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ABSTRACT: Component reliability based analysis and design typically does not quantify system relia-
bility and redundancy. Steel moment connections, being critical components within buildings or bridges,
are also structural systems in their own right, comprising bolt, weld, plate, beam and column components.
In this work, a flange-angle partially restrained steel moment connection is analyzed using geometric and
materially nonlinear finite element analyses to examine the effect of its component reliabilities on sys-
tem reliability. Load sharing topology, system moment-carrying capacity and governing limit states are
enumerated. Multiple stochastic simulations are performed at each design point to obtain system capac-
ity distributions that are convolved with hazard curves to compute system reliabilities. From the data
generated, a component to system reliability surface may be constructed that can potentially be used to
optimize component design given a target system reliability and modify partial safety factors for use in

design standards.

1. INTRODUCTION

Structural systems have non-zero failure probabili
ties due to uncertainties associated with the basic
variables which define their performance. Current
load and resistance factor design (LRFD) satisfies
acceptable failure probability limits for structural
components that are chosen on the basis of engi-
neering judgment and wide consensus on safe prac-
tices. However, lack of system level analysis may
lead to over-designed or under-designed structures
[Galambos (1990)], which is challenging to address
within the current ambit of component reliability
design procedures.

Load paths of moment-resisting frames involve
steel moment connections comprising several com-
ponents such as angles, plates, bolts and welds.
Each component is designed on the basis of its in-
dividual limit state as per codal provisions. As with

most other structural systems, there has not been
adequate focus on system reliability of the connec-
tion as a whole, which represents the true measure
of its performance. Connection systems are neither
purely series nor parallel systems. Much of the me-
chanics still remain undiscovered, as does the com-
prehensive set of limit states that could potentially
contribute to system failure.

This paper proposes a methodology to estimate
system reliability of steel connections designed us-
ing component-based codal provisions. Specifi-
cally, we take up a flange-angle partially restrained
connection configuration that connects a beam to a
column with top and bottom seat angles bolted to
beam flange and column flange. The load sharing
network topology of the connection system is stud-
ied in the form of a fault tree including all possi-
ble modes of failure. Geometric and material non-
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linear finite element analysis is performed on vari-
ous combinations of diameters of beam-flange and
column-flange bolts. Flexural demand is increased
monotonically up to failure to obtain moment-
rotation curves and governing limit states. System
parameters (beam-flange and column-flange bolt
diameters) are modified such that analysis captures
the (random) most critical limit state for system
failure initiation. Monte Carlo simulations are per-
formed to obtain sets of moment-carrying capaci-
ties which are convolved with an assumed distribu-
tion curve to estimate system reliability. A three-
dimensional system reliability surface may be plot-
ted with the component reliabilities of beam-flange
bolts and column-flange bolts and system reliability
on three axes.

2. STEEL MOMENT CONNECTION AS A
STRUCTURAL SYSTEM

A connection is a single structural component in
the scale of a building, generally characterized
by its force-deformation or moment-rotation curve
[Deierlein et al. (1990)]. On a larger scale, the
connection is a system in itself, comprising mul-
tiple structural elements. The steel connections
most widely used are simple shear and moment
connections. Connections are classified as rigid,
semi-rigid or nominally pinned based on strength
and rigidity by BS-EN-1993-1-8 (2005) and simple
connections (transferring negligible moment) and
moment connections (fully or partially restrained)
by AISC (2016).

Structural steel connections transfer one or more
of six force components. The demands on the
connection system, obtained from a suitable global
structural model in a design office, are distributed
in its components using models that are usually
linearly elastic incorporating the mechanics. The
components are sized using an LRFD routine using
the demands calculated at each limit state.

The load sharing network of a flange-angle par-
tially restrained moment connection may be repre-
sented in the format of a fault tree. There are five
major reliability elements—Iocal failure of beam at
beam-angle interface, failure of beam-angle inter-
face, failure of angle, failure of angle-column in-
terface and local failure of column at column-angle
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interface; these would be connected with an ‘OR’
gate, indicating that failure of even one leads to sys-
tem failure.

