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EXECUTIVE SUMMARY

Galvanization is a widely used, effective method to protect steel from corrosion. However, in the
past two decades, post-galvanizing inspections have reported the presence of cracks in high mast
illumination poles (HMIPs), particularly at the toe of the welded connection between the pole and
the base plate, on the pole. These flaws impose a risk to the public as they can propagate during
service due to cyclic wind loads. Nonetheless, as each of the fabricating stages, i.e., cold working,
welding, and hot-dip galvanizing, induce residual stresses in the steel, the crack formation
phenomenon cannot be solely attributed to the galvanizing process. The main goal of this work is
to provide guidance to engineers, galvanizers, and fabricators on how to minimize the likelihood
of crack initiation during the fabrication process of high mast illumination poles (HMIPs).

Most research efforts up to date have concentrated on understanding the factors that contribute to
the propagation of galvanization flaws once the HMIP is under service. The effects of pole shape
on fatigue performance of high-mast lighting towers subject to wind loads have been investigated
through experimental tests. Researchers have also made efforts to track the mechanical behavior
of HMIPS during their galvanizing process. However, the high temperatures of the hot zinc bath
limit the stress, strain, and deformation measurements that can be recorded during galvanizing;
hence, experimental studies have been complemented with numerical simulations to quantify the
response of HMIPs during galvanization, as well as the stress demands when the poles are in
service and subject to wind-induced fatigue loads.

This research work focused on developing a better understanding of the root causes of weld toe
crack in HMIPs by capturing the cumulative effects of both the welding and the galvanizing
fabrication processes in HMIPs. This research objective was achieved by conducting three-
dimensional finite element analyses on an HMIP with a Texas Department of Transportation
(TxDOT) pole-to-base plate connection detail. For modeling the welding of HMIPs, the plug-in
Abaqus Welding Interface (AWI) was used. The AWI tool facilitates the welding process by
automatically implementing a series of sequential thermal and mechanical analyses. The
parameters of both welding (torch temperature) and galvanizing (submersion speed and angle of
inclination) were varied to determine their influence on the crack formation phenomenon occurring
post galvanizing.

The results revealed that the cumulative effects of the different processes involved in the
manufacturing of HMIPs contribute to the formation of galvanizing cracks in HMIPs. Also,
increasing the dipping submersion speed during galvanizing and lowering the torch temperature
magnitude during welding results in fewer zones prone to cracking. Altering the angle of
inclination effect did not have a significant impact on the results. Performing variations in the
manufacturing practices used to fabricate HMIPs can minimize the extensive inspection
procedures conducted post-galvanizing to identify cracks.

viii



1. INTRODUCTION

High Mast lllumination Poles (HMIPs) are tall steel poles that support lighting attached to the top
to illuminate areas such as highways, airports, and parking lots. They play a crucial role in the
economy by extending operations to the nighttime. Since HMIPs are mostly exposed to the
environment, they are prone to corrosion. Galvanization is an effective method used industrially
since the 1800s to remedy against corrosion.

In the past two decades, several state transportation agencies have reported numerous fatigue
failures of HMIPs. These failure cases led to post galvanizing inspection and research that
identified the region of crack to be at the toe of the welded connection between the pole and the
base plate (1)—(5). The welding and galvanizing process have been identified to produce thermal
shock in steel structures with the presence of residual stresses that propagate to cracks (5, 6).
Experimental and 3D simulation done by Kleineck (7) set the rudimentary that the initiation of
crack in HMIPs is the galvanizing process. Further studies (8) used more sophisticated 3D finite
element models to predict the residual stresses and plastic strains generated during galvanizing.
However, there is little information on the literature regarding the influence of the welding
procedure on forming the weld toe cracks in HMIPs.

In this study, the cumulative effect of the welding and galvanization of HMIPs is investigated
using commercial software ABAQUS to create a 3D Finite Element (FE) model of temperature-
dependent material properties. The welding simulation precedes the coupled galvanization
simulation with an uncoupled thermomechanical model created through the ABAQUS Welding
Interface (AWI) plugin.



