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Forensic Engineering Investigation and
Analysis of Crack Formation in Acetal
Resin Nuts Used for Water Supply Lines

By Edward S. George, PE (NAFE 621M), Donald J. Fournier, Jr., PE (NAFE 626S), Paul Eason, PhD, PE,
and Charles R. King

Abstract

Non-destructive and destructive techniques were used to document and model crack formation in acetal
resin nuts used for household toilet water supply lines. The morphologies of creep rupture and overload
failure were documented using optical microscopy and scanning electron microscopy (SEM). The forensic
investigation stemmed from litigation between a homeowner, plumbing contractor, and parts supplier related
to a failure at a single residence. Fortuitously, 447 fittings in service for approximately two years under
similar conditions were available for examination. In many properly installed fittings, cracks had initiated at
the notch created by the sharp thread root radius, as predicted by engineering mechanics and finite element

analysis. This study found that the cracks had propagated via plastic creep.

Keywords

Acetal resin nut, plastic nut, threaded nut, stress concentrations, creep rupture, scanning electron microscopy

(SEM), liquid dye penetrant, fracture morphology

Introduction

A plumbing contractor was sued by a homeowner re-
lated to the failure of an acetal resin nut that was part of a
water supply line to the toilet tank (Figure 1). The plumb-
ing contractor subsequently filed a third-party lawsuit
against the supplier of the water line, alleging negligent
design and manufacture of the acetal resin nut.

The subject nut failed at the base of the thread. This
type of failure has occurred in similar water supply lines
from other suppliers and has been the subject of previous
litigation and debate among experts, mainly focused on
diverging opinions of installation error versus design de-
fect!2. Very often, the nuts are embossed with lettering on
the end cap, advising to “hand tighten” only. In previous
lawsuits (and in the subject lawsuit), the defendant sup-
pliers — and experts retained by their attorneys — took
the position that the nuts failed because they were over-
tightened by installation with a tool®. The opposing view
expressed by plaintiffs — and experts retained by their
attorneys — was that the nuts failed due to creep rupture
of the plastic material caused by a combination of design
and manufacturing defects related to the thread and the

material used to make the nuts®.

In the subject investigation, the authors were pro-
vided with 447 water supply lines with a common use
history. Installation involved connecting the lines to
residential toilets. The installation was within new home
construction in a single neighborhood in South Florida.
They were removed by the plumbing contractor after
three identical supply line nut failures occurred within
two years of installation.
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Figure 1
As-received photo of toilet supply line.

Edward S. George, PE, 124 Calle de Leon, St. Augustine, FL 32086, (904) 826-1431, eandsconsultinginc@gmail.com
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Non-destructive and destructive techniques were
used to detect cracks. Nuts with cracks were then inspect-
ed using optical microscopy and SEM. The stress con-
centrations in the threaded connection where the cracks
originated were the relative stress concentrations in the
threaded connection that was qualitatively modeled using
Finite Element Analysis (FEA) to determine regions of
high stress.

Fourier-transform infrared spectroscopy (FTIR) was
performed on the subject nut to identify the polymer. It
was determined that the material was polyoxymethylene
(acetal).

Scope of Work
The following tasks were performed:

* Examination of plastic nuts that had been in ser-
vice for approximately two years.

igure 2
Cross-section showing connection to
male-threaded fitting at base of toilet tank.

Figure 3
Exploded view of cross-section of connector components.

*  Optical microscopic examination of the nuts to
determine the presence of tool marks.

*  Excluding nuts with any surface marks.

*  Application of liquid dye penetrant to the interior
of the nuts that had no tool marks.

e Cutting some of the dyed nuts in cross-section.

e Applying a torque to some of the dyed nuts to
cause overload failure.

¢ Examination of the fracture surfaces of the failed
nuts using an optical microscope.

¢ Examination of the fracture surfaces of a subset
of nuts with cracks using SEM.

* 3D modeling and qualitative FEA.

Observations

In use, the toilet connector threads onto a male pipe at
the bottom of the toilet tank, compressing a rubber gasket
between the interior surface of the connector and the end
of the male pipe to prevent water leakage (Figures 2 and
3). The contact between the end of the male pipe and the
connector creates an outward-directed longitudinal force
on the interior surface of the connector. This force creates
a shear stress and bending moment within the wall of the
connector, with the highest stress located at the interior
surface at the bottom of the wall (as shown in Figure 4).
In addition, the threaded wall of the cap is subjected to a

Figure 4
Cross-section of nut with crack, showing
force and bending moment at end-cap.
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combination of shear and radial stresses from the threaded
connection.

The interior thread extends to the base of the cap.
The sharp-edged roots of threads are known as stress ris-
ers, which lead to local stress concentrations many times
greater than the stress that would be present without the
stress riser’. Figures 5 and 6 show a cross-section of a
nut examined during this investigation that revealed the
presence of a crack that formed at the root of the base
thread, as predicted by static analysis of the applied forces
and illustrated in the output of FEA performed during this
investigation (shown in Figure 7).

Figure 5
Cross-section of nut, showing crack at root of base thread.

Figure 6
Close-up of crack in cross-section.

FEA was conducted to provide qualitative predictions
of stress risers and their locations relative to the internal
thread profile. Several sample nuts were cross-sectioned
on various planes to facilitate detailed measurements and
the internal geometry of the nut. These measurements
were used to create a three-dimensional mesh model of
the plastic nut.

FEA analysis was performed using a standard simu-
lation software. The geometry of the fitting was based
on measurements of a cross-section. Material properties
were obtained from material datasheets. A tensile force
was applied to the base of the fitting. The goal was not to
determine stress values but to identify the most probable
location for stress risers in this type of loading. The static
simulation performed on the resulting model revealed a
stress riser in the root of the base thread of the nut (Figure
7), consistent with both the physical findings and predic-
tions based on engineering mechanics.

Since these nuts are made of an acetal resin plastic,
they are susceptible to creep — the mechanism by which

Figure 7
Qualitative FEA image, showing peak stress
at root of base thread in red.



PAGE 4

DECEMBER 2021

Figure 8
End of nut embossed with instruction to “hand tighten only,”
which has been colored for this photograph.

a plastic material will deform over time when subjected to
a continuously applied load®’.

The subject nut in the original case appeared to have
tool marks on the outer surface. Experts opined that the
nut had been over-torqued, causing creep to occur and
leading to the failure. Raised lettering on the end of the
nut cap stated “HAND TIGHTEN ONLY” (Figure 8).
However, this is not a reliable or accurate torque speci-
fication. Several studies have identified many factors
that determine torque when hand tightening a nut**, in-
cluding age, gender, strength of the individual doing the
tightening, and the location of the nut being tightened.
Arguably, this means there is no torque specification for
these nuts.

Figure 9
Composite photograph of cross-section of subject nut;
interior thread ends at a notch in the upper left of image.

