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1. Introduction

Most lattice towers are self-supporting equipped by
members with equal angle sections connected by bolts.
In many cases, these bolted joints cause eccentricity
by transferring the load from the load location to
the central longitudinal axis of the member. Tower
designers have long concluded that the results of the
ideal truss models cannot correspond well to those
of tested towers. Prototype towers are often tested

Abstract. Precise prediction of the structural capacity of lattice transmission towers
under different loads is essential to accurate assessment of the reliability of transmission
networks. In doing so, the uncertainties inherent in the modeling parameters of the towers
should be taken into account. In this regard, the present paper developed a probabilistic
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accounting for the uncertainties including eccentricity at the connections, joint slippage,
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failure probability of the tested tower was then determined for different load factors whose
results were presented in terms of fragility curves. Finally, the effect of eccentricity on the
tower failure was quantified.
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for destruction to assess the extra margin of safety
available beyond the factor of safety stipulated in the
specifications. These tests also serve as a means of
checking the quality of craft during manufacturing [1].
Rao et al. [2] compared the results derived from the
failures of cross arms in four tested towers with those
from nonlinear finite element analysis. They concluded
that the load-carrying capacity of the towers depended
on not only the load-carrying capacity of their members
but also several other factors such as connection details,
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uncertainties of the members’ eccentricities, and non-
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and gusset plates. Tian et al. [3] performed full-
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softening failure model was developed to evaluate the
behavioral patterns of the transmission tower. Shukla
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and Selvaraj [4] conducted full-scale testing of a 132
kV double-circuit suspension tower where the strain
gauges were installed on some prominent members to
calculate the actual load. They reported that the
actual forces were slightly lower than the calculated
values. Tian et al. [5] performed full-scale testing of
a latticed steel tubular transmission tower with major
emphasis on the failure mechanism of the tower under
an extreme wind load. Rao et al. [6] presented different
types of premature failures observed during full-scale
testing and then, modeled them using finite element
software. Lu et al. [7] proposed some experiments
to model the force-displacement behavior of bolted
connections to reinforce the existing towers by adding
the auxiliary members. Albermani et al. [8] used a
nonlinear methodology for structural failure predic-
tion rather than forensic analysis. Their obtained
results were confirmed through full-scale testing of
a transmission tower that collapsed during the test.
de Souza et al. [9] suggested some topology design
recommendations, constructed 72 FEMs, and applied
them to the same self-supporting 230 kV real structure
with small differences in their elements’ configurations.
Jiang et al. [10] applied eccentricity to the model as
a constant value, which was already calculated using
working drawings. Albermani and Kitipornchai [11]
reported that the main failure mode was buckling in
the compressive legs where the plastic joints occurred
in the simulation.

Jiang et al. [12] referred to the bolted connections
as spring elements. In the spring method, bolted
joints are replaced by spring elements to simulate
pin or semi-rigid connections. Upon using spring
elements, the models matched the experimental results
and significantly reduced the modeling complexity [12].
Szafran and Rykaluk [13] examined two independent
load conditions first by considering only the axial
force and second, accounting for the axial force plus
an additional bending moment due to the effect of
eccentric connection. Yaghoobi and Shooshtari [14]
presented eight different types of load-deformation
curves of joints. An et al. [15] investigated the effect of
deformations and bolt slip in bolted joints on the axial
stiffness of the tower leg members. Ungkurapinan et
al. [16] conducted laboratory studies to propose more
accurate models of joint slippage. They developed
empirical relations to evaluate joint slippage and force-
displacement behaviors. Their slippage model was
employed by Ahmed et al. [17] to study the behavior
of transmission towers under working loads using the
finite element method. Kitipornchai et al. [18] devel-
oped joint slippage models for conventional connections
in transmission towers and demonstrated that although
the joint slippage had a significant impact on the pre-
dicted displacements of the towers, it had a negligible
effect on the analysis results of stresses and almost no

impact on the maximum predicted ultimate capacities
of the lattice towers. Temple et al. [19] highlighted
the effects of residual stress and initial imperfections
on the ultimate behaviotrans in mission towers in their
numerical study. They concluded that the buckling
failure of the main leg was the main failure mode caused
by the P-A effect. In seismic collapse assessment of
the Iranian code-conforming C.R.C. buildings, Hoseini
et al. [20] quantified several uncertainties such as the
P-A effect, deterioration in strength and stiffness, and
cyclic deterioration in the structural components. Fong
et al. [21] compared the loads of a test that caused
failure in the member, with the values predicted by
designing codes as well as the results of numerical
analyses. According to their findings, consideration
of the connection rigidity impact could increase the
predicted ultimate loads compared to the model with
the ideal pinned connections. Fu et al. [22] tested a
full-scale 230 kV suspension tower. They developed the
framework of a uniform imperfection mode method for
the transmission tower to estimate the strength capac-
ity and performed numerical validation by comparing
it with a full-scale test.