2. OBJECTIVES

This research work focuses on developing a better understanding of the root causes of weld toe
crack in HMIPs by capturing the cumulative effects of both welding and galvanizing. This research
objective was achieved by developing a three-dimensional finite element analysis capable of
simulating the welding and galvanizing of HMIP and performing a parametric study in which the
parameters of both welding and galvanizing were varied to determine their influence on the crack
formation phenomenon occurring post galvanizing. These variables' effects on the likelihood of
cracks developing during galvanizing were quantified by comparing the resulting residual stresses
and equivalent plastic strains magnitudes generated during the simulations.



3. LITERATURE REVIEW

The fabrication of High-mast Illumination Poles (HMIPs) involves a series of stages, including
cold working, welding, and hot-dip galvanizing. The poles are made from steel sheets. Typically,
the steel arrives at the factory as a large roll. Fabricators use a decoiler to roll out the sheet and
make it flat. The pole's desired shape is achieved through cold-working operations, which consists
of bending the steel sheets into a polygonal shape using a press brake or rolling the sheet into a
circular shape of the desired diameter. The edges of the sheet are joined by seam welding. Then,
the bottommost section is welded to an annular base plate. It should be noted that HMIP pole
geometry and pole-to-base plate standard connection details vary by state.

The exposure of HMIPs to the environment during their service life subjects them to corrosion
damage. These structures are protected from corrosion through hot-dip galvanization. This is an
economical and effective method of preventing steel components from corrosion by submerging
them in a molten hot zinc bath (with temperature varying from 445 to 455°C). The zinc reacts on
the steel surface to form an intermetallic coating layer that protects the metal from the corrosive
environment (9-13).

In recent years, post-galvanizing inspections have reported the presence of cracks in HMIPs,
particularly at the toe of the welded connection between the pole and the base plate, on the pole
(2), 4), (7), (13)—(15). These cracks have been identified at the welded toe of the pole to base
connection. Dawood et al. (6) identified a complex interaction between the manufacturing
processes of HMIPs, i.e., cold working, welding, and galvanizing, as the likely cause of the crack.
Nonetheless, the root cause of crack formation is yet to be understood. According to (16), recent
changes in the zinc bath composition of the galvanization techniques may also be contributing to
crack formation. Kinstler (16) also suggested that the cracks may have existed before the
galvanization and they have come detected in recent years as a result of improved inspection
techniques and dissemination of data.

Several studies (17)-(19) have investigated the fatigue life of damaged poles due to wind
excitations. As fatigue failure originates from localized cracks, the evaluation of structural
durability and welded joints failure is measured by using a local approach that includes material
characteristics in the vicinity of cracks, effects of geometry and loading (17). The most widely
used approaches include hot spot structural stress methods for estimating fatigue strength (20),
notch stress/strain analyses for determining crack initiation, and fracture mechanics. However,
these studies have omitted to identify the cause of cracks.

Research by Dawood (6) was amongst the first to consider fatigue on Texas connections.
Improvements to the Texas state design by the inclusion of backing-ring to extend the poles' fatigue
life were followed (9, 8, 38-43). The Texas detail has been updated to include a backing ring
welded over the pole shaft with full penetration weld (40) to the base plate. It should be noted that
HMIP pole to base plate connection vary from state to state, and so does the geometric
configuration and fatigue performance (13), (14), (21), (22).