Investigation

The subject nut was examined by experts retained
by the parties involved. The joint examination included
visual examination under optical microscope and SEM.
Figure 9 is a composite photograph of the fracture sur-
face of the subject nut. Failure initiated at the notched end
of the interior thread at the base of the fitting, consistent
with the location of the highest stress as shown by FEA.

Fortunately, the number of fittings that had been in-
stalled in the previous two years by the plumbing com-
pany involved were removed from service. As part of the
forensic investigation, the supply lines were sent to the
laboratory for inspection. A non-destructive technique
called Liquid Dye Penetrant (LDP) testing was used to
determine if any of the previously installed nuts pos-
sessed cracks'.

This technique uses dye applied to the interior threads
of the nuts. If a crack exists, the dye will migrate into
the crack surface by capillary action and then can be de-
tected visually or with a microscope. Post Emulsifiable
Red Dye Penetrant was sprayed on the interior surfaces
of the sample nuts, according to the directions of the
manufacturer. After a 30-minute dwell time (to allow the
dye to penetrate any small cracks in the sample), the dye
was removed using soft cotton swabs followed by a small
cotton tip to ensure there was no dye remaining on the
internal threaded surfaces. Each nut was numbered and
documented.

During the first phase of the investigation, 43 fittings
were cut in cross-section. Incipient cracks were present
at the root of the base thread in 11 of these, as seen in the
sample shown in Figures 5 and 6. The onset of cracks in
25 percent of the samples with no evidence of tool marks,
along with the three prior known failures of the same parts
associated with this installation, provided strong evidence
of a design or manufacturing defect specific to this lot of
fittings. At this point in the study, deposition testimony
was provided by experts for the various parties, and the
suits were settled.

After the resolution of the legal cases, the authors
decided to continue the investigation. The initial ap-
proach was modified by developing a method to expose
the fracture surface. To do so, a hole in the shape of the
nut was machined into a block of wood, and the male
thread from a toilet fixture was attached to the socket of a
torque wrench with epoxy. Using a calibrated torque me-
ter, 0 to 600 inch-pounds, each nut was torqued to failure,
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and the load required to do so was recorded (Figures 10
through 12). The required torque to cause the part to frac-
ture ranged from 14 to 22 nanometers (nm) 125 to 200
inch-pounds, consistent with data reported by Timpanaro,
Shcerzer, Keifer and Eason*, who reported torque values
0f 16.9 to 26.8 nm (150 to 237 inch-pounds).

The thread base of an additional 100 supply line nuts
was then examined microscopically to determine if any
cracks had started over the two-year in-service period.
These nuts had no signs of tool marks. As shown in Fig-
ures 13 and 14, Sample #17 had red dye penetrant on the
inside of the fracture surface, indicating the presence of a
crack. Of the 100 parts examined in this phase, 10 were
found with cracks at the base of the last thread, corre-
sponding to a crack formation rate of 10 percent.

Figure 10 The fracture surface of Sample #17 was examined
Torque wrench and nut in wood block. by means of Scanning Electron Microscopy, using an

Figure 13
Figure 11 Fracture surface of Sample #17.

Before torque to failure — no tool marks.

Figure 12 Figure 14
Torqued to failure. Red dye penetrant in crack on the fracture surface of Sample #17.
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Figure 15
Sample #17, sputter coated.

analytical SEM. The fracture surface was imaged in an
uncoated state, using a SkV accelerating voltage, and
spot size of between 96 and 117 nm with the average
spot size of 100 nm with a resulting absorption current of
0.58 pascals, to avoid sample charging. After imaging the
fracture surface at multiple magnifications, the sample
was removed and coated with gold, using a vacuum sput-
tering system (Figure 15). The sample was placed back
in the analytical SEM, and the series of fractographs was
replicated with respect to location and magnification, at
SkV accelerating voltage, and slightly higher absorption
current to illustrate the ability of gold coating to permit
higher quality imaging (without changing the features
and morphology of the fracture surface). Note that at
20,000 times magnification, the gold coating is invisible

o
 WD:23.01 mm R
Det: SE
Date(m/dly): 11/02/18

VEGA3 TESCAN

SEM HV: 5.0 kV
SEM MAG: 73 x
SEM MAG: 73 x

1mm
University of North Florida MSERF

Figure 16
Medium magnification, Sample #17.

to the viewer, as its thickness of approximately 50 ang-
stroms falls below the resolution of the microscope.

The SEM images after gold coating clearly show two
different types of fracture morphologies present in the sur-
face of the same sample. One has plate-like fracture zones
corresponding to a fast overload fracture achieved with the
torque wrench, while the other (crack that visually showed
as red in color) has a tufted appearance associated with
sustained loading over time, resulting in creep rupture
morphology. See Figures 16 through 20. Under sustained

o E

| WD:23.01 mm
Det: SE

Date(m/dly): 11/02/18

SEM HV: 5.0 kV VEGA3 TESCAN
SEM MAG: 73 x

SEM MAG: 73 x

1100

1 mm
University of North Florida MSERF
Figure 17
Medium magnification, Sample #17,
gold coated showing fracture morphologies.

SEM HV: 5.0 kV
SEM MAG: 239 x
SEM MAG: 239 x

WD: 23.58 mm
Det: SE
Date(m/d/y): 11/02/18

Lol

200 pm
University of North Florida MSERF

VEGA3 TESCAN

Figure 18
Higher magnification, Sample #17.
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loading, this material undergoes slow, stable crack exten-
sion, resulting in the development of a tufted fracture sur-
face appearance. These tufts represent fibril extension and
subsequent rupture in various polymers’.

SEM was also performed on two more cracked parts,
Sample #9 and Sample #27, which were picked at random
from the 10 parts with visible cracks. The SEM photo-
graphs for these two samples reveal the same two types of
fracture morphology (plate-like and tufted), as described
above and shown in Figures 21 through 24.

§
|
200 ym
University of North Florida MSERF

SEM HV: 5.0 kV VEGA3 TESCAN
SEM MAG: 239 x

SEM MAG: 239 x

WD: 14.24 mm
Det: SE
Date(m/d/y): 11/06/18

Figure 19
Higher magnification, Sample #17,
gold coated showing fracture morphologies.

WD: 25.12 mm
Det: SE
Date(m/d/y): 11/06/18

SEM HV: 5.0 kV
SEM MAG: 1.00 kx

SEM MAG: 1.00 kx University of North Florida MSERF

Figure 20
Even higher magnification, Sample #17,
gold coated showing tufted appearance of fracture surface.

The authors also attempted to quantify the meaning of
“hand tighten” as applied to the installation of these nuts.
The torque recorded during the hand tightening tests was
within the range of 2.0 to 3.4 nm (18 to 30 inch-pounds),
consistent with data reported by Timpanaro, Shcerzer, Ke-
ifer, and Eason?, who reported torque values of 1.1 to 3.4
nm (10 to 30 inch-pounds). When compared to the torque
to cause overload failure, the values are approximately
seven times the values achieved by hand tightening.