Tian et al. [23] utilized the 1000 kV tower model
using Tian-Ma-Qu model to assess the nonlinear axial
behaviors (yielding and buckling). Da Silva et al. [24]
compared the results from numerical models, experi-
ments, and theoretical linear elastic truss analyses and
concluded that the truss modeling method was limited
in load cases, thus exhibiting considerable discrepancies
in member forces. To obtain more accurate predictions
of the responses of transmission towers through finite
element analysis, Lee and McClure [25] developed
a finite beam element for the equal angle section
and predicted the ultimate capacity of the members
considering eccentricity, boundary conditions, and non-
linear behaviors derived from geometry and materi-
als. Prasad Rao and Kalyanaraman [26] developed a
model considering members’ eccentricities, local and
rotational displacements of connections, and nonlinear
behaviors of the utilized materials. They verified the
final model using the test results for a more accurate
estimation of the forces in the secondary braces of such
structures. Zhuge et al. [27] modeled all equal angle
members and bolts in 3D brick elements.

Fu and Li [28] considered the material properties
and section dimension uncertainty in transmission tow-
ers based on the Latin Hypercube Sampling technique
to establish uncertain FEMs. Mohammadi Darestani
et al. [29] evaluated the impact of uncertainties on
both demand and capacity as well as the impacts
of different modeling complexities such as buckling,
joint slippage, and joint failure on the extreme wind
performance of transmission towers. Fu et al. [30]
presented an analytical uncertainty method to estimate
the strength capacity and predict the failure patterns
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of transmission towers induced by wind and rain loads.
Tessari et al. [31] applied the performance-based wind
engineering methodology to the probabilistic analysis
of steel towers. Upon using FORM, a sensitivity analy-
sis was conducted to evaluate the effect of uncertainties
such as the structural strength and wind-structure
interaction on the structural response. Pan et al. [32]
numerically studied the impacts of different sources of
uncertainty on the fragility and seismic responses of
transmission towers. Fu et al. [33] proposed an uncer-
tainty analysis method for tower structures subjected
to wind load. Sotoudeh et al. [34] applied Incremental
Dynamic Analysis (IDA) method to four Limit State
Functions (LSFs) in the seismic performance of the
integrated dam reservoir FEM to estimate the fragility
curve. Li et al. [35] obtained the failure probability
of a single-circuit transmission tower-line system for
either a structural component or entire structure LSF's
considering the meteorological uncertainties. Liu et
al. [36] discussed the structural LSFs using a new
adaptive support vector regression method. They also
verified the efficiency of this method where closed-form
failure functions such as truss bridge structure were
not available. Shafaei et al. [37] developed a procedure
to increase the accuracy flashover rates by accurately
modeling network components such as the transmission
tower and chain of insulators based on Monte Carlo
method. Szafran et al. [38] presented a reliability
estimation procedure for steel lattice telecommunica-
tion towers based on tensioned joint reliability for a
full-scale pushover test of a 40 m high lattice tower.
Liu and Feng [39] proposed a new method based on
the mechanical structure of the tower to calculate
the reliability index of the 500 kV transmission tower
structure. Szafran et al. [40] assessed the reliability
of steel telecommunication tower using the Stochastic
Finite Element Method (SFEM).

The modeling parameters including the initial
imperfection of the members, joint slippage, and ec-
centricity at the connections are essentially uncertain;
therefore, they should be treated as random variables
in the structural modeling of the transmission towers.
However, a very limited number of studies have been
conducted on uncertainties of all of these parameters in
the tower model. Instead, a majority of the published
works have dealt with the modeling parameters in a
fully deterministic way. At best, very few studies took
only one variable as random while the others as deter-
ministic values. However, the current study considered
all of the above-mentioned connection related factors
in the static pushover analysis of a lattice tower using
OpenSees [41] and compared the obtained results with
those from the measurements and observations of a
sample tower type test, which was performed at the
NRI-OSTS tower test station in Arak, Iran in 2008.
More specifically, this study proposed a probabilistic

framework where the modeling parameters involved in
the problem under study were regarded as random
variables while determining the reliability indexes of
both displacement-based as well as force-based LSFs
for type test results of a tower under different load
conditions including high wind, wind and ice, and
broken wire. The relative importance vectors for the
modeling variables were identified using the reliability
techniques. Random variables were ranked based on
their relative importance, thus helping the designer
determine the degree of importance of these variables in
the probabilistic analysis. In addition, it is possible to
determine which variables and their uncertainty should
be ignored in the probabilistic analysis. To this end,
due to the high computational effort of the model,
the importance of each of these variables considered in
the model were quantitatively determined using First
Order Second Moment (FOSM) analysis [42] based on
the tower displacement of LSF's and the member forces.
A great deal of attention was paid to the additional
moments exerted by eccentricity at the connections
considering a regression-based equation. The final
outcome of this research regarding the fragility curves
for the tested tower was presented, in which the failure
probability of the tower in different load stages were
correlated with the connection eccentricities.

2. Development and calibration of the FEM

2.1. Type test of a sample tower

Tower testing provides information on the support be-
havior under the load, fit-up verification, actions on the
structure in deflected positions, adequacy of connec-
tions, and other benefits [1]. The type test results on
a 230 kV, 90-degree tension, double-circuit, 47-meter
high tower with a square base of 15.34 mx15.34 m
were utilized in this study. The tower was constructed
using St 52 (DIN 2391). Figure 1 presents the detailed
configuration of the cross arms, neck, legs, and primary
and secondary braces. The tested tower includes three
cross arms, i.e., the top, median, and bottom cross
arms. The displacements corresponding to every load
pattern in each step of increasing loads at points A, B,
C, and D, shown in Figure 1, were recorded using a
theodolite.