Due to the difficulty in measuring stress, strain, and deformation fields at the galvanizing plants,
experimental studies have been done together with numerical simulations to better understand the
response of HMIPs during the galvanization process. The stress demand during the poles' service
and when it is subjected to wind-induced fatigue loads is one of the main concerns for researchers
in this area. Finite element (FE) analysis was performed by Ocel (24) and Warpinski (23) on three-



dimensional HMIP models to have a better understanding of the hotspot stresses at the plate
connection. The stress concentration factor (SCF) obtained from the simulations was an indicator
of the potential of the HMIPs to fatigue concerns. Additionally, Ocel (24) performed parametric
studies to elucidate the effect of the base plate thickness and the pole's wall thickness on the stress
concentration factor. The results showed that the SCF increases slightly with the wall thickness. It
was also seen that in a multisided HMIP, the stress concentration factor was enhanced by
decreasing the bending angle and that by increasing the thickness of the base plate, the stress
concentration factor decreases exponentially. Stam et al. (14) also worked on other experimental
and numerical cases and concluded that increasing the base plate thickness can undoubtedly be
more effective in reducing the stress concentration factor than increasing the shaft thickness.
Furthermore, studies performed by Stam et al. (25) showed that that the localized strains at pole
bends, near the base plate connection, will increase by decreasing the pole thickness. By having a
comprehensive look at the result of these studies, we understand that Texas DOT has
recommended using thick base plates as a beneficial way to measure the increase in the fatigue life
of the HMIPs.

Feldmann (35) worked on numerical and experimental models related to steel girders and
concluded that dipping with slower speed results in increasing strain parameters and the stress
concentration factor. Nguyen (8,24) studied the effects of combined welding and galvanizing on
steel girders' strain demands. The results showed that the residual strain resulting from the welding
significantly affected these girders' susceptibility to cracking. Kleineck (7) performed
experimental studies to deduce the effect of thermal shocks of HMIPs by attaching strain gauges
to measure the deformation of the pole to base plate connection. He also conducted numerical
analysis focusing on the mechanical behavior of HMIPs during the galvanizing process. He
analyzed an HMIP with a standard pole to base connection and captured the thermally induced
strain and stress demands during the galvanizing process. The galvanizing process was modeled
using a sequentially-coupled thermal-stress analysis. This study provided a foundation for
understanding the effects of galvanizing on HMIPs.

Nasouri et al. (8,15) furthered the study by utilizing a finite element model with thermomechanical
properties and identified geometric configuration, connections, and regions susceptible to cracking
during galvanization. Validation of the FEM model was done by comparing results to experimental
studies performed by Kleineck (7). The area around the pole's connection to the base, including
welding parts, internal and external collars, was meshed finely to capture the locations that were
susceptible to cracking accurately. A coupled temperature displacement analysis was performed
using the commercial software Abaqus (36) to show interactions between the temperature, strain,
displacement, and stress fields during the galvanizing process. The study aimed to evaluate the
effects of HMIP geometric configuration on the critical stress and strain demands during
galvanizing. The results revealed that the bends were the locations that exhibited the highest
demands, which agrees with the typical locations of the weld-toe cracks observed at galvanizing
plants. The results also suggested that the dipping stage was critical during the manufacturing
process, particularly when the HMIP was partially submerged within the zinc bath. The circular
pole model showed stress and strain magnitudes considerably lower than those observed in the
multi-sided poles model. The studies by Nasouri et al. (8,15) suggested a lack of comparative
studies on the behavior of different types of HMIP connections during the galvanization process.
The study suggests performing a comprehensive study of the performance of HMIPs with Texas,



Wyoming, and Socket details. Besides, the effects of the welding process on HMIPs were not
considered in this study.

Welding precedes the galvanization process and can also contribute to weld-toe crack formation.
This method joins the base plate to the pole shaft with heat. A filler material is melted and fuses
with the base-metal to join the metallic parts. This process leads to permanent deformation and
residual stress in the welded region that may deter the component (21, 22). Remedy for welds
defects, post welding treatment (28), (29), and inspections add extra cost to the manufacturing
process and extend the production time. Due to the reasons above, it is essential to predict the
magnitude of residual stresses and the effect of the thermomechanical properties on weld integrity
(30)—(34).