Conclusion
This study provided a unique opportunity to examine

SEM HV: 5.0 kV VEGA3 TESCAN
SEM MAG: 73 x

SEM MAG: 73 x

WD: 25.66 mm | | |
Det: SE
Date(m/dly): 11/28/18

1 mm
University of North Florida MSERF
Figure 21
Sample #9, medium magnification.

SEM HV: 5.0 kV WD: 25.66 mm
SEM MAG: 1.00 kx Det: SE
SEM MAG: 1.00 kx | Date(m/dly): 11/28/18

VEGA3 TESCAN

LI

‘ 50 ym
University of North Florida MSERF

Figure 22
Sample #9, higher magnification of tufted area.



PAGE 8

DECEMBER 2021

SEM HV: 5.0 kV
SEM MAG: 73 x
SEM MAG: 73 x

WD: 24.84 mm
Det: SE
Date(m/dly): 11/28/18

VEGA3 TESCAN

University of North Florida MSERF

Figure 23
Sample #56 with two fracture morphologies.

SEM HV: 5.0 kV
SEM MAG: 1.00 kx

WD: 24.84 mm
Det: SE

Figure 24
Sample #56 at higher magnification.

a statistically relevant sample size of acetal resin toilet
nuts that had been subjected to remarkably similar instal-
lation and in-service conditions. They were installed by
the same plumbing contractor, in the same newly con-
structed neighborhood, and had the same water supply.
Additionally, they were all removed at the same time after
approximately two years of service.

In this investigation, 143 fittings with no evidence of
external tool marks were examined after the application
of liquid dye penetrant to the interior threads. Of these,
43 were cut in cross-section, and cracks were observed
in the base thread in 11 samples, corresponding to a rate

of crack formation of ~25 percent. An additional 100 fit-
tings were torqued to failure, exposing the entire fracture
surface. Of these, 10 percent had cracks at the base thread.
Thus, based on these two different studies, the rate of
crack formation in these plastic nuts was concluded to be
in the range of 10 to 25 percent (Figure 25). In addition,
there were three known failures of nuts during the two-
year period these fittings were in use.

Method Number Examined Crack Frequency
Cross Section Cut 43 25%
Torque to Failure 100 10%

Figure 25

Number of samples and crack frequency.

The torque achieved by hand tightening was approxi-
mately seven times less than the torque required to cause
the nut to fracture in overload. Of the nuts examined in
which there was no evidence of tool marks, the high rate
of crack formation indicates that cracks formed even
when the nut was hand-tightened — and that crack for-
mation did not require installation with a tool.

Although this is well known in the industry, it bears
repeating in this study. SEM was performed on cracked
areas. It was observed that gold coating presents clear ad-
vantages in fracture surface imaging and causes no del-
eterious effects on the surface morphology. The 10-nm
layer of conductive material protected the polymer sam-
ple from the highly energetic beam during its interaction
with the sample.

The SEM study revealed the presence of a tufted sur-
face morphology, which is associated with slow stable
crack extension due to sustained loading over time de-
fined as plastic creep®’.

This study confirms that these acetal resin plastic toilet
nuts were prone to crack formation by creep deformation
with no evidence of over-tightening. All cracks formed at
the root of the base thread, which served as a stress riser at
the location of the greatest stress in the part. This failure
mode is recognized and warned against by manufacturers
of acetal resin plastic. Consequently, it is the opinion of
the authors that the crack formation in these nuts was the
result of a defective design of the thread geometry and the
inappropriate use of acetal resin plastic for the material of
construction. Notably, this part is no longer available in
the United States.
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Forensic Engineering Analysis of
a Crash Caused by Swingout of an
Articulated Booster on a Semi-Trailer

By Shawn Ray, PE (NAFE 970S), Donald J. Fournier, Jr, PE (NAFE 626S), Reza Vaghar, PhD, PE
(NAFE 979S), and Steven Mitchell, PhD, PE

Abstract

An unloaded lowboy trailer with an articulated booster axle was traversing a curved exit ramp when the
trailer tires lost traction, and the booster axle redirected the rear of the trailer into oncoming traffic. The
reconstruction used a detailed analysis of roadway geometry, truck geometry, and suspension characteris-
tics to determine the cause of the trailer swingout. A comprehensive topographical map was created from
3D laser scans. The interaction of each tire with the pavement surface was used to determine the individual
wheel loads. Dynamic analysis of the curved path quantified the speed required to cause loss of traction and

subsequent swingout.

Keywords

Truck-tractor, lowboy semi-trailer, swingout, booster axle, dolly, rolling lateral friction, cross over collision,

forensic engineering

Background

In early afternoon in February, a truck-tractor towing
an empty lowboy semi-trailer with a booster axle was exit-
ing a major turnpike proceeding toward the highway on a
bi-directional entrance-exit ramp with a single lane in each
direction when the truck’s trailer drifted into the opposing
lane of traffic. Meanwhile, a pickup on the same ramp ap-
proached from the opposite direction and collided with the
rear of the trailer. After the first collision, a passenger car
collided with the rear of the pickup, which had stopped
abruptly due to the collision with the trailer.

Witnesses described the rear of the lowboy trailer
as having rapidly rotated across the centerline median,
swinging into the oncoming lane. Later, it was determined
that the rear tires of the trailer lost traction, causing the
trailer to drift clockwise into the opposing lane, colliding
with the pickup. The road surface was wet due to light rain.
It was daylight but overcast, and the ramp advisory posted
speed was 35 mph.

Motivation

The truck-tractor and empty lowboy semi-trailer were
on the inside of the curve, and a pickup, car, and other traf-
fic were on the outside of the curve. Traffic was moderately

heavy, and witnesses were consistent in their description.
No pre-impact physical evidence, such as tire marks, was
documented. The witnesses, area of impact, and recon-
struction indicated that the rear of the semi-trailer suddenly
swung into the outside of the curved path (crossing over
the centerline) before colliding with the oncoming pickup.

The initial task was to collect evidence, orient the
vehicles at impact and final rest, and determine how the
collision occurred. Then stepping back in time to the mo-
ments just prior to collision, the positions of the vehicle
were plotted on scaled diagrams.

Based on site evidence and witness statements, the
rear of the trailer suddenly departed the curved path of
the tractor-trailer and crossed over the centerline median
without warning to its driver. The quick lateral movement
without any tire marks indicated the articulated booster
axle was causing the redirection of the rear of the trail-
er. The empty lowboy semi-trailer was longer than most
truck-tractor-trailer combinations so that it could carry
large, heavy cargo.

The theory was proposed that the length of the trailer
and the articulated booster axle enabled a bridging effect

Shawn Ray, PE, 5410 NW 33rd, Suite 100, Fort Lauderdale, FL 33309, (954) 777 4790, shawnray 1 @gmail.com
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on the compound roadway curves that caused the articu-
lated booster axle to lift the rear wheels of the trailer. This
loss of normal force reduced the lateral tire friction, which
created an instability. This, in turn, caused the articulated
booster axle and the rear of the trailer to follow a line tan-
gent to the curve rather than the intended roadway curve.