The tower test station has a square testbed with
sides of 20 m that can withstand the reaction forces
of the tower bases up to 675 tons per base. Each
tower base is connected to the testbed through a
foundation interface suitable for tensile or compressive
forces by special clamps designed for this particular
application.  Vertical, longitudinal, and transverse
loads were applied using steel wires through eight
electric winches of 5 and 10 tons at low speed. The
winches can also move in reverse; hence, this set can be
controlled directly from the control room in two modes
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Figure 1. Tower’s configuration and geometric dimensions.

of manual and automatic and the load can increase
up to 40 tons using pulleys. Here, 30 lines of force are
read continuously and simultaneously by load cells with
1% accuracy. Load cells are installed as close to the
tower as possible for accurate and noise-free reading.
Figure 2 presents a schematic view of the test setup
and rigging of the tower. Figure 3 shows the values of
forces in each load case applied to the tower during the
test.

During the test, the tower loading was gradually
applied in five steps: up to 50%, 75%, 90%, 95%,
and 100% of the design forces, as shown in Figure 3,
according to TEC60652 [43]. In the case of the tower
failure at a load factor of less than 100%, the tower
cannot pass the test, hence no longer acceptable.
Given that a significant number of towers tested in
the past experienced this failure during the test, the
need for predicting the failure probability of tower in
the type test for different load factors to reduce the
design costs as well as build and retest the tower was
highlighted. Load cases were employed to design the
towers according to the relevant standards and applied
to the tower exactly in the type test. The load values

for the studied tower in Figure 3 were determined based
on the Iranian loading standard [44]. In this regard,
H.W. (High Wind) load case was used for confirming
the tower capacity for resisting high winds. Of note, the
tower could pass the test without any failure. The load
case BRS1C1 (Broken Wire Shieldl Cross Arml) was
also used to approve the tower capacity for resisting the
rupture of cables at points S1 and C1 (Figure 4). In this
case, due to the connection of other cables to the tower,
the tower is subjected to unbalanced loading at the
top. During the test, at 73% of the designing load, the
bottom plate of the cross arm C1 failed (Figure 5(a))
and the test stopped mainly because the members’
failure was equal to the tower failure.

After replacing the failed member with a stronger
angle section, the tower was retested and the test
continued up to 95% of the design load. At this time,
the tower passed the test without any failure. The load
case W.I. (Wind Ice) was utilized to confirm the tower
capacity of resistance to the intense weather conditions.
During the loading, cross arm C3 failed at 90% of the
design load and the test stopped (Figure 5(b)).

After checking the tower at the end of the two
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Figure 2. Schematic drawing of test set-up and loading path.
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Figure 3. Loading tree (design forces on tower in different load cases).

load cases where member failure was recorded, it was
observed that in the load case BRS1C1, the buckling of
the lower member in cross arm C1 initiated the failure.
The adjacent diagonal member was then buckled due
to the increased load as well as buckling of the first

member (Figure 6). The main member of the cross
arm C3 was first buckled in the load case W.I. This,
in turn, increased the load on the other primary and
secondary braces in the cross arm C3. Finally, the cross
arm C3 twisted towards the connected cables (Figure
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6). In the same load case, one of the main members
in the leg of the tower failed at the same time as the
occurrence of the progressive failure of the cross arm
C3 (Figure 6).

2.2. Development of the numerical model

In the numerical model, each member with an equal
angle section was defined by the local coordinate
system, as shown in Figure 7(a). The eccentricity
value for all connections was chosen as 0.01 m. As
observed in Figure 7(b), the unconnected side of a
member is the side whose normal vector is the local y-
axis. To congsider the initial imperfection in members,
a node was defined in the middle of every element
with an extrusion obtained from dividing the length
of the element by 500. Each part of a member with
an equal angle section was modeled by the force-based

beam-column element in OpenSees. The eccentricity
at two ends of the member was defined based on
an elastic beam-column element with an elasticity
modulus 100 times that of steel to behave rigidly.
Corotational and linear geometry transformations were
used for the major members and elements, respectively,
which represent eccentricity. Six nonlinear springs at
the terminal node of each member were defined by
translational and rotational stiffness values along the
local axes z, y, and z using zero-length elements.
Figure 7 shows three types of conventional bolted
connections used in lattice transmission towers and
their mechanical models in numerical model analysis.
For instance, for the diagonal members connected to
the leg bolted in one of their sides (Figure 7(d)),
six nonlinear springs at the terminal node of each
diagonal member were defined by transitional and



A. Mahmoudi et al./Scientia Iranica, Transactions A: Civil Engineering 29 (2022) 1125-1141 1131

T

£X

Failure mode 1 under

load case W.IL.: leg

Failure mode 2 under
load case W.I.: cross arm C3

IS
SR/
e
e

ailure mode 1 under
load case BRS1C1: cross arm C1

Figure 6. Areas prone to failure at the end of the tower test.

