initial yielding. At a rotation of 0.02rad, all finite element simulations are within
12% on average of experimental observation. For specimen T3B, the model values are
above the experimental ones. But overall, the finite element simulations fit reasonably with
the experiments. Note that experimental values for T1B are lower than the model values
due to the specimen slip, but match well with T1B(2) having no slip.

The NASCON method usually leads to lower values than the finite element
simulations, except for T2A. The EC3-1.8 component method values are always on the safe
side by at least 11% (note that with the EC3-1.8 method resistance factors are included). For
test specimens T1A, T2A, and T3A having smaller column cross-sections, the initial
connection stiffness is slightly under-predicted by the finite element simulations (see Figure
23, and the values presented in Table 4); the stiffness predicted both by the NASCON and
the EC3-1.8 component methods are close to experimental results. To conclude, one can say
that the use of multiple bolts per row increases connection moment capacity but decreases
rotation capacity (connection ductility) due to increased bolt prying forces and earlier bolt
failure from column flange distortions (compare experimental result for specimen T1A and
T2A in Figure 23).
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Figure 22. Beam rotation and applied load required to achieve P-P state versus beam length; for HEB 300
sections of (a) S235 material and (b) S355 material.

In addition to the global connection behavior, eight strain gauges located on both sides
of the column webs allow for validation of the finite element techniques through
comparison of localized member strains (vertical column web strains). Local member
strains cannot be determined using the component methods. Strain values from the finite
element models were taken at the same geometric location as the applied strain gauges in
the experimental tests. Figure 24 shows the distribution of column web strains for each test
(values taken near the peak connection rotation) and the corresponding prediction from the
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finite element simulation. From Figure 24, the connection simulations adequately capture
the local member behavior, with configuration T3A being within 8% of the experimental
readings and the largest discrepancy being 43% in the column web compression zone of
configuration T1A.

With confidence in the global and local model behavior, the finite element simulations
can be used to investigate parameters not easily obtained during experimental testing
(localized bolt demands, connection stress distributions around bolt holes, etc.).
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Figure 23. Comparison between experiment, ABAQUS simulation, and the NASCON method.
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Table 4: Connection strength, stiffness, and rotation values for experimental testing, finite element analysis,

and component methods.

Initial

Strength at  Rotational

Peak

0.02rad Stiffness  Rotation Remark, classic Failure Limit ~ Ultimate Failure
Specimen  No. of Bolts [KN-m] [KN-m] [rad] State (Initial Yielding) Limit State
T1A 12 1935 26341 0.069 Column flange bending Tensile bolt failure
= T2A 122.1 12346 0.105 Column flange bending Tensile bolt failure
S o T3A 109.8 14268 0.097 Column flange bending Tensile bolt failure
% % TiB 12 183.8 21153 0.008" Column flange bending Tensile bolt failure
L%‘ = T1B(2) 12 262.4 22313 0.081 Column flange bending Tensile bolt failure
T2B 196.4 17577 0.062 Column flange bending Tensile bolt failure
T3B 161.3 27277 0027 Column flange bending Bolt thread shear
- T1A 12 179.3 19501 S Column flange bending S
é " T2A 6 107.3 9140 - Column flange bending -
= 2 T3 8 9.9 5816 - Column flange bending -
.g ;:g T1B 12 261.9 23802 - Column flange bending -
i T2B 6 190.2 17676 - Column flange bending --
T3B 8 177.0 16367 - Column flange bending -
- T1A 12 13367 33625 =" Column web compression
% T2A 6 124.0 27824 - Column flange bending -
§ T3A 8 66.6 16503 - Column flange bending --
8 T1B 12 191.8 42140 - Column flange bending --
£ T2B 6 160.8 39685 - Column flange bending -
z T3B 89.4 20290 - Column flange bending -
= T1A 12 114.0 33008 S Classified as semi-rigid =
% - T2A 108.8 27420 - Classified as semi-rigid --
g T3A 8 64.7 18576 - Classified as semi-rigid -
3% 1 12 1626 41835 - Classified as semi-rigid -
§ T2B 6 156.5 38967 - Classified as semi-rigid -
T3B 8 811 23824 - Classified as semi-rigid -

* Specimen experienced lateral slip during testing
** Reduction to 80% of ultimate capacity after 0.027rad, specimen regained strength and achieved 0.084rad

*** Not applicable

**** Fajlure predicted at 0.016 rad
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Figure 24. Comparison between strains from experiments and ABAQUS simulations.