The next phase of the collision reconstruction was to
evaluate this theory and to determine if the theory was
consistent with the evidence.

Due to the specific set of circumstances and the bridg-
ing effect created by the long truck-trailer combination on
this ramp, traditional planar accident reconstruction tech-
niques and crash simulation software proved insufficient
to reconstruct the incident. Advanced three-dimensional
(3D) graphics and geometric techniques (together with
specific physics-based kinematic equations) were used to
reconstruct this accident and explain the unusual combina-
tion of factors that led to the loss of traction at the rear of
the trailer.

The accident investigation included a detailed analy-
sis of the physical evidence, roadway geometry, truck ge-
ometry, and suspension effects using high-definition (HD)
3D laser scanning, electronic total station survey data, and
unmanned aerial vehicle (UAV) aerial imagery.

The reconstruction included a customized kinematic
model of the truck-tractor, semi-trailer, and booster axle,
which was created by the authors to evaluate the vehicle-
specific dynamics. Multiple graphics and scale models
were used to demonstrate the findings of the accident
reconstruction and illustrate the specific combination of
truck-trailer and roadway factors that led to this event.

Forensic Engineering Analysis
and Collision Evaluation

The collision evaluation included a review of the fol-
lowing material:

1. Police traffic crash report and police investigation
material.

2. Scene photographs.
3. Witness statements and depositions.
4. Service records for the tractor trailer, vehicle

specifications, records, and history for each ve-
hicle.

The investigation tasks included:

1. Documenting the site with photographs and video
at ground level and from the air.

2. Documenting the path and speed of traffic with
aerial video.

3. Documenting the roadway with HD 3D laser
scans and electronic total station measurements.

4. Examining, photographing, and measuring the
truck and trailer.

5. Documenting the truck and trailer with HD 3D la-
ser scans.

6. Inspecting the brakes of the truck and trailer.

7. Conducting an axle-by-axle measurement of
weight with varying booster axle pressures.

8. Imaging the crash data from the pickup’s Airbag
Control Module (ACM).

9. Performing drag factor tests at the site and similar
surfaces in the surrounding area with a towed full-
size trailer tire.

Accident Site

The accident site was a two-lane, bi-directional en-
trance-exit ramp with one lane of traffic in each direc-
tion. The opposing lanes were separated by a small, raised
median and solid yellow painted centerlines approximately
1 foot from the centerline median curb. Figure 1 shows

mpact

Figure 1
Accident site location and roadway configuration.
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an aerial photograph of the accident site. For orientation
purposes, north is to the bottom of the figure; the turnpike
is the north-south highway on the left of the figure.

The ramp interchange was originally constructed
between 1963 and 1967 as part of the turnpike and state
route construction projects. Multiple overlays and mainte-
nance projects have occurred during the 50-plus-year life
of the roadway. Changes to the surface included reduction
in the elevation difference between the road surface and
the center raised median curb and surface slopes — it was
not in compliance with current roadway standards'. This
ramp has since been reconstructed to bring it up to current
standards as part of a previously planned construction
project.

The ramp was comprised of two 15-foot lanes
with paved shoulders on the outside of each side. The
roadway combined three changing geometries simulta-
neously: a horizontal curve, a vertical curve, and super-
elevation.

A detailed set of 3D scans and total station measure-
ments (in combination with aerial drone photography)
were used to document the accident site, roadway geom-
etry, alignment, superelevation, and pavement elevations.
These characteristics were then analyzed as part of a de-
tailed reconstruction.

In the area of the collision, there was a 2-foot paved
shoulder along the outside radius for southbound traffic
and a 5-foot shoulder along the inside radius for north-
bound traffic. In the area of the collision, the radius of
the center of the median was 250 feet. Vehicles head-
ing along the inside lane (in a northerly direction) were
proceeding downbhill; vehicles in the outside lane (in a
southerly direction) were proceeding uphill. The down-
hill slope in the area of the collision decreased from 4.5%
to 1% as vehicles proceeded down the ramp.

There was a superelevation associated with the curve
that increased from 8% to 12%. Along the ramp, each of
the variables (radius, grade, and superelevation) changed
with respect to location — and the rate of change was not
constant. Figure 2 shows the tractor driver’s approach to
the area of the cross-over event.

Traffic was described as moderate-to-heavy, and
witnesses each reported traveling at or slightly below the
advisory speed of 35 mph. Figure 3 shows the post-impact
locations and condition of the pickup.

Figure 2
Truck driver view approaching the area of the crash event.

Figure 3
Collision scene photo taken by investigating officer.

The pickup was in the outside lane on an uphill grade.
The truck was heading downhill in the inside lane.

The interrelationship between the changing roadway
geometry and the truck/trailer dimensions created a bridge,
lifting the trailer tires as the truck entered the bowl created
by the geometry of the exit ramp. The trailer weight was
transferred to the articulated booster axle, which steered
along a constant elevation curved path nearly tangent to
the roadway centerline median.

Truck-Tractor and Semi-Trailer

The first vehicle was a 2007 Class 8 conventional cab
6x4 tractor chassis. The engine’s event data recorder was
set with the “Quick Stop” record “off” consistent with
the factory default position and did not record sudden de-
celeration data. The tractor was pulling a lowboy trailer
with a booster axle. Figure 4 shows photographs of the
combination. Figure 5 and Figure 6 show the articulated
booster axle. The large and heavy loads transported by this
tractor-trailer combination often require an articulated rear
booster axle. The booster axle is attached to the trailer with
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Figure 4
Truck-tractor and semi-trailer with booster axle.

Figure 5

Trailer with booster axle.

a pin and can articulate as necessary to navigate turns.

The overall length of the truck and trailer combination
was 84 feet. The driver dropped off a large crane earlier in
the day and was returning to the equipment yard on a road
that had been driven many times prior by this rig.

Pickup Truck

The second vehicle was a 2008 four-door extended
cab 4x2 pickup truck. The curb weight was 4,794 1b. The
pickup was powered by a 4.7-liter V8 gasoline engine.
It was equipped with an airbag control module (ACM)
that stores crash data during an impact. Data was down-
loaded and analyzed showing that the speed at impact was
28 mph. The delta-v recorded by the pickup’s ACM was
14.2 mph. The pickup truck was towing an open trailer
with landscape equipment. The two occupants in the front
seats of the pickup were both seriously injured in the crash.

Passenger Car

The third vehicle was a 2005 passenger car, which col-
lided with the rear of the trailer being pulled by the pickup.
This impact did not cause or contribute to the initial colli-
sion between the truck and the pickup. Since there was no
substantive effect of this collision, the car’s involvement
will not be included in this discussion.

Analytical Method
The forensic engineering evaluation of the pre-col-
lision events utilized custom mathematical, Computer

Figure 6
Trailer with booster axle.

Aided Drawing and Design (CADD), and physical mod-
els. The graphical, geometric, and analytical methods that
were applied in the analysis included the following:

1. Created 3D CADD models based on the photo-
graphs, measurements, and laser scans of the truck
and trailer to evaluate its shape and geometry in
three dimensions.