~L-Section Beam

H-Rigid Beam

—Nonlinear Spring

e

—Rigid Beam

—L-Section Beam

() (d)

L-Section Beam

Axial spring
|
;3;1’:‘:7 Rotation spring

Rigid beam
Center line

;1Y
/
X
L-Section Beam
Rigid Beam —Nonlinear Spring
(e)

Figure 7. (a) The axes of the member. (b) Model details in OpenSees. (c) Members bolted together in their both sides.
(d) Members bolted together in one side. (e) Members crossing over each other.

rotational stiffness values along the local axes =z, v,
and z based on Zero Length Element. In OpenSees,
Zero Length FElement object is defined by two nodes
in the same location [41]. Table 1 lists the stiffness
values obtained from the study by Ungkurapinan et

al. [45] with parameters shown in Figure 8. They
conducted laboratory studies to obtain more accurate
models to examine joint slippage behavior. They also
performed experiments on equal-angle sections where
conventional bolt joints were connected by one or
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Table 1. Characteristics of stiffness for bolted connections described in Figure 8.

Axial A B C D E K1 K2 K3 K4 T
stiffness  (kN) (kN) (kN) (kN) (kN) (kN/mm) (kN/mm) (kN/mm) (kN/mm) (mm)
Lap-splice

bolted 43.28 43.28 + 33.7 x P* 216.4 285.15 299.68 263.45 20.99 43.65 86.55 0.36
connection

Number A (kN) Slope (kN/mm) P (mm) Q (mm) B (kN) R (mm) C (kN)

. of bolts
Single-leg

bolted 1 9.29 27.51 2.74 65.03 6.04 107.8
connection o 20.14 84.81 P 1.73 91.51 2.55 157.7

3 29.28 113.9 2.4 152.9 2.18 204.4
4 46.95 139 1.85 168.2 1.16 207.6
Members bolted together Number of bolts ky k. Kyota kroty Krots

Other Single-leg Single-bolt Rigid Rigid Rigid Rigid  Pinned
stiffness

values Single-leg Two or more bolts Rigid Rigid Rigid Rigid Rigid

Lap-splice - Rigid Rigid Rigid Rigid Rigid
P ~ Uniform [0, 2.21] (mm)
A A
: T
___________________________________ \ 1 C o i
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Figure 8. Modified joint slippage model proposed by Ungkurapinan et al. [45] for (a) Lap-splice bolted joint and (b)

single-leg bolted joint.

both sides. Then, they developed mathematical and
experimental equations to illustrate the slippage and
force-displacement behavior (Figure 8). Elastic multi-
linear material defines the stiffness of the spring in
the z-direction in OpenSees. In addition, steel is
modeled using Steel02 material with St 52 (DIN 2391)
characteristics. Furthermore, the base supports are
assumed rigid in the tower model.

2.3. Model validation

As mentioned earlier, the eccentricity and initial im-
perfection values of the developed model were set
to 0.01 m and the member’s length was divided by
500. The modeled tower has 2358 members and
each member is connected to the other ones at both
ends with bolt connections; therefore, 4716 random
variables are required to exactly define the eccentricity
of connection among the members. To overcome
this problem, eccentricity was considered as a random
variable with a uniform distribution between 0 and
0.02 m. The value of 0 is perfectly centered to consider
connections. Values greater than 0.02 m also made
the amount of moment produced at both ends of the

member considerably high; consequently, the numerical
model did not converge to the test results and failed
earlier than the load coefficient recorded in the test.
The eccentricity value in the model validation was
set as the average value of the selected distribution.
Jiang et al. [12] presented models with the maximum
joint slippage (i.e., 0.00221 m) that followed the test
results at the ultimate load values and they took into
consideration the amount of joint slippage, which was
considered a fixed value equal to 0.00221 m. One of the
test outputs is the displacement record of points A, B,
C, and D (see Figure 1) in every step of increasing load
and for each load case. Force-control static pushover
analysis was carried out to reach the maximum test
load and in the final step, the displacements of the
mentioned points were determined. Furthermore, for a
better understanding of the effects of these parameters,
the obtained results were compared with those from the
simplified model where all connections were rigid and
the members were centrally connected. Figures 9-11
present the comparative results for the test, developed
model, and simplified model. According to Figures 9
and 10, the difference between the simplified model and



A. Mahmoudi et al./Scientia Iranica, Transactions A: Civil Engineering 29 (2022) 1125-1141 1133

Displacements at point A

Displacement at point B

—~ 40T [0 Simplified model
g 0 Test
\; B Developed model
5 ]
g 20
E
e
: mni
& == Nan End EB

50% 75% 90% 95% 50% 75% 90% 95% 100%

Percentage of load

Figure 9. Comparison of displacements at points A and B in load case H.W.