Delving deeper into each major reliability ele-
ment, there would be load paths (‘OR’ gate) and
redundancies (‘AND’ gate). The first reliability
block, local failure of beam at beam-angle inter-
face, would comprise several events connected with
an ‘OR’ gate, namely, beam net section failing in
shear or flexure or shear-flexure interaction, beam
flange failing in shear, beam web buckling, block
shear failure and beam failing in bearing against
bolts. The second reliability element, failure of
beam-angle interface, comprises two events con-
nected with an ‘AND’ gate: beam to angle friction
contact failing and beam to angle bolt group fail-
ing. The latter further consists of three events con-
nected with an ‘OR’ gate, namely, bolt group fail-
ing in bearing, in shearing and axially. The other
three broad reliability elements may similiarly be
expanded. Typically, only a single load path (which
may or may not be dominant) is considered for de-
sign in spite of the presence of alternate load paths.
For example, slip critical bolts are designed such
that friction at the interface suffices without allow-
ing the bolts to undergo bearing and shear at all.
Apart from the load path used in design, the redun-
dancy provided by alternate load paths usually re-
mains unquantified.

3. STUDYING FLANGE-ANGLE PAR-
TIALLY RESTRAINED STEEL MO-
MENT CONNECTION

3.1.  System definition

In the connection configuration used in this work

(Figure 1), top and bottom seat angles connect a

wide-flange beam (supported member) to a column

(supporting member). Single rows of two bolts (slip

permitted) are used at each interface between an an-

gle and a beam or column flange.

3.2.  Computation modelling

Geometric and materially nonlinear finite element
analysis is performed using Abaqus FEA Sys-
tems (2009). Beam and angles are modelled with
eight noded solid finite elements with three degrees
of freedom at each node and reduced integration
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Figure 1: Side and front views of flange-angle bolted
partially restrained connection configuration
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Figure 2: Computational modelling

(C3D8R in Abaqus). The scope of study is limited
to beam, angles and bolts; the column is assumed to
be perfectly rigid, and replaced with three transla-
tional restraints at each bolt attachment point. Bolts
are idealized as spring elements. Bearing contact
(ignoring friction) between interfaces is modelled
with compression springs with arbitrarily high stiff-
ness. Three gravity-direction springs to ground are
attached to the beam web to simulate the effect of
shear plate, but they are released in the beam axial
direction so as not to provide major axis moment
resistance. Mesh details, loading, boundary condi-
tions and contact modelling is shown in Figure 2.
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Yield and ultimate stresses for beam, angle and
bolt material are taken to be 250 MPa and 410 MPa
respectively. Stress-strain curves for beam and an-
gle material (top row of Figure 3) is idealized as
linear elastic up to yield stress, linear kinematic
strain hardening up to ultimate stress and perfectly
plastic beyond. Modulus of elasticity (E) and Pois-
son’s ratio (V) are assumed 210 GPa and 0.3 respec-
tively. The bolt material is idealized as quadrilin-
ear elastic including softening (middle and bottom
rows of Figure 3). Axial yield (f);) and ultimate
(fup) stresses are divided by a factor of V/3 to ob-
tain shear yield and ultimate stresses. Elastic strain
at yield point is obtained by dividing yield stress by
modulus of elasticity E for axial and shear modulus

E

G for shear (where G = m). Assumed relation-

ships between the strain points is given in Eq. (1).
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Figure 3: Stress strain curves
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Each bolt is modelled as a set of three two-noded
nonlinear springs, two shear and one axial, with
load-deformation curves derived from shear and ax-
ial stress-strain curves and geometric properties of
the bolt. Relationships between load (P) corre-
sponding to stress (f) and deformation (0) corre-
sponding to strain (€) are given in Eq. (2), where d
is bolt diameter, 77 is thickness of beam flange and
t, 1s thickness of angle. Axial and shear load de-
formation curves are generated for various bolt di-
ameters, that would be used later during parametric
studies.

nd?
P=f(=—
75
6axial = Euxial (tf +ta) (2)
tr—+t,
6shear - 8shear( / ) =

The loading pattern on the system is a major axis
moment on the beam applied in the form of a
tension-compression couple as line loads on top
and bottom flanges. The load is monotonically
increased quasi-statically to obtain the moment-
rotation plot. Analysis continues up to ultimate
moment-carrying capacity of the system, when the
force-controlled simulation algorithm fails to con-
verge at a specified minimum load increment.