2. Created 3D CADD models of the site based on
measurements, total station survey data, laser

scans, and mapping with aerial photos.

3. Determined tire positions of truck and trailer on
the road along the travel path.

4. Determined the topography of the road surface
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along the paths of the tractor and trailer tires.

5. Identified gaps between road surface and tire con-
tact patches assuming no suspension droop. (See
definition at end of section.)

6. Measured vertical loads at the contact point of
trailer tires at different elevations of the tractor
and booster wheels to measure suspension droop
of trailer wheels, and to quantify unloading due to
bridging effect of the road surface and vehicle ge-
ometries.

7. Created a detailed kinematic model of the truck-
trailer configuration to determine the dynamic re-
lationship between speed and friction for the sub-
ject trailer on the subject road.

8. Measured roadway friction with a truck tire test
apparatus under wet and dry conditions. (See note
at end of section.)

9. Determined speed at which trailer inertial force
exceeded available traction force, causing trailer
rotation.

Definition: The “gap” for the purpose of this docu-
ment is the height difference between a datum established
by the elevation of the booster and tractor tires on either
end and the trailer tires in between.

Note: The truck tire test apparatus was a purpose-built
mobile drag sled utilizing truck tires comparable to the
tires on the subject trailer and was used to measure the
roadway drag factor at the site and other similar roadway
surfaces in the area. It was modeled after the device de-
scribed in SAE J2505.

Evaluation of Topographic Factors

The changing roadway radius curve, the changing
downhill slope, and the changing superelevation of the
roadway had to be modeled accurately to determine the
trailer and booster axle tire loading at specific locations
along the ramp. The combined length of the truck, trailer,
and booster axle created a bridge, lifting the trailer tires as
the truck entered the bowl created by the exit ramp geom-
etry. This bridging effect was exacerbated by a depression
in the roadway surface at the beginning of the curve. This
depression was due, in part, to the compound effect of the
combined curves, as well as years of high traffic volumes
and multiple maintenance and resurfacing operations.

As the trailer’s weight was transferred to the articu-
lated booster axle, the axle steered forward rather than
following the curve of the exit ramp. The wet roadway
enabled a loss of lateral traction at the trailer tires without
complete lift or separation of the tires from the roadway.

Trailer Weighing

Wheel load measurements were conducted to study
the effect of the roadway geometry on the loading of trailer
axles and tires. To mimic the gap caused by the roadway
geometry and trailer length, the complete rig (including
tractor, trailer, and booster axle) was configured as it was
on the day of the accident.

In order to quantify the wheel loading and weight
transfer from axle to axle for the truck, trailer, and booster
axle, the weights of each wheel load were measured on
level ground and under a series of progressively increasing
differential tractor/booster heights.

Scale platforms were placed under each pair of trail-
er and booster axle wheels on one side. Wheels on the
other side and tractor wheels were supported by wood
shims such that all the wheels were at the same level.
The tractor and the booster wheels were lifted in Y%-inch
increments from an initial height of 1 inch up to a maxi-
mum of 4 inches. At each level, the loads on the trailer
and booster wheels were measured with the scales and
all data recorded. Figure 7 shows the setup for the wheel
load measurements.

The results showed that as the trailer gap increased,
the loads on the trailer axles generally decreased —

Figure 7
Wheel load measurement.
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and the load on the booster axle in-
creased. Figure 8 shows the wheel
load of the trailer and booster axles
as a function of raised height of the
tractor-booster axle datum. Data

from these measurements were used
in the kinematic model for trailer
slide-out.

Next the truck, trailer, and booster

Wheel Load v Raised Height

—Axles 1 & 2
—_—xle 3

e BoOSTET

Load, b

0.5 1.0 15 20

Raised height, inch

Figure 8
Wheel load as a function of raised height of tractor-booster axle datum.

r

Area of Impact

Figure 9
Elevation difference of trailer tires above roadway surface from the tractor-booster axle.

axle geometries were matched to a
detailed model of the actual roadway
geometry. Figure 9 demonstrates
the trailer wheel lift and gap analysis
along the roadway in the area leading
up to the collision event. The graph
illustrates the difference in height be-
tween the asphalt and each of the trail-
er wheels, driver (D) and passenger
(P), for each of the three axles (T1, T2,
T3). The figure illustrates the tractor-
trailer position when the trailer tires
are in the area of maximum height dif-
ference and maximum horizontal cur-
vature. This position correlates with
the likely loss of traction and subse-
quent impact. Note that this analysis
assumes no droop in the trailer sus-
pension.

Figure 10 is a contour map of the
road surface elevation and shows the
tractor-trailer positions at the begin-
ning of the wheel height difference
and at the maximum height differ-
ence. Figure 11 is a graphic repre-
sentation of the trailer tire lift. Figure
12 illustrates the bridging created by
the idealized lift of the trailer due to
booster axle loading. This illustration
does not include suspension droop. In
real-world conditions, the tires were
significantly unloaded but did not
lose complete contact with the road
surface. Reduced normal force caused
a reduction in lateral traction, which
allowed the trailer to swing to the left
in the right-hand curve.

The roadway surface was not
significantly deteriorated. However,
multiple overlays and repaving had
occurred, and the center raised me-
dian was no longer functional to im-
pede cross-over events due to the ac-
cumulation of asphalt that resulted in
the increase in road surface height, as
illustrated in Figure 13.

The wvertical and horizontal
components of the ramp slope and
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curvature, along with the supereleva-
tion of the road surface combined
to create a geometry conducive to
unloading the trailer wheels for this
tractor trailer. This relationship be-
tween slope and superelevation is
shown in Figure 14.

Kinematic Model
The loss of lateral traction of

the trailer tires, which permitted the
booster axle to redirect the trailer into
the opposing lane, was related to road-
way friction, vertical loads, and loca-
tion-specific roadway geometry. The
configuration of this rig and the sen-
sitivity of the wheel loading required
a kinematic model specific to the facts
of this event to evaluate the movement
and rotational characteristics of the

Contour Increment: 2 inches

54

Figure 10
Truck semi-trailer position at wheel lift on road surface showing lines of constant elevation.

Calculated Gaps
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1

Tractor
Tire

Figure 11
Gap analysis at area with loss of trailer tire friction.

Figure 12
Trailer wheel lift with booster axle loading before suspension droop.

truck, trailer, and booster axle on this
segment of roadway.

Traditional methods to determine
the critical speed of a vehicle on a
curve require certain assumptions that
were not applicable in this case due
to the unusual geometry of this trac-
tor trailer and the geometric configu-
ration of the roadway®. Therefore, a
kinematic model was created to deter-
mine the conditions necessary for the
trailer to slide out during movement
along this curved path by assuming
that the moment about the kingpin
created by the centrifugal force must
exceed the resistance moment caused
by the lateral friction forces of the
trailer tires.

The center of mass of the trailer
relative to the kingpin was calculated
based on detailed measurements of
the trailer using the 3D laser scan.
The weights of the individual trailer
components were determined through
either direct measurements or from
spec sheets. The center of mass of the
trailer was calculated.