Displacements at point A

Displacement at point B

[J Simplified model

30 0 Test
g ] B Developed model
= 20
3
£
(‘S ]
g 10
: |
a 0
50% 75% 90% 50% 5% 90%
Percentage of load
Figure 10. Comparison of displacements at points A and B in load case W.I.
Displacements at point C Displacement at point D
8T 0 Simplified model
R O Test
L o6 B Developed model
o
ne
b 4
£
-
< 2+
j)
: ﬂ . =

50% 75% 90% 95%

50% 75% 90% 95%

Percentage of load

Figure 11. Comparison of displacements at points C and D in load case BRS1C1.

test results can reach up to 0.18 m under the H.W.
load case and 0.09 m under the W.I. load case. As
shown in Figures 9-11, the absolute error values at
points A and B are 0.11 cm and 0.24 cm, respectively,
in the load case HW. and 3.33 cm and 0.057 cm,
respectively, in load case W.I. Therefore, it can be
concluded that the developed model can predict the
displacement of the tower well in the longitudinal
load cases. In the load case BRS1C1, the absolute
error values at points C and D are 0.008 cm and
1.706 cm, respectively. In conclusion, the prediction
results through the developed model agreed favorably
with the test results. The maximum displacement of
the tower under the transverse BRS1C1 load case in the
test is 0.08 m. According to Figure 11, the difference
between the simplified model and test results is 0.04 m.

Of note, the developed model can predict the maximum
displacement of the tested tower under the BRS1C1
load case well.

3. Sensitivity analysis of the tower’s failure

3.1. The tmportance vector measures derived
by FOSM

The main objective in this step is to provide quantita-
tive investigation into the reliability of the tower with
respect to the LSFs based on tower displacement and
the members’ forces, considering the random nature of
variables involved in the model. For this purpose, the
importance vectors derived from the reliability analysis
using FOSM [42] were utilized. It was also assumed
that there was no uncertainty in the amount of the
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Table 2. Selected members for FOSM analysis in each load case.

Load case Length (m) P, Location Cross-section of member
BRS1C1 1.072 0.643 x F};,  Cross arm Cy L60 x 4
W.I failure mode 1 1.317 0.967 x F, Leg L250 x 25
W.I failure mode 2 1.186 0.601 x F};  Cross arm Cj L70 x 6

loads applied to the tower in the type test. The
eccentricity (Ecc) of all connections was regarded as
a random variable with a uniform distribution between
0 and 0.02 m. The values greater than 0.02 m made the
values of the moments at the two ends of the member
so large that the loading could not be continued to the
final step, which is contrary to the reported conditions
of the test. The initial imperfection (Imp) in members
was taken into account and a node was defined in the
middle of every element with an extrusion obtained
from dividing the length of the element using a random
variable with a uniform distribution between 500 and
1000. The uncertainty of the initial state of connection
before loading (i.e., joint slippage, P) was defined as a
random variable with a uniform distribution between
0 and 0.00221 m. The upper bound was finally chosen
based on [46].

The eccentricity increases the moments at the
member’s ends. It is essential to use a function that
can take into account the simultaneous effects of the
axial force and bending around both principal axes of
the equal angle section (Eq. (1)); this, in turn, considers
the exceedance probability of the failure function as the
member’s failure probability [47].

o(z) =1~ "2+mv+(1ni“n)2]’ W

where n = Nl]ﬂ My, = 1\]\44,’ and m, = AAfP are
the ratios of the applied loads (N, M,, M,) to the
maximum plastic capacities of the equal angle section.
In addition, N, is the plastic axial force capacity of
the section, and M,, and M,, are the plastic moment
capacities around the weak and strong axes of the
section, respectively (Figure 7(a)). Moreover, N refers
to the axially applied force, and M, and M, are the
decomposition of the moments around the strong and
weak axes, respectively, based on Eqgs. (2) and (3). In
these equations, My and Mj3 are the moments around
the local axis (Figure 7(a)).

a=45° 2

M, = Mscosa + Mssina = 7(M2+M3)7 (2)
a=45° V2

M, = =My sina+Mscosa * = g(M3_M2) (3)

The LSF presented in Eq. (1) investigates the probabil-
ity of the plastic joint formation in the members. Given
that one of the reasons for failure is member’s buckling,
in order to investigate the probability of the members’
buckling, the equations proposed in Section 3.6 of
ASCE/SEI 10-15 [48] were employed to determine the
maximum allowable axial force. Hence, the LSF can
be altered based on Eq. (4):

g(g)zl— n’2+mv+<1ﬂj"‘7l,)2], (4)

;L N M, _ M,
where n' = PoA, Mu = A7, and m, = M,,

are the ratios of the applied loads to the maximum
allowable axial force and maximum plastic capacities,
respectively, P, is the maximum allowable axial stress
of the compression member according to ASCE 10-15
[48], and A, is the section area.

The LSF of Eq. (4), which is more critical than
that of Eq. (1), is evaluated by FOSM for the selected
members listed in Table 2. These members are also
shown in Figures 5 and 6. The FOSM importance mea-
sures for the mentioned random variables are presented
in Table 3. In addition, displacement-based LSF is also
considered in this study. Since the most significant
displacement cases recorded during the test are related
to the load case H-W. with 0.39 and 0.11 m on the
target points A and B (see Figure 9), respectively,
two implicit LSFs are defined and listed in Table 3
according to which the most significant variables for
force- and displacement-based LSF are the eccentricity
and joint slippage, respectively.

