Chapter 6
Member Design
In this chapter the structural analysis of the tubular test tower will be investigated using Prokon Structural Software. Prokon software has various
solvers (Frontal solver, Colsol solver, Taucs solver and MKL solver) available in order to solve the stiffness equations under static design conditions.
Once all the bending moments, shear forces and torsional loads are calculated, the results are available in the member design module of Prokon where
the national design code (structural use of steel Part 1:Limit-state design of
hot-rolled steelwork 2005) is used to evaluate the integrity of each member.
The development of more specialized software for quickly designing bracing
members with various weld attachments can then be done based on this basic
design approach.
Although a finite element analysis (FEA) will be used to investigate the
structural response of the tower cross arm compared to the Prokon model,
it is not recommended that a FEA should be used to analyze commercial
power line towers for production purposes. The reason is that FEA software
is expensive and FEA models solve longer compared to conventional structural analysis.
The use of FEA could be reserved for more complicated tower sections,
for example the tower hamper connections or the tower tip connections.
The cost of large power line structures can increase drastically if the designer does not carefully consider the main components and layout of a tower
as discussed in the previous section. This also holds true for the planning of
the structural model of the tower seeing that complicated designs will result
in long computational times and will definitely have a large effect on developing manufacturing drawings. The layout of the tower should be planned
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in such a way that standard (CIDECT) connection calculations can be implemented. This is an accepted and widely used standard. Deviation from
any standard will require thorough FEA analysis which is expensive.
It is again highlighted here that a multidisciplinary team of design engineers and draftsman are required to determine the most economical configuration electrically from which a structure is derived in order to support
the conductors in position. Although a large amount of work is required
before a power line tower can be designed, this chapter looks specifically at
the implementation of circular hollow sections at the structural design phase
only and will not consider the entire design process of transmission towers.

6.1

The tubular test tower

A dimensional outline of the tubular test tower can be seen in figure 6.1. The
tower has an overall height of 2.8m and a total width of 6.4m. The cross arm
length is approximately 2.4m. This is a square transmission tower with all
the members fabricated from S355 grade circular hollow sections (SANS 657:
Part 1). The structural hollow sections are ERW cold-formed sections with
a yield strength of 355M P a and a ultimate strength of 450M P a. The gusset
plates are all fabricated from 300WA steel. The circular hollow sections are
fabricated by Robor Tube and the tower structure was fabricated by Robor
Steel Services.
A structural analysis (elastic) of the tower was done using Prokon (version 2.4) structural software. The reason why conventional tower analysis
software (PLS Tower) was not used is that it does not explicitly take into
account the bending moments and is better suited for angular members. Additionally, a great advantage of Prokon is that it also includes the limit state
design code for structural steel (structural use of steel Part 1:Limit-state design of hot-rolled steelwork 2005). Figure 8.4 shows the structural model of
the tubular test tower.
The load cases that were used to design the structure are (see figure 6.3):
C1 High transverse wind load: This is when the wind pressure is applied
perpendicular to the conductor wind span.
C2 Cascade failure: This failure is a severe failure condition when all the
conductors are broken on one side of the tower. This would occur when
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Figure 6.1: Dimensional outline of tubular test tower.
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a tower collapses and the adjacent tower has conductor tension only to
one side of the structure.
C3 One broken conductor + No broken conductor: This load case is to
induce torsional loads on the tower and would typically occur when an
insulator breaks.
C4 One broken conductor only: This load case will induce torsional loads
on the tower and this could occur under conductor stringing conditions.
Although the loads that are applied to the structure are not directly related to a specific conductor size, they are in relationship with each other
and represent realistic tower loads. The loads are also reduced in order to
minimize the size of the physical structure and to reduce fabrication cost.

6.2

Structural modeling of the test tower

Considering the actual modeling, the base of the tower was considered fixed
in translation and rotation to account for all eccentricities in the model. In

Figure 6.2: Structural model of the test tower.
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Figure 6.3: Load tree of tubular test tower.
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order to induce bending moments created by the load in the brace members,
which is the component parallel with the longitudinal axis of the member,
rigid links are included in the model and the brace members are then attached to the rigid links with a length equal to D/2 of the specific member
(figure 6.4).