1 —
Xom = gy ) Wil

Where X is the center of mass of
the trailer relative to the kingpin, W,
is the total weight of the trailer, ¥ and
X are respectively weight and relative
center of mass location of individual
trailer components.

The trailer wheel loads were deter-
mined based on direct measurements
of individual tire loads. The resistance
moment at the kingpin was calculated
based on measured coefficient of fric-
tion of the wet road, trailer tire loading
forces, and the moment arms from in-
dividual axles to the kingpin.

Mf = Z#fiXi

Where Mf is the resistance
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Figure 14
Superelevation road surface geometry.

moment, x is wet road coefficient of friction that includes
any roadway slope such as grade and superelevation, f; are
tire loading forces, and X, are moment arms from individ-
ual axles to the kingpin.

The moment about the kingpin created by the centrifu-
gal force was calculated based on the travel speed of the
truck, radius of the curve, and the distance between the
kingpin and the center of mass of the trailer.

WTUZ
M = ——
rg

cm

Where M, is the moment due to centrifugal force, v is
the travel speed of the truck, r is the radius of the curve,
X, 1s the center of mass of the trailer relative to the king-
pin, and W is the total weight of the trailer.

When the centrifugal force moment exceeds the

resistance moment the trailer will slide out. The angular
acceleration of the trailer during slide-out was calculated
based on equations of motion for angular momentum.

Z Mgp = f_fcpa'

Where M, , is the total moment about the kingpin, 7, ,
is the total moment of inertia relative to the kingpin, and o
is the angular acceleration of the trailer.

The total moment of inertia relative to the kingpin was
calculated using the parallel axis theorem and individual
moments of inertia of the trailer components.

Ixp = X[I + md?]

Where 7, , is the total moment of inertia relative to the
kingpin, /7, m, and d, respectively are moment of inertia,
mass, and center of mass distances from the kingpin of
individual trailer components.

The slide-out time to reach a specific slide angle at
impact was calculated from angular acceleration.

Where ¢ is the slide-out time, 4 is slide angle, and a is
the angular acceleration of the trailer.

The maximum critical speed for the tractor-trailer
at the onset of trailer slide-out as a function of roadway
friction is shown in Figure 15. Two geometric scenarios
are shown: the actual road geometry with varying slope

—Actual road with varying slope and superelevation —

——Road with constant slope

Maximum speed, mph

Roadway friction

Figure 15
Maximum speed without trailer slide-out.
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and superelevation, and a road with constant slope.

Conclusions

The detailed forensic engineering evaluation and re-
construction of this collision event allowed the following
conclusions to be reached:

1. Changes in the roadway geometry along the path
of the truck that allowed the trailer to “bridge”
across lower elevation contours beginning over
250 feet before impact were quantified. The geo-
metric characteristics were:

a. Downslope changed from 4.5% to 1% in 142
feet (as show in Figure 9).

b. Superelevation changed from 8% to 12% over
140 feet.

c. Radius of curve continually decreased from a
straight section of road to a curve with a radius
of 230 feet.

2. The geometric characteristics, in combination
with the long wheelbase of the trailer with booster
axle, raised the height of the trailer relative to the
roadway, thereby reducing the vertical load on the
trailer wheels and the associated traction available
to the tires needed to maintain lateral stability.

3. Rainwater acted as a lubricant to reduce the
friction between the tires and the roadway. The
wet friction value for a truck tire on this road
surface was measured to be 0.35 (0.30 to 0.40,
+/- one standard deviation). When dry, the fric-
tion value was 0.76 (0.68 to 0.85, +/- one standard
deviation).

4. At the location where the trailer tires had less
friction force available because of the dip and
curve in the road, the curvature of the roadway
created centrifugal force on the trailer. Typically,
centrifugal force is resisted by the lateral traction
of the tires. However, in this case, the moment
about the kingpin created by the centrifugal force
exceeded the lateral traction at the trailer tires at
a speed of 27 mph, whereas the advisory speed
was 35 mph.

5. The rotation of the trailer was caused by the com-
bination of road surface geometry that created a

bend and dip at the onset of the decreasing radius
curve; the wet pavement; and the long wheelbase
of the trailer with booster axle.

6. At the measured tire friction of 0.35 for the wet
road, the geometry of the road surface and the ge-
ometry of this particular trailer reduced the safe
travel speed for this tractor trailer from 35 to 27
mph.

As is often the case, this traffic accident arose from
a combination of roadway, vehicle, operational, and en-
vironmental factors. The roadway was not in compliance
with current AASHTO standards due to its age and resur-
facing activities over the years — and was scheduled to be
rebuilt. The tractor trailer was operated unloaded with a
booster axle that interacted with the road surface to lift the
trailer wheels as it passed over the wet roadway. Although
the driver had reduced his speed, it was still too fast for
this rig on this section of roadway when wet.

The forensic engineering analysis identified the influ-
ence of these factors on the reduction of lateral traction
as a function of vehicle speed. The conclusion reached
from this analysis was that, at the time of the accident, the
safe travel speed for this tractor trailer was reduced from
35 mph to 27 mph, a speed below the posted advisory
speed and that was consistent with the statement of the
truck driver. The conclusions reached based on this de-
tailed forensic analysis were helpful to the parties in the
resolution of claims arising from this unfortunate traffic
accident.
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Forensic Engineering Investigation
of Electrical and Electronic Causes
of an Industrial Equipment Failure

By Robert O. Peruzzi, PhD, PE, DFE (NAFE 954M)

Abstract

This case involved industrial equipment whose repeated, seemingly random failures resulted in the buyer
of that equipment suing the seller. The failures had been isolated to a group of several transistors within elec-
tro-mechanical modules within the equipment, but the root cause of those transistors failing had not been de-
termined. The equipment seller had more than 1,000 units in the field with no similar failures. And the electro-
mechanical module manufacturer had more than 20,000 units in the field with no similar failures. Electrical
contractors hired by the buyer had measured power quality, and reported no faults found in the three-phase
power at the equipment terminals. This paper presents circuit analyses of the failing electro-mechanical mod-
ule, basics of electrostatic discharge damage and protection, and the root cause of these failures — an electri-

cal code-violating extraneous neutral-to-ground bond in a secondary power cabinet.

Keywords

Forensic engineering, electrical engineering, electronic engineering, troubleshooting, investigating, National
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Introduction

The industrial equipment investigated in this paper can
be classified as medium-duty (1 to 10 tons), fully automat-
ed, electric motor-operated, consumer product packaging
equipment (hereinafter referred to as “the equipment™)'.
Featuring robotic functionality, including optical sensing,
product handling, material handling, and basic quality
control, the equipment automatically generates reports of
operating and production status at regular intervals and is-
sues alarms, triggering immediately when warranted.