3.2. Proposed model for estimation of the
additional moment due to the eccentricity
Based on the importance vectors of the variables in Ta-
ble 3, it can be concluded that joint slippage, compared
to other variables, has minor effect on the force-based
LSF; therefore, it can be eliminated from the model for
the sake of simplicity and computational time saving.
The main members of the tower, according to Figure 4,
are selected as the studied members and then, the tower
is subjected to the load cases BRS1C1 and W.I. Then,
the maximum axial force and moments around Axes
2 and 3 (Figure 7(a)) at each start, middle, and end
of the member are recorded for different values of the
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Table 3. Importance vector measures derived from FOSM analysis on the LSFs.

Rand FOSM
The evaluation state Load case Implicit LSF andom importance
variable
measure
FEcce 0.995
0
E BRS1C: Eq. (4) Imp 0.093
g P 0.03
< 2
< Y
2 g Ece 0.999
5 8 W.L failure mode 1 Eq. (4) Imp 0.003
: P 0
S
=
FEce 0.864
W.I. failure mode 2 Eq. (4) Imp 0.505
P 0
0 P 0.8
*é E’o HW. ga(z) = 0.39 — Displacement s Eece 0.6
L] w
g 8 £ Imp 0
§ 2%
G
A« P 0.71
HW. gp(z) = 0.11 — Displacementp Eece 0.7
Imp 0
Table 4. Characteristics of the proposed linear regression model for M;".
Linear Model Model CoV of si
ode . oV of sigma
regression Mean CoV (%) parameters R-factor Mean of sigma &
parameter . (%)
model correlation
0 5.198 0.428
My ! 0.680 0.945 0.683 0.603
0o -0.104 0.308
0 6.227 0.324
M3 ! ! 0.682 0.947 0.616 0.603
02 —0.097 0.285

eccentricity and initial imperfection. To account for
the initial imperfection, the length of each element
is divided into 500, 750, and 1000. The same values
for the eccentricity are 0.0001, 0.005, 0.01, and 0.015.
In this study, a total of 24 models were considered.
The objective is to correlate the members’ moments
obtained from these models to those from a simplified
model with no consideration of eccentricity and initial
imperfection. To do so, the ordinary least square
method [49] should be employed.

Modeling is an iterative process between error
diagnosis and inference. A better model for the maxi-
mum output moments in the angular section in axes 2
and 3 (Figure 7(a)) can be obtained by removing the
initial imperfection from the list of variables. The final

model is presented in Eq. (5). The initial imperfection
variable was removed from the final form of Eq. (5) on
condition that upon removing the initial imperfection
variable from the final form of Eq. (5), no significant
increase in the amount of ¢ (modeling error) would be
observed. However, a penalty is given in Eq. (5) by
removing the two variables of joint slippage and initial
imperfection, showing its penalty in £. The probabilis-
tic characteristics of the equation parameters (6; and
62) of the proposed model are listed in Table 4. The
correlation between the equation parameters is 0.62.
The correlation coefficient greater than 0.7 points to
the independence of these two variables from each other
[50]. A basic assumption about linear regression is that
the errors are normally distributed; otherwise, it is a
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sign of a model error [49]. The model error denoted by
¢ follows a normal distribution with the mean of zero.
In the evaluated models, no difference was observed in
the axial forces generated at both ends of the members.
The proposed model is presented as follows:
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The random variables used for the reliability analysis
of the tested tower include the eccentricity at the
connections, modulus of elasticity, yield stress of the
materials, and model errors from Table 5. Eccentricity
plays an essential role in the model performance that
should be taken into consideration since the results

Ln (M*) = 91% +0yLn (Ecc) Ln (M) + < obtained from the simplified model (i.e., without ec-

(LnEcc) centricity) in the case of the studied tower showed that
' ‘ ) the tower capacity could reach up to 1.15 times the
i=23  The ith local axes (Figure 7(a)), (5) design loads; however, the test results demonstrated

where F' (kg) is the maximum axial force in the model
without eccentricity (obtained from the first-order
analysis), Ecc (m) the eccentricity, M; (kg.m) the
maximum moment around the local axis in the model
without eccentricity (obtained from the first-order
analysis), #1,0> model parameters, £ the modeling
error, i the ith local axes (Figure 7), and M (kg.m) the
maximum moment around the local axis considering
eccentricity (obtained from the second-order analysis).

4. Results and discussion

4.1. Reliability analysis of the tower using
FOSM, FORM, and SORM

This section determines the failure probability of the

tower in the type test under the specified load factor.

that the tower capacity was about 0.9 times the design
loads. To justify this difference up to the failure point,
an eccentricity, probably related to how the tower
members are assembled, should be considered in the
connections. The eccentricity values at the design point
of each LSF considered in every load case determine the
value at which the investigated member would fail.
By performing FOSM analysis, First-Order Reli-
ability Method (FORM), and Second-Order Reliability
Method (SORM) by Breitung’s formula [51], the ex-
ceedance probability of the members listed in Table 2
is determined using the LSF considered in each load
case. In Table 6, the failure probability of the selected
members (Table 2) is calculated for two LSFs, namely
plastic resistance (Eq. (1)) and buckling (Eq. (4)). A
comparison of the failure probabilities revealed that the

Table 5. Introduction of the random variables used in reliability analysis.

