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ABSTRACT: The interruption of electrical service due to failure of transmission tower structures can have devastating
economic and social consequences. The current method for analyzing transmission tower structures is often to treat the
angle members of the tower as either pin-ended truss elements or fix-ended beam elements. This approach ignores the
effects of joint flexibility, local geometric and material nonlinearity, bolt slippage and deformation, making the
structural analysis and design of the tower inadequate. In an effort to improve the structural analysis of transmission
tower structures, this study aims at developing a multi-scale modeling method for transmission tower structures, in
which critical joints of the tower are modeled using solid elements in a great detail while other members are modeled
with common beam elements. The critical joint model includes gusset plates, angle members and bolts. The effects of
local geometric and material nonlinearity and the contact problem between the bolts, plates and angles are all taken into
consideration. New multi-point constraints for beam-to-solid connections at interface developed by the authors are
used to couple the critical local joint model with the beam elements to form a multi-scale model of the tower. To verify
the multi-scale modeling method, a physical model of a transmission tower structure was constructed and tested. The
displacement and strain response of the tower model measured from the static tests are compared with the numerical
results. The dynamic characteristics of the tower model identified from the dynamic tests are also compared with the
numerical results. The comparative results show that the multi-scale modeling method is feasible and accurate for
simultaneously predicting both global and local responses as well as estimating dynamic characteristics of the
transmission tower structure.
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1. INTRODUCTION

Transmission towers are vital components of transmission lines. Most of transmission tower
structures are constructed by thin-walled angle members that are eccentrically connected to each
other by bolts directly or through gusset plates. In the global analysis of a transmission tower, its
angle members are often modeled using either pin-ended truss elements or fix-ended beam
elements to form a global finite element (FE) model for the tower [1-5]. Nevertheless, this kind of
global model ignores the effects of joint flexibility, local geometric and material nonlinearity, bolt
slippage and deformation on the global behavior of the tower, which make the structural analysis
and design of the tower inadequate. To overcome this problem, the joints in the global FE model
are sometime modified as semi-rigid linear or nonlinear joints to consider joint effects on the global
behavior of the tower [6-9]. In this regard, Rao and Kalyanaraman [5] presented a non-linear
analysis method for lattice towers in consideration of member eccentricity, material non-linearity
and rotational rigidity of joints. Ungkurapinan et al. [10] developed some formulas to describe joint
slips based on the relevant test data. However, the use of semi-rigid joints cannot guarantee the
accuracy of the analysis because there are a variety of joints, in terms of the number of bolts and
the shape of gusset plates, making it difficult to determine the structural parameters for semi-rigid
joints. For the analysis and design of local joints of the tower, the local joints are then modeled



259 F.Y. Wang’, Y.L. Xu and S. Zhan

using solid or shell elements [11-14]. The boundary conditions of a local joint model are often
assigned by using the information extracted from the global analysis of the global FE model of the
tower. This approach for the analysis and design of the global structure and local joints may be
called the information-passing multi-scale method [15]. However, it is difficult to determine
dynamic boundary conditions for the local joint model, and inaccurate boundary conditions will
lead to large error in the calculated structural responses. Furthermore, if the solid and shell elements
are used to model all the members and joints of the tower, the computational size for the global
structure analysis will be too large to be implemented.

Recently, the concurrent multi-scale method is proposed to model large civil structures [15-17], in
which the local joints are simulated with shell or plate elements in much detail while other
components in the structure are simulated with beam or truss elements. Different scales of elements
are then coupled to form a multi-scale FE model. Such a concurrent multi-scale simulation can
simultaneously capture not only the global structural behavior but also the local joint behavior
without a huge computation cost. The key issue of concurrent multi-scale modeling is the coupling
of mixed-dimensional elements (beam, shell and solid) at their interfaces. Broadly speaking, there
are two major coupling methods currently available: volume coupling and surface coupling [18].
Volume coupling refers to a region in which different models co-exist and it is usually realized
using the Arlequin method [19, 20]. The Arlequin method is best suited for coupling different
physical models such as continuum particles [21, 22] among others. In surface coupling, there is no
overlapping of different models and different models can be coupled using one of the following
methods: (a) transition element method; and (b) multipoint constraint (MPC) method. Transition
elements can be used for shell-solid transition [23], beam-solid transition [24, 25], and beam-shell
transition [26]. Unfortunately, the transition elements have not been widely adopted because of its
limitations. Transition elements can only be used to a one-to-one coupling of elements and different
element transitions require different formulations, which make it difficult and impractical for a
commercial FE code. The MPC method is attractive for mixed-dimensional coupling by imposing
constraint equations for nodal displacements at the interface. The MPC method can be used for
static and dynamic analysis of linear or nonlinear structures [27-29]. In commercial FE software,
MPC can be easily used for coupling different types of elements. Nevertheless, although there are
several types of MPC in existing FE software, inaccurate constraint equations due to inappropriate
assumptions may result in stress disturbance at the interface. The authors recently developed a
reliable method for constructing appropriate MPC to guarantee the displacement compatibility and
stress equilibrium at the multi-scale interface [30].