Figure 6.4: Members 71-95-51 resemble rigid links on the tower model to
ensure that all bending moments are included in the structural analysis.
These rigid links take into consideration the radius of the hollow section.
All the bracing members are considered to be pin connected. This can
be seen in figure 8.4 as the dots at the ends of the member. The end result
is that the bracing members are not designed to resist bending loads, but
rather to induce bending loads in the main structural members via the rigid
links.
The cross arms are connected to the main structure with fixed ends to
provide rotational continuity. Conventionally, all members in a transmission
tower structural analysis will be considered to be connected with frictionless
ball joints. This is to ensure that the bending moments created at the tip of
the cross arm is redistributed in the tower body. The effect of modeling the
cross arm as a normal pinned structure compared to including the eccentricity was analysed. Figure 6.5 shows a normal pinned connection and a single
load attachment. Figure 6.6 is modeled to account for the eccentricities from
the connection layout and the loads are applied across two points to model
the double attachment of the insulators. The cross arm attachment is also
considered fixed.
When the software is set to select a circular hollow section member based
on the lightest section, the end result is a 177x3.0 (12.9 kg/m) member for
the pinned end connection and a 219x3.5 (18.6 kg/m) member for the rigid
end connection. Although there is not a large increase in weight between the
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Figure 6.5: Pinned cross arm model
with a single conductor attachment
point.
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Figure 6.6: Rigid cross arm model
with a double conductor attachment
point.

two different members, it is a tremendous increase in member section/size
and it will affect the final connection detail. It is thus clear that the end
effects of the cross arm should be considered when selecting member sizes.
A 152x6.0 (21.7 kg/m) CHS member was selected for fabrication purposes.
The slenderness ratio is also dependent on the specific end condition (refer
to SANS 10162 for more detailed information).

6.3

Structural strength

The software uses the national standard (structural use of steel Part 1:Limitstate design of hot-rolled steelwork 2005) in order to select the members
based on three interaction equations. The interaction equations consider the
following:
• cross-sectional strength
• overall member strength
• lateral torsional buckling strength
Appendix K shows the detailed equations that are used to determine the
structural integrity of a member (Parrott 2007). The process can be summarised as follows. The code will firstly check to ensure that local buckling
will not occur. This is done by ensuring that the minimum b/t ratio is met
(SANS 10162 table 3 and table 4). Only class 1, 2 and 3 members will be
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used as structural members in transmission towers. Then a check is done to
ensure that the minimum slenderness ratio is valid for the specific member
that is being designed (200 for members in compression and 300 for members
in tension).
For members in braced frames, such as transmission towers, a cross
sectional strength check is required (Parrott 2007, structural use of steel
Part 1:Limit-state design of hot-rolled steelwork 2005) according to section
13.8.3a. This will ensure that the ultimate strength of the member is not
exceeded.
Then, a check is done for overall member strength. This will take into account the effect of the axial compressive force after the member has deflected
i.e. second order effects (section 13.8.3b). The third check that is done on
members based on the national design code is for lateral torsional buckling
(section 13.8.3c). This check also accommodates the second order effects.

6.4

Cross arm connection

When designing the tip of the cross arm, various configurations can be considered. The author proposed the connection as seen in figure 6.7. It can be
seen that the three main members of the cross arm connect to only a single
attachment plate. The face where the two bottom members bolt together
can be considered to be rigid once all the bolts have been securely tightened.
The top flange remains the only flexible element in the connecting plate. It is
suggested that the design of the cross arm tip must be done with the aid of a
finite element analysis seeing that the design load cases could induce complex
stress combinations that might not be predicted by hand calculations. This
will be discussed more in detail in the next section.
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Figure 6.7: Cross arm end connection.
The flanged connection design (figure 6.8 and 6.9) is done base on the
following interaction equation given in Section 13.12.1.4 structural use of
steel Part 1:Limit-state design of hot-rolled steelwork (2005):
Vu Tu
+
≤ 1.4
Vr
Tr

(6.1)
(6.2)

where,
Vu = ultimate shear force in the bolt
Vr = shear resistance of bolt (section 13.12.1.2)
Tu = ultimate tensile force in the bolt
Tr = tensile resistance of the bolt (section 13.12.1.3)
The moment of inertia and section modulus is calculated as follows:

I = 2(134)2 = 35912mm2
Z = 35912/134 = 268mm

M16 class 8.8 bolts are used in the connection. Vr = 54kN and Tr = 96.5
kN . From the structural analysis, the maximum shear in the connection is
12.34 kN / 4 = 3.085 kN . Substituting these values in equation 6.1, yields
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Figure 6.8: Dimension of flange connection of cross arm beam.

Figure 6.9: Flange connection of cross arm beam.
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that a maximum ultimate tensile load (Tu ) of 129.6 kN can be applied to
the bolts.
This means that the connection can resist an ultimate bending moment of:

Mu = Tu Z = (129.6)(268) = 34.729kN m
The elastic moment capacity (Mr ) of the member is 31.055 kN m and the
maximum moment in the connection is only 17.4 kN m, thus the connection
has sufficient strength to resist the load.
The circumferential weld is based on the design approach suggested by
Shigly et al (Shigly & Mischke 2001). From table 9.3 (Shigly & Mischke
2001) the bending properties of a fillet weld is calculated:
Iu = πr3 = π(76)3 = 1379082mm3

(6.3)

A = 1.414πhr = 1.414(π)(10)(76) = 3376mm2

(6.4)

The second moment of area is then calculated:
I = 0.707hIu = 0.707(10)(1379082) = 9750109.8mm4