3.3. Mechanics

The load sharing network topology includes five re-
liability elements in the load path. Failure at beam-
angle interface and column-angle interface involves
redundant load paths, through bolt group or direct
interfacial friction; since slip is permitted in this
analysis, the former is chosen for design. It is found
that beam failure is not statistically significant in
this configuration, so the corresponding reliability
block is ignored, as is the fifth reliability element
since the column is assumed to be sufficiently rigid
and not been modelled.

Thus in the load path, four limit states remain
(Figure 4), which is in agreement with consid-
erations made during practice and identified by
FEMA-356 (2000): (1) shear failure at beam flange
to angle bolt group, (2) angle bearing or tensile
rupture at bolted joint to beam, (3) angle flexural

Dublin, Ireland, July 9-13, 2023

failure at bolted joint to column and (4) axial fail-
ure at angle to column bolt group. The limit states
are symmetric about the beam axis under reversible
load in elastic range.

From the finite element analysis, axial forces ap-
pear to develop in the beam-flange to angle bolts,
which are generally assumed to only undergo shear.
As Figure 5 shows, this gives rise to two additional
limit states: (5) angle flexural failure at corner and
(6) axial failure at beam-flange bolt group. Due to
this axial force which counteracts the angle flexu-
ral demand at column bolt joint, the axial capacity
for angle to column bolt group predicted by FEMA
is found to be unconservative, while the angle flex-
ure capacity is found conservative. In this work,
bolt shear and axial responses have been modelled
as independent springs, hence axial-shear interac-
tion failure has not been captured. The statistically
significant limit states and corresponding deformed
configurations at failure are shown in Figure 6.
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Figure 4: Load transfer mechanism and limit state de-
mands as per FEMA-356 (2000)

3.4.  Moment-rotation plot

The baseline design for the studied connection con-
figuration is an Indian Standard ISMB 200 beam
[IS-800 (2007)] with overall depth 200 mm, width
100 mm, flange thickness 10.8 mm and wed thick-
ness 5.7 mm. Top and bottom seat angles are Indian
Standard ISA100100 (dimensions 100 mm x 100
mm x 10 mm). Beam-flange and column-flange
bolts have diameters 8 mm and 7mm respectively.
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Defining rotation as relative displacement between
topmost and bottommost points of the beam divided
by its overall depth, the moment-rotation curve of
the configuration is obtained from finite element
analysis (Figure 7). Failure is governed by the
four bolts between beam flange and angle failing
in shear at a moment of 7.39 kN-m. The system
exhibits ductile response with rotation at failure,
0.045 radians, greater than ten times the rotation at
first yield.
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Figure 7: Moment-rotation curve for baseline design

3.5. Maximum acceptable demand for given de-
sign and as-designed component reliabilities

Maximum acceptable demand for the connection
that has already been designed is determined. From
IS-800 (2007), unfactored component demand of
each of the four limit states is computed; the cor-
responding partial safety factors are applied. Next
each of the four factored component capacities are
mapped to a corresponding system capacity using
the mechanistic model of FEMA-356 (2000). The
factored design system capacity is a function of the
four quantities; here, the minimum of the four. At
design point, design system demand equals design
system capacity. Dividing the design system de-
mand by load factor and bias factor gives the mean
system demand. Following this methodology, with
load factor of 1.5 and bias factor 1.0, the mean sys-
tem demand, or the just-acceptable system demand
is 2.54 kN-m.

Once the system demand has been fixed, relia-
bilities of each component as designed can be cal-
lognﬁ—lc)ii
VVétVs,
obtained from mechanics [FEMA-356 (2000)] from
the mean system demand pp,, = 2.54 kN-m. As-
sumed coefficient of variation of each component
is the same as the system, Vp. = 21% and coeffi-
cients of variation of the capacity accounting for
material and fabrication factors are assumed 10%
and 5% respectively [Lin et al. (1988)], resulting in

Ve, = 11.8%.