With all the aforementioned, this study aims at developing a concurrent multi-scale modeling
method for transmission tower structures, in which critical joints of the tower are modeled using
solid elements in much detail while other angle members are modeled with common beam elements.
The detailed model for a critical joint includes gusset plates, angle members and bolts. The effects
of local geometric and material nonlinearity and the contact problem between the bolts, plates and
angles are all taken into consideration. The new multi-point constraints for beam-to-solid interface
connections developed by the authors are used to ensure the computational accuracy and efficiency
at interfaces so that the critical local joint models can be coupled with the common tower model to
form a multi-scale model of the tower. To verify the proposed multi-scale modeling method, a
physical model of a transmission tower structure at a length scale of 1:10 was constructed and
tested. The displacements and strains of the tower model measured from the static tests are
compared with the numerical results obtained by the multi-scale modeling method. The dynamic
characteristics of the tower identified from the dynamic tests are also compared with the numerical
results.
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2. APHYSICAL MODEL OF A TRANSMISSION TOWER STRUCTURE

In order to verify the accuracy of multi-scale modeling and analysis of a transmission tower
structure, a physical model of a transmission tower structure was built. The prototype of the tower
is a cup-type and straight-line tower, having a 50.50m height and a 22.02m width. It is used in
500kv networks of the state grid of China, suitable for the areas with heavy icing or high lightning
incidence. The tower is assembled from 23 types of angle members, which are connected to each
other at joint plates with bolts. In consideration of the physical modeling of bolts and joint plates as
well as the availability of laboratory space, the length ratio of the reduced-scale model to the
prototype was selected as 1:10. The stainless steel was chosen as the material to make angle
members and joint plates. The scaled model was designed and fabricated following the geometric
similarity laws as close as possible. In order to guarantee the precision of local joints of the
transmission tower, the components of local joints, such as bolts and gusset plate, were also
fabricated according to the length ratio. The angle members and gusset plates were tailor-made in
the factory by using the stainless steel plates. The completed tower model had 930 angle members,
402 gusset plates, and 3649 bolts. The completed physical model of the tower and a local joint are
shown in Figure 1(a) and Figure 1(b) respectively. The tower model was finally connected to the
four steel bases by bolts at its four legs and the four steel bases were in turn firmly fixed on a large
concrete block ( see Figure 1(c) ) while the concrete block was connected to the strong floor of the
laboratory. Both static and dynamic tests were performed to provide test data for verifying the
numerical results from multi-scale analysis.

(a) global tower model (c) base joint

Figure 1. Physical Model of a Transmission Tower

3. MULTI-SCALE MODELING OF THE TRANSMISSION TOWER

For a transmission tower, there are many complex problems to deal with in the process of
multi-scale modeling, such as the interface coupling of mix-dimensional elements and the contact
problem between bolts and plates. Most of the commercial FE software has the features of dealing
with these problems. It is therefore more convenient to build the multi-scale model of the test
transmission tower using commercial FE software. The FE software ANSYS is used in this study
together with the self-written supplemental programs for multi-scale modeling and analysis of the
transmission tower structure.
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The main purpose of the multi-scale modeling and analysis of the transmission tower is to obtain its
global and local responses simultaneously. For the sake of a clear demonstration of the proposed
method, only one typical and most important joint between the crank arm and the tower body is
selected to construct a detailed local FE joint model. The selected joint consists of 9 angle members
of a shortened length, 3 gusset plates and 40 bolts. In order to accurately simulate the bolt
connection, all the components of the joint are modeled using solid elements. Consequently, the
20-node SOLID95 elements of higher order, which can simulate irregular shapes with no loss in
accuracy, are used to model angle members, gusset plate and bolts of the selected joint. Apart from
this joint, all other joints (including the base joints) are modeled as rigid joints and all other angle
members of the tower are modeled using beam elements, which are actually the BEAM188
elements in the FE software ANSYS. Like the conventional modeling, the joint eccentricity is
neglected when the beam elements and rigid joints are used. The completed multi-scale model of
the transmission tower is shown in Figure 2 together with the local joint model. It is noted that
there is an interface for each of 9 angle members used in the joint between the global tower model
and the local joint model.