Human operators load the somewhat fragile products
onto a conveyor belt to be packaged as individual units.
The equipment repositions the units on the conveyor belt
with a higher degree of precision and spacing. Compressed
air removes any dust from the units. The units are placed
within packages, and then the packages are wrapped in
plastic film. Hot air shrinks the plastic film. Printed labels
are applied to the packages. The final packages, now much
less fragile, are stacked onto pallets. Forklift operators
move the pallets to loading docks or into the warehouse
storage area.

The equipment’s optical sensing uses infrared,

optical and UV light sources with corresponding photode-
tectors. Temperature sensors control the shrink-wrapping
hot air blower, and there are physical position sensors,
angle sensors, and rotation counters as well. Sensing is
done at multiple points and times during the process. The
sensors make the process observable to a control system
microprocesser within the equipment. The microprocessor
controls mechanical manipulators and tools, heaters, and
blowers. The combination of observability and controlla-
bility results in a stable control system?.

Three-phase 480VAC power enters the factory from
a transformer mounted on a nearby utility pole and is dis-
tributed through a main panel and two sub-panels. The
equipment has its own transformer, rectifiers, and power
conditioners, delivering AC and DC of various voltages
throughout the system.

Background

The seller manufactures and services the equipment.
The buyer purchased and deployed a set of the equipment.
The equipment control system first failed within two
months of deployment. The seller repaired and returned it
to the buyer’s facility. It failed again within two months.

Robert O. Peruzzi, PhD, PE, DFE, 719 Fourth Ave., Bethlehem, PA 18018, (610) 462-3939; peruzzi@rperuzzi.com
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Except for frequent failures, the buyer was satisfied
with the operation of the equipment. The buyer purchased
and deployed a second unit within nine months of pur-
chasing the first unit.

Failures continued to occur in both units every few
months, and more frequently during the cold months —
the heating season. Specifically, it was the physical po-
sition sensors, angle sensors, and rotation counters that
failed (seemingly randomly). The seller replaced the vari-
ous sensors eight separate times in less than a year. Each
time, the equipment was out of service for days or weeks.

The seller claimed that the failures were caused by
transient voltage fluctuations (a rapid voltage change in
fundamental frequency voltages over several cycles) at the
buyer’s premises. The buyer’s electrician tested for electri-
cal abnormalities and reported normal readings that should
not cause problems with the equipment.

After two years, the buyer was frustrated and pur-
chased a set of similar packaging equipment from the
seller’s competitor. The buyer demanded a full refund for
the two sets of the seller’s equipment plus compensation
for what the buyer had spent for ongoing repairs and lost
revenue due to system downtime.

Research and Hypotheses

For a complete description of the scientific method as
it applies to forensic engineers, see “Forensic Engineering
and the Scientific Method™. From that article is Figure
1, a flowchart illustrating the forensic engineering method
utilized in applied science or technology, which is an ad-
aptation of the most general scientific method.

Three competing hypotheses (shown in Figure 2)
were developed after reviewing the available documents.
The hypotheses and their elements are discussed below:

1. First hypothesis: Although the buyer’s electrician
tested and reported normal readings that should
not cause problems with equipment, the author’s
first hypothesis was that equipment failure was
due to a fault in the three-phase power distribu-
tion. Figure 3 on page 24 shows amplitude versus
time plots of voltages and currents of the three
phases. Plots of voltage and current on the neu-
tral wire, referred to as ground, are not included.
(Power quality testers, including three phases plus
neutral, were available in March of 2019.) The
current plots show current spikes of more than
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Figure 1
Flowchart illustrating forensic engineering method presented in
“Forensic Engineering and the Scientific Method” by Liptai and Cecil.

5.6 kA and voltage excursions down to about
192.5V from 210V. That’s less than 10%, and was
considered acceptable by the electrician and the
buyer. Plus, it was within the range required by
the seller.

Within the buyer’s factory, the circuit power-
ing the equipment also powers two chargers for
lithium-ion battery powered forklifts. The current
spikes occur when the battery is plugged in to the
charger.

Presenting a balanced load to the three-phase
source is not a system requirement. The current
and voltage fluctuations do not exceed specified
limits required by the seller.

Notice that there is no plot of the voltage and cur-
rent of the neutral wire. With proper power distri-
bution, if neutral voltage and current were plotted,
the unbalanced current would appear in that plot
— and a voltage plot would show only a few volts
excursion. A high-impedance return path on the
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neutral wire could be problem-
atic, causing higher voltage ex-
cursions. The author suspected
a fault with the routing of neu-
tral wires, which serves as the
core of the first hypothesis.

Second  hypothesis:  Electro-
static discharge (ESD) was
damaging the transistors. Pro-
vided documents isolated the
failure to the output stage of
the position sensors within the
equipment. This push-pull out-
put stage drives a digital signal
through wire from the sensor to
the microprocessor. A represen-
tative push-pull output stage is
shown in Figure 4 on page 24.

The output stage is a comple-
mentary metal oxide semicon-
ductor (CMOS) inverter. It con-
sists of a P-type metal oxide field
effect transistor (MOSFET),
abbreviated as a PFET, and an
N-type MOSFET (NFET). The
input signal is connected to
both the PFET and the NFET.
Both MOSFETS connect to the
output. The “load” connected to
the output symbolizes several
meters of shielded cable con-
nected to the input of a micro-
prossesor within the equipment.

VDD is a DC voltage derived
from one phase from the equip-
ment’s three-phase power. VSS
is derived from the neutral wire
of the three-phase power. The
sensor’s housing is connected
to safety ground. The push-pull
function is to drive a represen-
tative of signal “input” from the
position sensor through a length
of wire to the microprocessor.

When the input voltage is below
the threshold, the NFET “turns
off” and does not conduct. The

Hypothesis

Faulty three-
1 phase power
distribution

Electro-Static
Discharge
damaged the
output stage of
the position
sensors

Radio
Frequency
Emission

3 damaged the
output stage of
the position
sensors

Basis

Although the buyer’s electrician
tested and reported normal
readings that should not cause
problems with equipment, this
hypothesis is that equipment
failure was due to a fault in the
three-phase power distribution

Unwinding plastic film from a
roll is a well-known generator
of static build-up. Failures
occurred more frequently
during the winter months,
when static build-up is more of
a problem

Microprocessors and electronic
components operating at high
switching frequencies emit
electro-magnetic waves at
radio frequencies. Metal
surfaces and metal products
being packaged and wrapped
may reflect such waves. It's
possible for non-linear
elements within the equipment
systems to amplify and shift the
frequency, and be picked up
and conducted into wires of the
position sensors

Tests

1. Inspect 3-phase power from
the transformer, through the
main and sub-panels to the
equipment, looking for proper
configuration of three hot
phases, neutral return, and
ground connections

2. If no faults found by visual
inspection, perform a multi-day
power quality measurement,
including measuring of voltage
and current on the neutral return
line

1. Review the equipment design
documentation to determine how
ESD is intended to be mitigated

2. Inspect the equipment for
damaged shielded connectors
and functionality of ESD
mitigation subsystems

3. Use a hand-held static-voltage
meter to measure static voltage
inside the equipment during
operation

1. Review the equipment design
documentation to determine the
specified grounding and shielding
requirements

2. Visually inspect the equipment
for proper grounding, shielding,
and any damage to grounding
and shielding

3. Use a hand-held static-voltage
meter to measure electric field
strength inside the equipment
during operation

Figure 2
Hypothesis table.
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PFET “turns on” and pushes current from the
positive power supply “VDD,” through the PFET,
through the output, and through cable to micropro-
cessor input — indicated as “load.”