Thus, researchers have created, tested and validated numerical methods to simulate welding
accurately (37)-(41). The non-uniform relationship between the moving heat source and the
thermo-mechanical properties of steel during the welding process makes the predictions of residual
stresses exhaustive to storage and computationally expensive, especially in larger structures. The
Abaqus Welding Interface (AWI) has served to reduce the computational time compared to the
constant Heat Flux Method (CHF) (29). The validation of the model proved accurate with
experimental results (42).



4. METHODOLOGY
4.1. Model Description

4.1.1. Model Geometry

The FE model was developed using the commercial finite element software Abaqus (48) based on
a TxDOT connection detail shown in Figure 1 and dimensions provided in Table 1. The TXDOT
connection detail distinguishes from other connection details because it includes a backing ring
(or collar) that is placed externally to the pole shaft. The different HMIP parts are attached through
welds. A full penetration weld joins the collar and pole shaft to the base plate. The top of the collar
is attached to the pole shaft through a fillet weld.

_
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Figure 1. (a) HMIP geometry used in the state of Texas and (b) pole-to-base Plate connection.

Table 1. Geometric properties of the HMIP.

Components Dimensions (mm)
Base plate diameter 1200
Base plate thickness 76
Access hole diameter 560
Pole shaft diameter 830
Pole shaft thickness 8




Components Dimensions (mm)
Collar height 305
Collar thickness 6
Top plate thickness 25

The model was simulated using elastic-plastic material properties equivalent to Grade 50 steel
(equivalent to ASTM 572-50). The mechanical properties reported by Pilipenko (43) and Peri¢ et
al. (44) were adopted, which are temperature=dependent. The yield stress at room temperature is
345MPa at room temperature. The post-yielding stress-strain response was simulated using
isotropic hardening with von Mises yield criterion (45). The thermal and mechanical properties of
the base plate steel and weld metal were assumed to be equivalent, following the strategy adopted
by several researchers (18), (44), (46)—(48) for modeling welded connections. Table 2 provides
the parameters used during the analysis.

Table 2. Material Properties of the HMIP.

Young Poisson Density Thermal Specific Thermal
Modulus Ratio 9 rum) expansion Heat Conductivity
(GPa) Coefficient(Y/ec)  ¢/imm<c) (—

200 3.35 7.77x10°  1.2x10° 3.85x 10t 549x10°

4.1.2 Mesh and Boundary conditions

The model consists of 565,258 nodes and 452,857 eight-nodded linear brick elements. Welding
uses a sequential thermal stress analysis procedure; as such, both thermal and mechanical elements,
DC3D8 and C3D8 elements in Abaqus were used in the analysis. Coupled thermomechanical
elements were used for the galvanizing step of the simulation. The mesh size was kept constant
for both the welding and galvanizing procedures. Selecting the appropriate boundary conditions
for welding is essential as if the HMIP is overly restrained, this could generate excessively high
residual stresses. The boundary conditions were selected based on typical fabrication procedures
that simply support the HMIPs at both ends along the vertical direction, y-component. Additional
restraints were placed in the x and z directions to prevent the HMIP from overturning within the
numerical simulation. The additional restraints were placed at the other end, far away from the
welding location, as depicted in Figure 2.



Figure 2. Mesh and boundary condition of the model.

4.2 Weld simulation Methodology

The welding simulation was performed using the Abaqus Welding Interface(AWI) plugin,
developed by SIMULIA(45). The AWI utility generates analysis steps for heat transfer and the
static stress analysis. Based on sufficient user input, the plugin specifies the weld's surfaces and
automatically creates weld chunks and passes, avoiding users' need to do this manually. A full
description of the analysis methodology and numerical steps used in the AWI
modeling routine can be found in the AWI Users' Manual (49).

In AWI, the user specifies the weld and base material, heat transfer properties, and welding speed.
A prescribed temperature approach is utilized by the AWI to represent the heat input from the weld
torch. The deposition of the weld beads is in finite element sets called weld chunks. These are
activated through a feature called "model change" along the specified weld path. This technique
simulates filler metal's addition with the moving heat source by deactivating and activating the
present weld chunk to ensure that each weld is introduced strain-free, known as the birth and death
technique (29). A prescribed temperature (50) of 1300°C is assigned as a boundary condition at the
interface between the current weld bead chunks and the base material or already-deposited weld
bead chunks.