The component reliabilities obtained thus are

culated as 3; = . Component demands are



14th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP14

B1=2.64, B,=12.73, B3=1.32 and 4=4.32 from LS1
to LS4 [Figure 6]. According to the mechanics of
FEMA-356 (2000) and component capacities of IS-
800 (2007), LS3 (angle flexure) appears to be the
critical element with lowest component reliability.
The finite element analysis, however, shows LS1
(shear in beam-flange bolts) to be governing fail-
ure. This could be attributed to reduction in flexural
demand in angle due to axial force in beam-flange
bolts (Figure 5). In this work, LS1 is taken to be the
critical element.

3.6. System reliability computation

Monte Carlo simulations with random yield and ul-
timate stresses of beam, angles and bolts and diam-
eters of bolt are run up to failure to obtain the sys-
tem capacity distribution. Mean value for all ran-
dom quantities are taken as their nominal values.
For a material, yield and ultimate stresses are con-
sidered fully correlated with coefficient of variation
10%. Angle and beam material are assumed fully
correlated, while bolt material is modelled indepen-
dently from it. Both material properties and diam-
eters of eight bolts have a high mutual correlation
of 80%. Coefficient of variation of bolt diameter is
taken as 5%.

500 geometric and materially nonlinear random
analyses are run to obtain the histogram of ulti-
mate moment carrying capacities (Figure 8), which
is found to have mean 6.93 kN-m and coefficient of
variation 12%. The demand distribution is taken
to be lognormal with the ‘just acceptable’ mean
demand of 2.54 kN-m and coefficient of variation
21%.
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Figure 8: System demand and capacity distributions

With the demand and capacity distributions known,
probability of failure of the system is computed us-
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ing the convolution method.

Pro= [ Fepmifo, (mdm @)
where F denotes the cumulative distribution func-
tion and f the probability density function. Failure
probability is obtained using step size dm = 0.01
in the numerical integration of Eq. (3) and fur-
ther, the reliability index is calculated as By =
@' (1— Py,,) where @ is the standard normal cu-
mulative distribution function.

In the baseline model, system reliability index is
found to be 4.21, which is greater than the criti-
cal component reliability of 2.64. This indicates a
beneficial system effect. In all the 500 runs, the
beam-flange bolts failing in shear governed sys-
tem failure. Unlike the deterministic system model
where all four beam-flange bolts failed simultane-
ously, modelling randomness implies that the weak-
est bolt fails first. As a result, a minor axis moment
develops and causes global instability; the full ca-
pacity of all the four beam-flange bolts may not be
mobilized. This effect could have been avoided by
using multiple rows of bolts.

3.7.  Parametric studies
Parametric studies are carried out by varying beam-
flange and column-flange bolt diameters. Govern-
ing limit states and deterministic moment-carrying
capacities of each case are shown in Table 1 and Ta-
ble 2 respectively. Moment-rotation curves for each
combination is shown in Figure 9. Increasing diam-
eter of the bolts governing failure (i.e., strengthen-
ing them) leads to increase in system capacity till
the critical element changes. For example, when
diameter of beam-flange bolts is increased from 8
mm to 10 mm keeping other parameters in the base-
line model constant, the 7 mm column-flange bolts
become the critical ones, and system capacity in-
creases from 7.39 kN-m to 8.4 kN-m. Strengthen-
ing non-critical elements does not increase capacity
but does affect ductility, which is seen to decrease
due to added stiffness provided against rotation by
a stronger non-critical element.

For each combination, 500 random simulations
are run to obtain mean system capacity and coef-
ficient of variation (Table 3). For some combina-
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Figure 9: Moment-rotation curves for combinations of
beam-flange and column-flange bolt diameters

tions, mixed-mode failure is observed, i.e., the exis-
tence of more than one statistically significant limit
state. For example, for 10 mm beam-flange and
8 mm column-flange bolt diameters, in the deter-
ministic run, the latter was the critical limit state,
while three failure modes are found in the simu-
lations: column-flange bolts (67%), beam-flange
bolts (18%) and both simultaneously (15%).