One of the most complex problems in the local modeling of the joint is the interaction between
different components for bolt connection, such as the contact between the bolt and the angle
member, the contact between the bolt and the gusset plate, and the contact between the angle
member and the gusset plate. These interactions are achieved by using the contact elements
TARGE170 and CONTAL174 of surface-to-surface type, which avoid one element to penetrate into
another. Furthermore, these contact elements can simulate friction forces between the two surfaces
according to the Mohr-Coulomb law. The friction forces depend on the smoothness of the surfaces
and the pretension forces of the bolts. The value of the coefficient of friction is taken as 0.3 in this
study. The pretension force elements PRETS179 are used to simulate the pre-tightening of the bolts.
In terms of stiffness, the interaction between the angle member and gusset plate is defined as the
flexible-to-flexible contact problem because both of them are of equal stiffness. The interaction
between the bolt and the gusset plate or angle member is defined as the rigid-to-flexible contact
problem because the bolt is considered stiffer than the plate or the angle member. In the contact
problem concerned, the first part refers to the target and the second part to the contact surface. For a
rigid-to-flexible contact, the target surface is always more stiff and the contact surface is always
less stiff. The contact elements are applied to the joint components by the Augmented Lagrange
formulation, and the contact stiffness is updated during equilibrium iteration. Figure 3 shows the
contact interaction between angle member, gusset plate and bolt of the local joint. Finally, the
interface of the angle member between the solid and beam elements is coupled by using the
constraint method recently developed by the authors [30]. The new constraint method is briefly
described in the following section for the sake of completion and easy understanding.

4. INTERFACE COUPLING OF MIXED-DIMENSIONAL ELEMENTS

Taking the interface coupling of beam-to-solid elements as an example, the displacement
constraint can be established in the sense that the displacement of beam at the interface equals to
the generalized displacement of solid at the interface, which can be expressed as
c(Ug,Uug)=u; —Cug =0 o)

where Ug and Ug are the nodal displacement vector of beam and solid, respectively, at the
interface; C is the weighting coefficient matrix of the displacement constraint equation.
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(a) global tower model (b) local joint
Figure 2. Multi-scale Model of a Transmission Tower

Pretension
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Figure 3. Contact between Angle Member, Gusset Plate and Bolt of the Local Joint

The variation of Eq. 1 can be expressed as
oc(Ug,Us)=0u; —Cduy =0 (2)

in which dugand oug are the virtual displacement vectors at the interface of beam and solid,
respectively.

The sum of virtual work done by the corresponding forces at the interface of the two types of
elements shall be zero.

SW, + W, =0 @)

where 6W, and oW; are the virtual works done by the nodal forces at the interface of beam
and solid, respectively.

The virtual works done by the nodal forces at the interface of solid and beam are respectively

SW, = SuF,

SW, = oUuF, “)
where Fg and Fg are the nodal forces at the interface of solid and beam, respectively.

By substituting Eqg. (4) into Eq. (3), we have the following equation
SU F, +oulF, =0 (5)
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From Eq. 2, we have du; = Cdug . Eq. 5 then becomes
SUJF, +6ulC"F, =0 (6)

Eqg. 6 shall hold for any arbitrary virtual displacements, and thus the nodal forces shall be related by
F, =-C'F, )

Eq. 7 gives the constraint equation of nodal forces of beam and solid at the interface. The matrix
C" can be regarded as a distribution matrix to distribute the forces or moment at the beam node to

the solid nodes at the interface, and one column of the distribution matrix C' actually
corresponds to the nodal forces of the solid at the interface under unit force or moment. Therefore,
a numerical method has been developed to calculate the nodal forces of the solid by applying unit

force or moment and finally to construct the distribution matrix C" [30]. Once distribution matrix
is obtained, the displacement constraint equation can be easily found by the transpose of the
distribution matrix.