The time duration required for the torch to pass the corresponding chunk of 15mm is set to 2.25
seconds as the temperature boundary condition. Temperature is linearly ramped for 10% percent
of total time to the targeted prescribed temperature and held for the rest (50) using the ramping
option.

The heat convective coefficient in air was hair = 10 W/m2/K (44), (51). The effective emissivity
was ¢ = 0.9, and the Stefan-Boltzmann constant was 6= 5.67E-08. The room temperature was
specified to be 20°C. The HMIP was allowed to cool down for 3600s before the start of the



galvanizing process. The weld deposition sequence is illustrated in Figure 3, in which welding was
carried out in the counterclockwise direction along the perimeter of the pole.

LA

Figure 3. Weld Deposition Sequence.

4.3 Galvanizing simulation methodology

A coupled thermal-mechanical analysis was used to simulate the galvanization after the last step
of the welding mechanical simulation. The resulting strain and stress fields from the welding
process will be introduced as initial fields to the galvanizing process, capturing the cumulative
effects from welding and galvanizing within the same model. Figure 4 illustrates the different finite
element analysis that are conducted to model the sequence of welding and galvanizing. Details
regarding the galvanizing simulation are provided in (8). The Abaqus user Film subroutine was
initiated to simulate the molten bath temperature of 445°C and a 1500 (W/m2K) heat convection
coefficient. Conditional statements in the subroutine discerned used a reference plane the molted
bath from the atmospheric temperature of 18°C and a heat convection coefficient of 1000 (W/m?K).
The dipping angle was taken as 8 degrees, and displacement boundary conditions enabled the
different steps, i.e., dip, dwell, extract, and cool down steps. An illustration of the whole simulation
procedure is provided in Figure 5.
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Figure 4. Cumulative Simulation Sequence.
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Figure 5. Simulation sequence: welding followed by galvanizing.



5. RESULTS

5.1. Welding-only analysis

Figure 6 shows the sequence of the welding process and how the torch advances through the
welding path. It can be observed that temperature distribution ranges between 1500°C and room
temperature; thus, this process has the potential of generating large residual stresses. The
connection increase in temperature quickly and then the heat spreads through the HMIP’s base.
Both yielding and plastic deformation are known to be conducive to crack initiation, so the VVon
Mises stress and the equivalent plastic strain were explored as potential mechanical response
variables indicative of crack initiation potential. Mises is a scalar value of stress computed to
determine if a material yields or fracture. The equivalent plastic strain is cumulative over time;
hence, it provides a history of the material's damage. Figure 7 shows that as the torch heats the
elements along its path, it increases the Mises stress magnitude of those elements. Then, as the
torch advances, the segments behind gradually cool down and decrease in stress magnitude. Figure
7 also illustrates the deformed shape of the pole during welding. It can be observed that the heated
sections expand along the horizontal direction, creating an oval-like cross-section. Then, the pole
gradually returns to its original shape.

To better study the stresses remaining on the pole's inner and outer surfaces at the end of the
simulation (after the torch is removed), the stresses were extracted at a circumferential path located
18 mm away from the base (see Figure 8). Figure 9 shows the Mises stress at the inner and outer
surface. There are twelve spikes in the plot; each spike occurs at a bend of the pole. The stresses
obtained during welding were compared against the yield stress at room temperature. The stress
spikes at the inner surface exceed the yield stress at room temperature, while the outer surface
stresses are of lower magnitude, except for one of the spikes closes to the end of the path. However,
note that the yield stress is lower at high temperatures. Thus, it is very likely that the yield stress
was exceeded at almost every location along the circumferential path.
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Figure 6. Temperature distribution during welding sequence.
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Figure 7. Mises stress and deformed shape during welding.
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Figure 8. Path for extracting results.