6.2. Influence of Bolt Grouping on Bolt Demands

With bolt fracture ultimately limiting the rotation capacity of each test specimen,
understanding the state of stress in each bolt can help identify potential performance issues
between different bolt configurations. Figure 25 through Figure 27 show the individual
column-flange bolt bearing stresses (obtained from finite element simulations) for
configurations T1B, T2B, and T3B. While the bolt element was not explicitly modeled,
equilibrium between the bolt and column flange allows insight into bolt stress distributions.
As expected from the observed bolt fractures during testing, the closer the bolt is to the
column web, the higher the stress in the bolt. In Figure 25 and Figure 27, having four bolts
per row in the connection tensile region, stress concentrations occur in the inner bolts (those
closest to the column web) on the inner bolt section, and reduce within the bolt section
moving away from the column web (432 MPa to 373MPa in bolt 3 of configuration T1B,
and 433 MPa to 375 MPa in bolt 3 of configuration T3B, see Figure 25 and Figure 27).
These bolt stress concentrations and stress distributions are due to prying caused by
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deformations between the column flange and beam endplate. Stress distributions in
configuration T2B, having only two bolts per row, are more uniformly distributed across the
bolt section similar to the exterior bolts in configurations T1B and T3B (compare Figure 26
with Figure 25 and Figure 27).

411 MPa

376 MPa

347MPa 7 6

Figure 25. Bolt bearing stresses in column flange (connection T1B, values taken at ultimate moment from
experimental testing).
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Figure 26. Bolt bearing stresses in column flange (connection T2B, values taken at rotation corresponding to
ultimate moment from experimental testing).
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Figure 27. Bolt bearing stresses in column flange (connection T3B, values taken at rotation corresponding to
ultimate moment from experimental testing).
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6.3. Local Connection Stresses

Figure 28 shows the connection stresses for configurations T2A and T2B having
identical bolt arrangements but different column section geometry (flange thickness of
14mm and 19mm, and web thickness of 8.5mm and 11mm for T2A and T2B respectively).
Both configurations are shown at the same level of applied rotation (0.06rad) for direct
comparison. With the increased column section dimensions in configuration T2B, the
compressive and tensile stresses increased in the column web directly adjacent to the
endplate. This is expected as the increased column-flange capacity allows for more load
transfer into the column web. Stress distribution patterns between the two configurations
are similar, and similar to the assumed compressive and tensile zones in the EC3-1.8
component method [2]. Figure 29 shows the detailed stress state in the connection tensile
region of configuration T2A, including the column-flange bolt bearing stresses due to flange
distortion.

Figure 28. Connection stress contours plotted over experimental deformations for a) T2A and b) T2B (all
values are in N/m? and taken at 0.06rad of rotation for both connections).

Figure 29. Connection stress contours plotted over experimental deformations for T2A (all values in N/m?).

7. Summary and Conclusions

In this study, six beam-column configurations (seven experimental tests) having thick
endplates and different bolt configurations, including configurations with multiple bolts per
row, were tested to failure under static pushover loading. All configurations were fabricated
without column web stiffeners in the column outside the bolted connection. The six
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connection configurations represented two strength scenarios: 1) a weak-column strong-
beam scenario (with H300A and H300B sections for the column and beam respectively),
and 2) an equal-beam equal-column scenario (with H300B sections for both the column and
beam). Additional analytical and numerical simulations validated from the experimental
tests provided insight into local connection behavior. Global connection behavior from the
experimental tests and local connection behavior from analytical simulations were
compared with current code methods.

The following conclusions are based on the experimental testing and analytical and
numerical simulation of the six beam-column connection configurations:

1) Deformations in the column section govern the failure of equal-column equal-
beam or weak-column strong-beam connections when thick endplates are present
(endplate greater than or equal to 1.5 times the flange thickness, and when column
web stiffeners are not provided in the column). As bolt locations move toward the
column web centerline, column flange distortions caused from the higher
transverse stiffness of the column web, increase bolt prying forces. This has
implications for configurations having multiple bolts per row, as limited space
often requires positioning of bolts near the column web.