In this study, the interface coupling of mixed-dimensional elements is achieved by imposing the
constraint equations in the commercial software ANSYS [31] using the CE command. The FE
model of local joint and the interface coupling between the beam and solid elements are shown in
Figure 4.

Beam element

Solid element \

(a) joint model (b) interface coupling
Figure 4. Finite Element Model of Local Joint and Interface Coupling

5. VERIFICATION OF MULTI-SCALE MODELING METHOD
51 Test Cases

A static test was first carried out on the physical model of the transmission tower fixed on the
ground of the laboratory. A horizontal concentrated load was applied at the middle of cross arm of
the transmission tower in the longitudinal direction (transmission line direction) as shown in Figure
5.

The concentrated load was increased step by step up to 60N at an incremental load of 10 N. A total
of 3 displacement transducers (D1-D3) and 26 strain gauges (S1-S26) were used to measure the
static responses of the tower due to the concentrated load. The measurement results of static
displacements and stains are listed in Table 1-Table 3.
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Displacement meter: D1-D3
Strain gauge: S1-S26

Gusset plate
S15-S23
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I y: F:S3, S4
B: S8, S9

Figure 5. Locations of Loading Point and Measurment Points in Static Test

Table 1. Comparison of Static Displacement Responses (mm)

264

Measurement point  Load (N) Measured displacement Beam model Error (%) Multi-scale model  Error (%)
10 0.224 0.228 1.8 0.228 1.8
20 0.468 0.457 -24 0.457 -2.4
30 0.701 0.685 -2.3 0.686 -2.1
b1 40 0.915 0.913 -0.2 0.915 0.0
50 1.132 1.142 0.9 1.144 11
60 1.378 1.370 -0.6 1.373 -0.4
10 0.223 0.228 2.2 0.228 2.2
20 0.462 0.456 -1.3 0.458 -0.9
30 0.689 0.684 -0.7 0.688 -0.1
b2 40 0.907 0.911 0.4 0.917 11
50 1.130 1.139 0.8 1.147 15
60 1.377 1.367 -0.7 1.377 0.0
10 0.059 0.063 6.8 0.061 34
20 0.120 0.126 5.0 0.123 25
30 0.181 0.189 4.4 0.184 1.7
b3 40 0.247 0.252 2.0 0.245 -0.8
50 0.305 0.315 33 0.307 0.7
60 0.367 0.378 3.0 0.368 0.3
Table 2. Comparison of Static Strain on the Main Member of the Tower Leg (10°)

Gauge number Measured strain Beam model Error (%) Multi-scale model Error (%)
s1 21.59 22.33 3.43 22.34 3.47
S2 26.55 25.73 3.09 25.73 3.09
S3 26.93 25.69 4.60 25.68 4.64
S4 22.52 22.33 0.84 22.33 0.84
S8 -21.09 -22.30 5.74 -22.31 5.76
S9 -25.41 -25.71 1.18 -25.71 1.18
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Table 3. Comparison of Static Strain on the Local Joint (10)

Gauge number  Measured strain  Beam model  Error (%)  Multi-scale model  Error (%)

S13 34.10 28.83 15.45 34.62 1.52

S14 12.27 24.48 99.51 11.70 4.65

S15, S16, S17 21.90 - - 23.63 7.90

S18, S19, S20 8.20 - - 8.82 7.56
Accelerometer: A1-A12 Accelerometer: A13-A18

. Hammer F

(a) test in longitudinal direction (b) test in transverse direction
Figure 6. Locations of Accelerometers in Hammer Test

After the static tests were completed, the hammer tests were then carried out on the physical model
of the transmission tower to identify the natural frequencies and modal shapes of the tower.
Accelerometers were accordingly arranged in both longitudinal and transverse directions and their
locations are shown in Figure 6. The measured first 9 natural frequencies are listed in Table 4.