Random variable Variable symbol Distribution Mean Std (CoV) Units
Eccentricity Ecc Uniform 0.01 0.00572 (0.572) m

Elastic modulus E Log-normal  2.039E +8 2.039E+6 (0.01) kN/m?

Yield strength F, Log-normal 3.6E+5 3.6E+3 (0.01)  kN/m?
M3 model error €y Normal 0 0.68301 -
M3 model error £, Normal 0 0.6162 —

Table 6. Results of reliability analyses.

Load W.IL failure W.I. failure W.I. failure W.I. failure
BRS1C1 BRS1C1
case mode 1 mode 2 mode 1 mode 2
Implicit limit state Eq. (1) Eq. (1) Eq. (1) Eq. (4) Eq. (4) Eq. (4)
FOSM analysis FOSM g 6.3 8.45 2.83 2.72 7.4 0.86
Failure
probability 1.49¢-8 1.46e-15 0.23 0.33 6.81e-12 19.49
(in percentage)
FORM analysis FORM g 1.89 2.025 1.25 1.098 1.88 0.53
Failure
probability 2.93 2.14 10.65 13.6 3.01 29.76
(in percentage)
SORM analysis SORM g 1.2 2.16 1.36 1.21 1.9 0.37
Failure probability —, -4 1.52 8.76 11.29 2.8 8 35.50

(in percentage)
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higher failure probability values (i.e., lower 3 values)
were attributed to the LSF concerning buckling. In
FORM analysis, the failure probability of buckling is
greater than that that of plastic strength up to 19% in
the critical members under W.I. load case. In addition,
a comparison of the 3 values obtained from different
reliability methods indicated that FOSM yielded the
least value of failure probabilities, while FORM and
SORM methods provided a much higher estimation of
the failure probability.

4.2. Fragility curves of the tower

Figure 12 presents the fragility curves that express the
failure probability of the tested tower in the load cases
against the load factors. In fact, the current study
primarily aims to introduce, classify, and implement
random variables involved in constructing and mod-
eling the fragility curves of the tested tower. Upon
estimating the fragility curves in the members whose
failure was observed during the tower test, the force-
based LSF was used to evaluate the probability of
failure through the FORM method. To be specific,
the corresponding failure probability was estimated for
a set of load factors. While estimating the failure
probability based on the FORM method, the point on
the surface with the lowest beta (design point) was also
determined. The properties of the lognormal function
fitted to the fragility curves are shown in Figure 12. In
this figure, the eccentricity calculated at the designing
point is also given a value for which the tower can fail

__ 100 A 0.025
X 1 / [ —
~ 80+ / - 0.020 g
£ 1 . R AT g
5 60 Do - 0.015 2
s b 3
_g 40 L i 3 L 0.010 4;
= | / . =
- ] i / r 8
o 1 i A" 3]
g 20+ i “/ F0.005 @
= i -
S B e —— R

0 0.4 0.8 1.2 1.6

Load factor
(a)

1007 o 0 0.025
X ] r —_
~ 80 . 0.020 &
Z ] L ~
= ] = , >
E 607 L S F0.015 =
< ! 3}

] | . L Bal
z B £
° 40+ [ F0.010 E
2 P 2
o2 AN L 0.005 =
= 1 o’
£ 0ot v 0.000

0 0.4 0.8 1.2 1.6

Load factor

(e)

with a certain probability. The flowchart summarizing
all the steps used to produce the fragility curve is
depicted in Figure 13. Figure 12 demonstrates that the
second-order effects created by the bolted connections
can be large enough to make the main members fail.
For instance, in load pattern W.I. (failure mode 2)
and a load factor of 0.8, an eccentricity of about
0.014 m at the connections can increase the failure
probability of the tower up to 18%, which is significant
(see Figure 12). Besides, at the lower load factors, a
higher eccentricity may cause the tower failure. Based
on the slope of the eccentricity curves in Figure 12, it is
concluded that at load factors greater than about 0.8,
the impact of eccentricity on the tower failure becomes
significant. This is important in the sense that the
tower failure occurs most likely at the load factors in
the range of 0.8-1. The information provided in Figure
12 is used to analyze the failure of the tested tower.
Based on the test results, the tower failed at the bottom
plate of cross arm C3 in load case W.I. and at 90% of
the designing load. According to Figure 12, the failure
probabilities in the leg and the cross arm at the load
factor of 0.9 are estimated as 3% and 30%, respectively.
Thus, the tower is more susceptible to failure in the
cross arm rather than the leg, which is verified by the
type test in which the tower’s failure starts from this
area. It is also noted that the eccentricities associated
with the leg and cross arm failure modes are determined
as 0.015 and 0.013 m, respectively (Figure 12). It is
also seen that W.I. (failure mode 2) is more critical

100 = mE 025
g R S
=~ 80+ ; - 0.020 F
2 ] e N —— o2
E 60+ b F0.015 &
< o 2
2 1 ' o
S 40} ! - 0.010 2
£ 20 bom o £ 0.005 @
[GRENY SEEEEEEEE i et 0000
0 0.4 0.8 1.2 1.6
Load factor
(b)

BRS1C1 .