2) The use of multiple bolts per row increases connection moment capacity for both
weak-column strong-beam and equal-column/beam scenarios (not containing
column web stiffeners), but decreases rotation capacity (connection ductility) in
weak-column strong-beam scenarios due to increased bolt prying forces and earlier
bolt failure from column flange distortions (compare experimental result for
specimen T1A and T2A in Figure 23). As the minimum rotation capacity for all
tests (0.027rad) is far greater than the theoretical rotation required to obtain the P-
P state for beams of reasonable length (see again Figure 22), this reduction in
rotation capacity has no implication for creation of the Table C9 values.

3) As expected, connection rigidity increases with the use of multiple bolts per row
and extended endplates.

4) As per an experimental/supply error, GR 4.6 washers were used in place of
required GR 10.9 HV washers for each bolt in the beam-column tests. An
exploratory T-Stub test confirms however, that the use of GR 4.6 washers rather
than GR 10.9 HV washers has negligible effect on bolt pre-stress and bolt prying
demands; global experimental test results are therefore expected to be similar had
GR 10.9 HV washers been used during testing.

5) The two-dimensional connection representation with the NASCON method (based
on EC3-1.8 component method) consistently under-predicted connection strength
at the reference 0.02rad rotation, but correctly identified the flange bending initial
limit-state. The EC3-1.8 component method values are always on the safe side by
at least 11%, thus this method can be conservatively used to make the Table C9
values for cases having similar geometry to those tested herein (applicable to
beam-column assemblies without column web stiffeners).

6) Finite element simulation with shell elements and nonlinear springs is a reasonably
accurate method for determining global and local response of connections having
thick endplates and multiple bolts per row. While such a method is too time
consuming for generation of all Table C9 values, future experimental validation of
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33 Experimental Testing and Simulation of Bolted Beam-Column Connections

specific cases (where accurate determination of connection post-yield behavior is
required) could be replaced by such advanced finite element simulations.

8. Future Work

While the connection configurations having four bolts per row and no column web
stiffeners resulted in increased connection moment capacity, it is unclear whether this
increase is a result of additional bolts or simply a closer spacing of the inner bolts to the
column web. To investigate the specific bolt contributions in such configurations, further
T-stub tests should be carried out with instrumented bolts (one T-stub having four bolts, and
one having only two bolts but with the same inner bolt spacing as with the four bolt
configuration). Figure 30 shows possible bolt configurations for the further T-stub testing.

In addition to T-stub testing, the accuracy of the finite element methods presented
within the report should be verified with beam-column connections having column web
stiffeners. The modeling methods could then be used to investigate stiffener effects on the
configurations tested within this report. As future work, such techniques could be verified
using existing experimental tests performed by others.

§ | H

— T | | F | ]
L

[ ]
T OO qu s
'Y ) T
A —
L
Figure 30. Four and two bolt T-stub configurations having the same inner bolt spacing.
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1 Supplementary T-Stub Testing

Introduction

Understanding the strength and rigidity of connection regions is necessary for the
efficient design of steel building systems. The required strength of beams and columns
depends directly on considerations made for the connection rigidity. To estimate the true
strength and rigidity characteristics of bolted beam-column connections, the EuroCode has
adopted the component method, which considers individual connection components (bolts,
flanges, webs, endplates, etc.) and their interactions. One of the component is called T-stub.

Thus, in addition to the work carried in [1], the behavior of T-stubs was of interest to
us. The additional tests carried out are presented herein.

T-Stub Testing

To explore the influence of washer strength on bolt demands and to further explore
(beyond the testing in [1]) bolt participation in configurations having multiple bolts per row,
three T-stub connections are tested. The T-stubs represent beam-column connection
demands for situations where column web stiffeners are not included. The first T-stub
connection (specimen TS1) explores the influence of washer strength on bolt prying and
bolt pre-stress using GR10.9 HV bolts and both GR4.6 and GR10.9 washers. The next two
T-stub connections (specimens TS2 and TS3) consider four bolt-per-row and two bolt-per-
row configurations, having the same inner-bolt spacing (spacing between the T-stub web
and inner bolt). Figure 1(a) shows the setup for specimen TS1 including T-stub geometry
and bolt locations; Figure 2 shows the setup for specimens TS2 and TS3.