5.2 Comparison of Static Displacements and Strains

In addition to the multi-scale model of the tower, the beam model of the tower is also built in a
conventional way, in which the BEAM188 elements and the rigid joints are used without
considering joint eccentricity. Both the beam model and multi-scale model of the transmission
tower are used to calculate the strain and displacement responses of the tower under the
concentrated load, and the results from the multi-scale model and the beam model are then
compared with those from the static tests. Table 1 lists the displacement values against concentrated
load for the multi-scale model, the beam model, and the physical model. The force-displacement
relationships of the measurement points D1, D2 and D3 are shown in Figure 7. It can be seen that
the force-displacement relationship is almost linear within the applied load range. For D1 and D2,
the results from the beam model and the multi-scale model are almost the same. The results
obtained from the multi-scale model are also very close to the test results. For D3, the
displacements obtained from the multi-scale model are closer to the test results than the results
from the beam model. In consideration of the locations of D1, D2 and D3 as shown in Figure 5, D1
and D2 locate on the cross arm of the tower and they are far away from the local joint modeled by
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the solid elements. Therefore, the displacement results of D1 and D2 from the multi-scale model
and the beam model are very close. On the other hand, D3 locates on the angle member that is
connected to the local joint modeled by the solid elements. The multi-scale model can therefore
improve the accuracy of the displacement of the angle member at D3.

1.5 15
= 1 =1
£ £
- ~
005 - ——Test 00.5 —— Test
—8— Beam model —8— Beam model
. —o— Multi-scale model —e— Multi-scale model
1 T T T T 0 : T T T
10 20 30 40 50 60 10 20 30 40 50 60
Load (N) Load (N)
(a) D1
0a (b) D2
0.3
=
E02 -
o
[a) 01 | —a—Test
' —&— Beam model
0 —o— Multi-scale model
10 20 30 40 50 60
Load (N)
(c) D3

Figure 7. Force-displacement Relationship

The comparison results of the strain responses to the horizontal concentrated load of 60N are listed
in Table 2 for the main member of the tower leg. The strain results obtained from the multi-scale
model are very close to the test results. For the strain responses of the main member of the tower
leg, the multi-scale model and the beam model provide almost the same accuracy. The reason is
that the measurement points on the tower leg are far away from the local joint modeled by the solid
elements.

Figure 8 shows the locations of strain gauges on the gusset plate and the main member of the local
joint, which are modeled in much detail using the solid elements in the multi-scale model of the
tower. The equivalent strain used for the comparison of strain responses on the gusset plate is
computed by

1 |:(51 _52)2 + (&, _53)2 + (& _51)2 :|;

E. =
° 14v

2 (8)

where ¢, ¢,and ¢, are the principal strains; and v is the effective Poisson’s ratio. In the static
test, the strain rosettes were used to measure the strain state of the gusset plate, and two principal
strains are calculated from the measured strain state. Eq. (8) is then used to calculate the equivalent
strain by combining the two principal strains obtained from the measured results of the strain
rosette and a zero principal strain.
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The comparison results of strains of the local joint are listed in Table 3. It can be seen that the strain
responses of the main member near the local joint (measurement points S13 and S14) calculated
from the multi-scale model are more accurate than those from the beam model if the test results are
referred. The maximum error by using the beam model and the multi-scale model are 99.51% and
4.65%, respectively, with respect to the test results. From the test results of S13 and S14, it can be
seen that the main member is under large bending moment caused by the bolt connection. However,
the beam model built by rigid joints cannot simulate this bending moment caused by the bolt
connection. Therefore, the errors in the strain responses of the main members connected to the local
joint are very large if the beam model is used. The multi-scale model uses solid elements for
modeling the local joint, which can effectively simulate the force transmission from the bolt
connection. Therefore, the multi-scale model can obtain good accuracy for the strain responses of
the main members connected to the local joint. Furthermore, the multi-scale model can obtain the
strain responses of the gusset plate with good accuracy of the maximum error less than 7.90%.
From the comparison of the static responses of displacement and strain, it can be concluded that the
multi-scale model can obtain more accurate strain and displacement responses at the region near the
local joint modeled by the solid elements.