The equivalent plastic strain (PEEQ) provides a clearer indication of the points along the path that
underwent yielding, as this variable is a measure of unrecoverable deformation. In Figure 10, the
inner surface shows PEEQ magnitudes higher than the outer surface magnitudes. The 11" bend
(second bend from left to right) shows the highest spike (approaching 8000 microstrains at the
inner surface and 5000 microstrains for the outer surface). This behavior is of interest as it would
represent the weakest point on the pole. A hypothesis for this behavior is that this segment is the
last to cool down; thus, it undergoes severe deformation to return to its original shape.
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Figure 10. Equivalent plastic strain (PEEQ) at the end of the welding simulation.



5.2. Welding and Galvanizing analysis

Figure 11 illustrates the deformed shape during galvanizing, which accounts for the effects of the
residual stresses generated during welding. It can be observed that the plate undergoes under
bending deformation as it enters the molten zinc bath, while the pole stretches along the vertical
direction, forming an oval-like shape. The pole and the base return to its original shape as the high
mast illumination pole is extracted from the zinc bath and cools down.

[-
;
=
t
I
i

4 5 6

Figure 11. Deformation for post-galvanizing.

Figure 12 illustrates the cumulative residual stresses resulting from welding and galvanizing. It
shows the Mises stress at the inner and outer surface for the same path shown in Figure 8. The
results are compared against the maximum residual stresses resulting from a galvanizing only
analysis performed by Nasouri et al. (8). It can be observed that the stresses are higher when
accounting for welding effects. Figure 13 performs the same comparison for the PEEQ. Although
most sections along the path length have PEEQ values less than the maximum observed magnitude
during a galvanizing only analysis, there is a spike that exceeds this value, reaching a magnitude
of about 12,000 microstrains. This spike is the same as the one observed during welding.
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Figure 13. PEEQ at the end of the galvanizing simulation.
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5.3. Parametric Study

The speed of submersion was adjusted in the simulation accounting for the cumulative effects of
welding and galvanizing. It can be observed from Figure 14 and Figure 15 that as the speed
increases, the stress magnitude and PEEQ decreases. The effect of speed is more notorious between
25 mm/s and 63 mm/s. The variation between 63 mm/s and 89 mm/s is less evident.
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w
® | \
e Wi
& 200 \ ,
wl : .
w
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Figure 14. Variation in stresses as a function of speed.

Figure 16 and Figure 17 compare the maximum stresses at both the inner and outer surfaces for
different speeds. In general, the Mises stress and PEEQ at the inner surface are larger at the inner
surface than the outer surface of the path. The maximum values at the speeds between 63 mm/s
and 89 mm/s seem to have reached a plateau, suggesting that after a certain speed the
improvements with respect to speed are less apparent. These results agree with the observations
highlighted by Nasouri et al. (8), which concluded that submerging the HMIPs at faster speeds is
favorable to reduce the residual stresses and PEEQs generated during the galvanizing process.

19



14000
— 25 mm/s
12000 —— 63 mm/s
-76 mm/s
10000 — 89 mm/s
o
= 8000
g |
= 6000}
- |
4000 +
2000 +
L AR
0 50 100 150 200 250

radial path distance (cm)

Figure 15. Variation in PEEQ as a function of speed.

350 . . . . . .

300 r E

(MPa)

H H

N

(o))

o
1 ! II !I

N
o
o

O Inner Surface
[0 oOuter Surface

=
[9)]
(=]

MISES STRESS

100 1

50 ; ' i : ' :
20 30 40 50 60 70 80 90
speed(mm/s)

Figure 16. Maximum Mises stress as a function of speed.



4
1520 — - . .

1.4
Bk

: 8- 4 ]

PEEQ (ue)

0.9

0.8

O u
0.7 : - ' '

20 30 40 50 60
speed(mm/s)

Figure 17. Maximum PEEQ as a function of speed.