0.7 ¢ ® Median

0.5 A Dispersion

0.3 4

0.1,

W.L failure ®., W.I failure
mode 2 mode 1
(d)

Figure 12. Tower’s fragility curve and corresponding eccentricity in (a) Load case BRS1C1, (b) load case W.I. failure
mode 1, (c) load case W.L failure mode 2, and (d) lognormal parameters for the fragility of the tested tower.
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Define probabilistic properties
for random variables:
Ecc (Eccentricity),

Imp (Initial imperfection),
P (Joint slippage)

v

Model the tower in OpenSees &
conduct probabilistic analysis

v

v

. 4

Force-based LSF for
BRS1C1 & W.I.
(Table 2)

Displacement-based LSF for H.W.
(Table 3)
gp(z) = 0.11 — Displacementg

Eq. (1) & Eq. (4)
ga(z) = 0.39 — Displacement s

v

Conduct FOSM analysis

Pl evaluate importance measures

(Table 3)

Analyze simplified

model of tower with v

no consideration of
Ece, Imp, P

Build & analyze tower models
for various values of Ecc & Imp
for BRS1C1 & W.I.

' 7

Save M;* for members

Save moments M; for
members *

|—>

Derive a linear
regression model to
relate M} to M; (Ea. (5))

v

Conduct probabilistic
analysis of tower with
random variables
mentioned in Table 5

v
Evaluate LSF (Eq. (1) & Eq. (4)) by

FOSM, FORM, SORM analysis
for members of Table 2 (Table 6)

v

Calculate fragility curves
Figure 12

Figure 13. Flowchart for development of fragility curves.

than BRS1C1 since the fragility curve of the former
stands higher than that of the latter in Figure 12. This
is in agreement with the test observations.

5. Conclusions

The current study developed a probabilistic framework
to analyze the failure of a transmission tower in a
full-scale type test, taking into account the random
nature of uncertainties inherent in eccentricities of
connections, initial imperfections of members, joint
slippage, and mechanical properties of steel. To this
end, a finite element model of the tower was developed
and verified by the test results. In order to account

for the eccentricities, a regression-based equation was
proposed to obtain the surplus bending in the members
from a simplified finite element model of the tower. The
utilized Limit State Functions (LSFs) based on both
displacement and resistance were evaluated through
different reliability techniques. In addition, the failure
probability at different load factors was presented in
terms of fragility curves for different load patterns. The
main findings of this study are summarized below:

1. Incorporation of joint slippage into the model is
essential to accurate estimation of the tested tower
displacement. Regardless of joint slippage, the dif-
ference between the model and test results reached
up to 0.18 meters under the H.W. load case;

2. The importance vector measures derived from First
Order Second Moment (FOSM) analysis indicated
that eccentricity and joint slippage were considered
the most critical force-dependent variable and the
most significant displacement-dependent variable,
respectively;

3. For comparing the failure probabilities of the tower
members based on First-Order Reliability Method
(FORM) analysis under limit states related to
plastic versus buckling capacities, it was observed
that the amount of failure probability resulting
from buckling was larger up to 19% in the critical
members under the W.I. load case;

4. The reliability analysis in this study could predict
the failure mode of the tower in the type test. The
calculated failure probabilities for cross arm and leg
under the W.I. load case were 30% and 3% at a load
factor of 0.9, respectively, indicating that the tower
was more susceptible to failure in the cross arm
rather than the leg, as verified by the test results;

ot

The failure probability of the tower against different
load factors (i.e., the fragility curve) was also de-
termined in this study. Moreover, the eccentricities
associated with the failure at different load factors
were calculated. According to the findings, at load
factors greater than 0.8, the impact of eccentricity
on the tower failure was significant.

As a future research suggestion, the reliability-based
method of failure analysis developed in this paper can
be applied to other types of towers with different load
patterns and failure modes.

Nomenclature

Ag Section area

BRS1C1 Broken Wire Shield1l Cross Arm1 load
case

Dispersion  Lognormal parameters for the fragility

of the tested tower
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Considering eccentricity, initial
imperfection, and joint slippage in
modeling

The eccentricity of connection
First Order Second Moment

First Order Reliability Method
Yield stress

Maximum axial force in the model
without eccentricity (obtained from
the first-order analysis)

High Wind load case

The ith local axes (Figure 7(a))
Initial imperfection

Limit State Function

Lognormal distribution with mean g
and standard deviation o

Section’s plastic moment capacity
around the strong and weak axes,
respectively (Figure 7(a))
Decomposition of the moments around
the strong and weak axes, respectively
The maximum moment around the
local axis (Figure 7(a)) in the model
without eccentricity (obtained from
the first-order analysis)

The maximum moment around

the local axis in the fiber model
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the second-order analysis)

Ratios of the applied loads to the

Maximum plastic capacities

The mean of distribution

Lognormal parameters for the fragility
of the tested tower

Section’s plastic axial force capacity

Ratios of the applied loads to the
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The ratio of the axial force applied to

the member to its maximum allowable
axial force

Normal distribution with mean p and

standard deviation o

Joint slippage

The maximum allowable axial stress of
the compression member according to

ASCE 10-15

Second Order Reliability Method

Standard deviation of distribution

1139
Simplified  All connections being rigid and the
model members centrally connected
U(a.b) Uniform distribution between a and b
W.I Wind Ice load case
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