The T-stub connections are fabricated from an HE300B section cut in half at the web
centerline, and tested in a universal testing machine with a 1000kN capacity. Similar to the
beam-column experiments, all bolts are pre-tightened to 480N-m as per [2] using a pre-set
torque wrench. Each bolt is instrumented with two unidirectional strain gauges positioned
180 degrees apart and fixed near the bolt surface (see Figure 1(b)). Attaching gauges on
opposite sides of the bolt surface allows for determination of prying strains during expected
deformations of the T-stub.

— Gauges on
— opposite side

N N o of bolt
Grl0.9 HY d \ Bolt gauge 7 Gra6

< location

hers
m/ a

/ 1‘

M20 Gr10.9 HV

bolt (typ.)
(a)

¢

HE300B
web

D[ij

HE300B
flange

70 mm

(®)

_ Hole in bolt
"~ head for guage
wires

__ Uni-axial

strain gauge

T Notched bolt

surface

Figure 1. (a) Specimen TS1 geometry and bolt locations (b) bolt instrumentation (all T-stub specimens)
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Figure 2. (a) Specimen TS2 having four bolts-per-row and (b) specimen TS3 having two bolts-per-row.

Effect of GR4.6 Washers on Bolt Load and Pre-Stress

The use of GR 4.6 washers, rather than GR 10.9 HV washers, has negligible effect on
the applied bolt pre-stress. Figure 3 shows the measured axial pre-stress between the bolts
having GR 4.6 and GR 10.9 HV washers, with less than 15MPa difference after the applied
torque. This indicates similar friction resistance for both washer strengths, and suggests
accurate application of bolt pre-stress in the beam-column tests of [1].

Measured prying strains between the two bolts were similar, but slightly larger for the
GR 10.9 HV bolt. During testing of the T-stub connection, failure of the GR 10.9 HV bolt
governed the connection capacity. Figure 4 shows the distribution of strains in each bolt at
the peak applied load, and Figure 5 shows the evolution of bolt surface strains during
loading. From Figure 4, similar strain distributions are observed between the two bolts,
with a 26% higher maximum tensile strain value for the bolt having a GR 10.9 HV washer.
In Figure 5, this significant bolt prying occurs near an applied load of 300kN; however, as
evident in Figure 5, bolt bending is also induced from the applied pre-tensioning.

Similar pre-stress values and prying strains between the two bolts suggests that the
GR 4.6 washers had a negligible effect on the experimental values obtained for the beam-
column specimens.

Calculations using the EC3-1.8 T-stub capacity equations suggest flange yielding as
the governing T-stub failure mode. From the EC3-1.8 calculations, the flange yielding
capacity (mode 1 failure) is calculated as 169kN whereas capacities for mode 2 (flange-
yielding with bolt fracture, including prying) and mode 3 (bolt tensile fracture) are 228kN
and 352kN respectively. Comparing calculated capacities with the T-stub response in
Figure 5, the predicted limit state of flange yielding is overly conservative; however, the
EC3-1.8 method appears to predict the mode 2 failure limit (bolt fracture with flange
yielding) with reasonably accuracy.
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Figure 5. Evolution of bolt surface strains during loading.

Bolt Participation in Configurations having Multiple Bolts per Row

The outer bolt in the four-bolt-per-row configuration does not contribute to the T-stub
resistance until fracture of the inner bolt occurs. Figure 6 presents the axial and prying
strain demands within the bolts of specimens TS2 and TS3, with the inner bolt taking the
entire applied load. In Figure 6, both the axial and prying strains in the outer bolt of
specimen TS2 actually decrease during increased loading. Strain demands on the inner bolt
are essentially the same between the two configurations. Bolt thread shear was the
governing failure mode for both tests, and a similar failure load of near S00kN was reached.

Bolts having closer spacing to the T-stub web experience lower prying strains and
higher strength. Comparing bolt prying demands and connection strength between all three
T-stub tests (see Figure 6(b)), the critical bolt prying strain for specimen TS1 was reached
after 323kN while the critical prying strain for the bolts of TS2 and TS3 were reached after
514kN and 483kN respectively. With similar strength and bolt demands between the TS2
and TS3 T-stub configurations, along with increased prying in specimen TSI having a
larger inner-bolt spacing, the increased strength of the four-bolt-per-row beam-column
specimens in [1] can be directly attributed to bolt spacing relative to the column web.
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Figure 6. Bolt participation versus T-stub load for configurations having four and two bolts-per-row: (a) bolt

axial strain comparison and (b) bolt prying strain comparison.
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