Figure 8. Locations of Strain Gauges on Local Joint
5.3 Comparison of Dynamic Characteristics

The modal analysis is carried out using the beam model and multi-scale model of the transmission
tower. The natural frequencies are obtained and compared with the test results, as listed in Table 4.
It can be seen that the maximum error using the multi-scale model occurs at the sixth natural
frequency with a relative error of 5.41%. The first, second and third mode shapes of the tower
obtained from the multi-scale model are shown in Figure 9. It can be seen that the first mode of
vibration is the translational mode mainly in the longitudinal direction. The second mode of
vibration is also the translational mode but mainly in the transverse direction. The third mode of
vibration is the torsional mode. The comparison of the first nine mode shapes from the multi-scale
analysis (MSA) and the test are shown in Figure 10, in which the mode shapes are shown in
different directions. The first, third, fourth, fifth and sixth order mode shapes are shown in the
longitudinal direction, whereas the second, seventh, eighth and ninth order mode shapes are shown
in the transverse direction. The first three mode shapes from the multi-scale analysis agree well
with the test results. For other higher order mode shapes, some differences exist between the
multi-scale analysis and the test.
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(a) first mode (b) second mode (c) third mode
(view in X-direction) (view in Y-direction)  (view in Z-direction)
Figure 9. The First Three Mode Shapes of the Tower obtained from the Multi-scale Model

Table 4. Comparison of Natural Frequencies (Hz)

Mode  Mode shape Measured Beam Error Multi-scale Error

no. description frequency model (%) model (%)

1 Longitudinal 16.56 16.39 1.03 16.38 1.09
bending

2 Transverse 16.81 16.46 2.08 16.44 2.20
bending

3 Torsion 2250 23.63 5.02 23.49 4.40

4  Longitudinal 44.36 44.40 0.09 44.40 0.09
bending

g  Longitudinal 44,50 44.62 0.27 44.63 0.29
bending

g  Longitudinal 50.44 53.06 5.19 53.17 5.41
bending

7 Transverse 52.30 53.56 2.41 53.62 252
bending

8 Transverse 50.83 57.54 3.83 57.58 3.76
bending

9 Transverse 60.56 57.72 4.69 57.75 464
bending

The Modal Assurance Criteria (MAC) is calculated as
MAC (4,47 ) = ) )
[ (¢Itest¢ltest )(¢|FE¢|FE)

where ¢* and ¢ are the ith mode shape from test and finite element analysis, respectively. The

MAC values for the beam model and the multi-scale model are listed in Table 5. It can be seen that
the multi-scale model and the beam model have almost the same accuracy for mode shapes. The
similar natural frequencies and mode shapes from the beam model and the multi-scale model are
understandable because the difference between the beam model and the multi-scale model is one
local joint model in the multi-scale model, which does not affect the global dynamic characteristics
of the tower.
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Figure 10. Comparison of the First Nine Mode Shapes from the Multi-scale Analysis and Test

Table 5. MAC of Modal Shapes

Mode number 1 2 3 4 5 6 7 8 9

0.9939 0.9958 0.9936 0.9407 0.9653 0.9889 0.9741 0.9089 0.9107
0.9940 0.9958 0.9935 0.9377 0.9664 0.9897 0.9719 0.9104 0.9075

Beam model
Multi-scale model
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6. CONCLUSIONS

The multi-scale modeling method has been developed for the simultaneous global and local
analysis of a transmission tower structure with bolt connections. The solid elements are used to
model the bolted-connection joint that includes angle members, gusset plates and bolts. All other
joints are modeled as rigid joints and all other angle members are modeled by the beam elements. A
physical model of the transmission tower has been constructed and tested. The calculated results
from the multi-scale model and the beam model are compared with those from the tests. The
comparative results demonstrate that the calculated displacement responses from the multi-scale
model and the beam model are very close to the measured ones if the locations of the concerned
displacements are away from the flexible joint modeled by the solid elements. The calculated
natural frequencies and mode shapes from the multi-scale model and the beam model are also close
to the measured ones. Compared with the beam model, the multi-scale model can obtain more
accurate strain and displacement responses of the members connected to the local joint that is
modeled by the solid elements. By using the solid elements for modeling the local joint, the
multi-scale model effectively simulates the force transmission of bolt connections and provides
good accuracy for the strain responses of the main members connected to the local joint modeled
by the solid elements. The multi-scale modeling method has great advantages of improving the
accuracy of local responses for the large transmission tower.
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