O Inner Surface
[0 Outer Surface

O

D L
80

70

90

The angle of speed was adjusted between zero and twelve degrees, as shown in Figure 18 and
Figure 19. The stress values provided very similar results for all the considered cases. The PEEQ
values seem to be higher for the angle submerged at eight degrees. Figure 20 confirms that the
stress values seem to be independent of the angle of submersion. Figure 21 shows that the inner
surface maximum PEEQ seems to be higher at intermediate values (4 and 8 degrees). On the other
hand, the maximum PEEQ at the outer surface, seems to be invariant for angles smaller than 10
degrees, but it peaks off at 12 degrees. These observations do not provide a clear trend as the one
reported by Nasouri et al. (8) from a galvanizing only analysis, who recommended to submerge
the pole at larger angles as the stresses and PEEQ decreased in magnitude with larger angles.
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Also, the welding results were repeated for different torch values, as observed in Figure 22 and
Figure 23. It was observed that the stresses increase with the torch magnitude as expected. Also, a
large peak in PEEQ was observed for different temperature magnitudes at segment S-12. The
magnitude of the spike was shown to increase with larger torch temperature magnitudes. Other
variations that could be considered in the welding analysis includes preheating. Preheating is
known to minimize the temperature differential between the welding arc and base material and
slow the down the cooling rate. These effects may contribute to lowering the magnitudes of PEEQ
and Mises stress on the HMIP. Consequently, preheating may reduce the probability of weld-toe
cracks and large PEEQ spikes as shown in Figure 23.
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Figure 23. PEEQ as a function of torch temperature.
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6. CONCLUSIONS

Cracks at the pole-to-base plate connection of High Mast Illumination Poles (HMIPs) constitute a
significant source of concern to highway transportation officials. These cracks are typically
identified post-galvanizing and result from the thermally-induced deformations induced during the
galvanizing process. However, each of the fabricating stages involved in the manufacturing of
HMIPs, i.e., cold working, welding, and hot-dip galvanizing, induce residual stresses in steel.
Thus, these cracks cannot be merely credited to the galvanizing process.

In this study, finite element modeling was used to analyze the response of the HMIPs under
thermomechanical loading conditions. A reliable high-resolution finite element (FE) model
capable of simulating the thermo-mechanical response of HMIPs throughout its manufacturing
process, both welding and galvanizing, including dipping, dwelling, extraction, and cooling, was
developed. This model is based on the TXDOT pole-to-base plate connection detail. Welding was
modeled using the plug-in Abaqus Welding Interface (AWI). First, a heat transfer analysis is
performed to generate a temperature history based on a prescribed temperature (called the torch
temperature) applied at the weld location. The thermal analysis is automatically followed by a
mechanical analysis that captures the welding process's elastic and inelastic effects. Then, the
welding stress results were used as initial input to the galvanizing analysis. The cumulative stress
results were compared against simulations that only considered the galvanizing process. A
parametric study was then conducted to quantify the variation in the residual stresses and PEEQ
resulting after the galvanizing of HMIPs. The control variables of the study were speed, angle of
inclination, and torch magnitude.

The results revealed that the cumulative effects of the different processes involved in the
manufacturing of HMIPs contribute to the formation of galvanizing cracks in HMIPs. Also,
increasing the dipping submersion speed during galvanizing and lowering the torch temperature
magnitude during welding results in fewer zones prone to cracking. Altering the angle of
inclination effect did not have a significant impact on the results. Performing variations in the
manufacturing practices used to fabricate HMIPs can reduce the extensive inspection procedures
conducted post-galvanizing to identify cracks.

Future simulations performed with the approach developed in this study will serve to identify
geometric configurations that make HMIPs less vulnerable to damage during their manufacturing,
evaluate the likelihood of crack for the types of connections details used by the different state
department of Transportations, and propose modifications to the welding and galvanizing
procedures to minimize the residual stresses induced during these processes.
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