3.8.  Design application

A component to system reliability surface may be
plotted with the data obtained above, using which
the system may be designed based on target sys-
tem reliability considerations, i.e., a target reliabil-
ity may be set, and the required component reliabil-
ities of the significant limit states decided from the
surface.

4. CONCLUSIONS

Load paths of moment-resisting frames involve
steel moment connections comprising several com-
ponents such as angles, plates, bolts and welds.
Connections are designed on a component-wise ba-
sis; there has not been adequate focus on system
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Table 1: Governing limit states for combinations of
beam-flange and column-flange bolt diameters (mm)
(B: beam-flange bolts, C: column-flange bolts)

Column | 5 6 7 8 10 12
flange mm | mm | mm | mm | mm | mm
Beam

flange

7 mm C B B - - -

8 mm C C B B B B
10mm | C C C C B B
12mm | - - C C C B
14mm |- - - - C C
16 mm | - - - - - C

Table 2: Deterministic system capacity (kN-m) for com-
binations of beam-flange and column-flange bolt di-
ameters (mm) (B: beam-flange bolts, C: column-flange
bolts)

Column | 5 6 7 8 10 12
flange mm | mm | mm | mm | mm | mm
Beam

flange

7 mm 50 |58 [59 |- - -

8 mm 50 (72 |74 |74 |71 |79
100mm |50 |70 |84 9.8 |10.8|10.9
12mm | - - 83 9.6 | 13.0| 14.6
14 mm | - - - - 129|174
16 mm | - - - - - 17.5

reliability of the connection as a whole, which rep-
resents the true measure of its performance.

A flange-angle partially restrained steel moment
connection is taken up and load sharing topology,
system moment-carrying capacity and governing
limit states are studied. The aim of this work was to
estimate system reliability of discrete design points
of the connection corresponding to varying element
reliabilities using Monte Carlo simulations on a
geometric and materially nonlinear finite element
model. The component to system reliability surface
to be developed based on the results may be used to
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Table 3: Results of random simulations of combina-
tions of beam-flange and column-flange bolt diameters
(mm) (B: beam-flange bolts, C: column-flange bolts, M:
mixed, majorly column-flange bolts)

Beam | Column Criticall Mean | CoV | System
flange | flange | ele- ca- (%) | relia-
bolt bolt ment | pacity bility
mean | mean (kN- index
dia dia m)

(mm) | (mm)

7 5 M 5.0 13.0 | 2.86
8 5 C 5.0 13.5] 2.76
10 5 C 5.0 13.2 | 2.80
7 6 B 54 13.0 | 3.20
8 6 M 6.7 12.0 | 4.13
10 6 C 6.9 11.8 | 4.19
7 7 B 55 12.6 | 3.23
8 7 B 6.9 12.0 | 4.20
10 7 C 8.5 8.6 |5.48
12 7 C 8.3 9.6 |5.18
8 8 B 6.9 12.0 | 4.20
10 8 M 9.7 94 |6.01
12 8 C 9.7 9.1 |6.08
8 10 B 7.1 11.7 | 434
10 10 B 10.0 11.6 | 5.86
12 10 M 129 |99 | 7.17
14 10 C 12.9 114 | 6.97
8 12 B 7.3 11.2 | 4.56
10 12 B 10.1 109 | 5.74
12 12 B 13.3 9.8 |7.28
14 12 M 159 |73 |8.04
16 12 M 17.3 10.6 | 8.04

fix design component reliabilities given a set target
reliability with the help of a gradient optimization
routine or a system reliability sensitivity algorithm.
Modified sets of resistance factors may be calcu-
lated from the component reliability requirements
for typical connection systems or on a case-to-case
basis in design offices. Further, this methodology
may be applied to the finite number of steel connec-
tion topologies used in practice, and could someday
be incorporated into design standards.
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