(6.5)

The bending stress, axial stress and shear stress in the weld is then calculated:

σb =

(17400000)(76)
My
=
= 135.6M P a
I
9750109.8

(6.6)

Tu
129600
=
= 38.4M P a
A
3376

(6.7)

Vu
12340
=
= 3.5M P a
A
3376

(6.8)

σn =

τ=
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The equivalent stress is given by:
σ=

p
(σn )2 + 3(τ )2

(6.9)

p
= (135.6 + 38.4)2 + 3(3.5)2
= 174.1M P a
The specified weld material is E70XX with a yield strength (Sy ) of 393
M P a. According to Shigly (Shigly & Mischke 2001), the allowable bending
stress in the weld should not exceed 0.66Sy . This gives a yield strength of
259.38 M P a. The weld is therefore in order.

6.5

Bolted end connections

Two end attachments have been implemented by the author in the design of
the tubular transmission tower. Figure 6.10 shows an T-stub weld attachment and figure 6.11 shows a slotted end-plate welded attachment. Both
types are implemented in Appendix L in order to highlight the main design
considerations. The final selection will depend on the design and practical
implementation for each structure. Air vents for galvanizing should be included when using the T-stub connection.
These types of connections will be common in tubular transmission towers.

6.6

Column splice connection

The splice column connection (figure 6.12) can be calculated by the equations suggested by Wardenier et al. (1991). The following equations is used
to calculate the minimum flange plate thickness and minimum number of
bolts:
Flange plate thickness,
s
tf ≥

2Ni γm
fyp πf3

(6.10)
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Figure 6.10: T-stub welded attachment (figure 6.10).

Figure 6.11: Slotted end plate welded
attachment (figure 6.11).

where,
Ni = Ultimate tensile load in column
fyp = Yield strength of plate
γm = 1.1 (Material partial safety factor)
f3 = Dimension to be obtained from figure 6.13
tf = Plate thickness
Number of bolts required,

n ≥

Ni [1 −

1
f3

+

1
]γ
f3 ln(r1/r2) m

0.67Tu

(6.11)

where,
r1 = (di /2 + 2e1)
r2 = (di /2 + e1)
Tu = Ultimate tensile resistance of a bolt
From the above calculations with a maximum load in the leg of 71 kN ,
the equations give a minimum plate thickness of 15.5 mm and 4.5 as the
minimum number of bolts. The author used a flange plate of 25 mm and
6-off M20 bolts.
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Figure 6.12: Column splice connection.
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Figure 6.13: Parameter f3 for column
splice connection design.

Gusset plate connections

The next connection that will be analysed is the longitudinal gusset plate
connection (figure 5.10) (Wardenier et al. 1991, Packer & Henderson 1997).
Figure 6.14 shows its typical layout. Most of these types of connections are
classified as K-type or KT-type connections. They are also mostly multiplanar type connections. The reduction factor on the strength of a uniplanar
joint is 0.9 (Wardenier et al. 1991).
The major concerns of joint failure is as a result of chord plastification,
shear of the chord face and shear in the gusset plate. Appendix M shows
in detail how to design these type of connections to resist the ultimate load.
The connection has a chord member φ140 × 4.0. The large gusset plate is
382mm x 16mm and the smaller gusset plate is 385 mm x 8 mm thick:
To conclude, the design of members and connections could very well be
automated for a commercial design environment based on the design equations described. The design equations are easy to apply and every tower
design should be based on proven design methodology rather than trying to
complicate connection geometry that requires special attention, especially in
a production environment.
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The design of the test tower connections are uncluttered and could be
duplicated through the rest of the structure. Although there exist various
connection design configurations, the above mentioned connections were selected carefully with proper planning and could be used as a starting block
for power line towers in South Africa.

Figure 6.14: Gusset plate connection layout.

6.8

Conclusion

This chapter considered the structural analysis and connection designs used
in the tubular test tower. The analysis was done using Prokon structural
analysis tool considering four commonly used load cases. The use of more
specialised FEA software should be limited to complicated connection designs
in order to reduce the overall design cost and design time of the structure.
It was shown that caution must be taken when modeling the tower in
Prokon, or any other software for that matter. The result of including eccentricity in the tower cross-arm has a definite impact on the final member
size. The selection of member end conditions, such as fixed or pinned, must
also be considered as critical for the final member selection.
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The strength requirements of the tower members were based on crosssectional strength, overall member strength and lateral torsional buckling
strength as required by the national design code. The rest of the chapter
focuses on the design of the connections used in the test tower. Design calculations were done based on standard engineering principles and the strength
formula as proposed in the CIDECT design guides.
The connection layouts and design procedures used in this design should
not limit any tower design engineer to this work only. The work proposed
here is suggested as a starting point when designing a new tower using circular hollow sections. The final decision should ensure overall structural
integrity as well as considering the behaviour of the model to ensure that
loads and assumptions are correctly applied.