When the input voltage is above the threshold,
the PFET “turns off” and does not conduct. The

:HEJJ[L__ ———F

Figure 3
No problems with three hot-phase voltages
appear in this voltage power quality plot.

Iniar
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|I: PFET
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Figure 4
Typical CMOS push-pull output stage.

NFET “turns on” and pulls current back from the
microprocessor input and cable, through the out-
put, through the NFET, and to the negative power
supply “VSS.”

The microprocessor interprets the pattern of volt-
ages developed at its input as digital logic signals
and uses them in its control algorithm for the sys-
tem.

The push-pull output stage is robust when there
is proper connectivity to VDD, VSS, and safety
ground at all points. However, if for some reason
VSS even momentarily reaches a significantly
higher voltage than the output, current from VSS
can overpower the normal operation of the NFET,
burst through its electronic “barrier,” and flow
upward from VSS to the output. If VSS reaches
a voltage significantly higher than VDD, current
from VSS can overpower the normal operation of
both the NFET and the PFET and flow through
both up to VDD.

Either event can generate enough heat to damage
the semiconductor junctions of one or both MOS-
FETs. Even after VSS voltage returns to normal,
the damaged MOSFETs can allow current to leak
from VDD through the PFET and NFET to VSS
— no matter the state of the input. The leakage
current generates heat, which further increases the
leakage current and generates more heat. This is
known as thermal runaway, and eventually melts
the active areas of the MOSFETs. One cause of
such a catastrophic failure is ESD.

Static electricity is called static because it does not
move through wires; however, if enough builds
up, it will jump from one object to another®. The
hypothesis to be investigated is that static charge
built up somewhere in the equipment and jumped
to VSS in Figure 4, resulting in high enough volt-
age between VSS and the output or between VSS
and VDD to damage the NFET, the PFET, or both.

Components such as the position sensors that
failed are designed for self protection from ESD
during manufacture, test, and installation. Protec-
tion from ESD in operation is the responsibility
of the equipment designer (that is, the seller). It is
the buyer’s responsibility to repair any damage to
the equipment that compromises protection, such
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as loose grounding wires or straps. To be investi-
gated was whether or not the ESD protection of
the equipment was adequate.

A typical static electrical charge buildup in electri-
cal equipment occurs when plastic material (such
as plastic shrink wrap) is unwound from a roll.
Multiple solutions can be used to mitigate this tri-
bological effect’.

lonization can neutralize static charges in a mat-
ter of seconds®. Ionizers create positively and
negatively charged ions, which are distributed by
fans through the system to be protected. A solu-
tion promoted in “Solutions for Static Buildup on
Process Rollers™ includes conductive graphite in
mechanical rollers within the system.

The observation by both the buyer and seller that
failures occurred more frequently during the win-
ter months points to ESD as a potential cause of the
failures. Heated inside air in the winter has lower
relative humidity than inside air from ventilation
in spring and fall or chilled air in the summer.
Low relative humidity increases the likelihood of
electrostatic charge buildup, as intuitively known
by getting static shocks after walking across a car-
pet in winter and touching a metal doorknob.

Industrial systems, such as the equipment, are de-
signed to be robust against ESD using techniques
of “Solutions for Static Buildup on Process Roll-
ers”and When Do You Need lonization?”¢ or oth-
ers. The position sensors and other components
within the system have installation requirements,
including the use of shielded cables to guard
against static charge “jumping” onto the wires
from charged surfaces within the equipment.

Third hypothesis: Radio frequency interference
(RFI) damaged the output stage of the position
sensors. The microprocessor and control system
for the equipment include components that may
emit high-frequency radiation. A design fault or
system failure could possibly lead to high-fre-
quency radiation coupling into a wire, such as
VSS in Figure 4 and damaging the junction of the
NFET or PFET in a similar way as ESD.

Typically, such systems are designed for robust-
ness against RFI, but this was a hypothesis to be

tested and ruled out.

Given the “zero failure rate” claimed by the seller
and the manufacturer of the position sensors, the author
planned to investigate only these three hypotheses.

Protocol for Site Visit
The following protocol was requested and accepted:

1.

View and photograph the three-phase service,
including the transformer mounted on the util-
ity pole, the service drop wires to the service en-
trance, and electric meter.

To observe and photograph while the seller’s rep-
resentative or the buyer’s representative:

a. Demonstrates and operates the systems.
b. Explains their operation.

c. Points out their components and their func-
tion.

d. Points out the failing components and ex-
plains their failure modes.

For the buyer’s or the seller’s qualified represen-
tative to show where and how the power quality
test instruments were connected, so that the author
may view and photograph.

Direct the licensed electrician (subcontracted by
the author) to probe for high voltage on neutral
wire due to wire damage and the large unbalanced
load current it carries when, for example, the
forklift charger is operated. This would involve
measuring the voltage on the neutral wire near
the same location where the power quality probes
were attached. Note: An electrical engineer —
even a licensed professional forensic engineer
like the author — is not necessarily an electrician.
Therefore, it is important to delegate certain tasks
accordingly.

With assistance from the licensed electrician,
measure the harmonic content on the three power
phases, which may reach high levels while the
forklift charger is operated.

Evaluate the static electrical charge build-up of
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the environment inside the equipment system —
that is, measure the strength of static electric field
along the product path. This needs to be done with
actual product being processed.

7. Evaluate the strength of radio frequency fields
within the environment inside the packaging
equipment while it is processing product.

Site Visit

Along with the master electrician and his assistant, the
author viewed and photographed the three-phase trans-
formers on the utility pole, the ground rod at the foot of the
utility pole, and the service-drop cable package — three
hot phases and neutral cable — from the transformers to
the service entrance. All was well with the electric utility-
owned system.

Inside the premises, the electricians removed the cover
from the main breaker panel (service disconnect) for the
building. This 400A service panel was owned by the buyer.

Figure 5
Panel 1, showing proper configuration of three
fuses and neutral-to-ground bonding point.

The bonding point of neutral to ground for the build-
ing can be seen to the left of Figure 5. All of the neu-
tral return lines within the building should be isolated
from ground until they reach this bonding point within
Panel 1. One can see that panel cabinet is also bonded to
this ground point.

Earth grounding is established by a grounding rod
penetrating the foundation into the earth as shown in Fig-
ure 6 (pointed out by the author’s foot). This earth-ground
is bonded to the node shown in Figure 5.

The electricians verified all phase-to-phase and
phase-to-neutral voltages. Since earth-ground and neutral
are bonded inside Panel 1, ground to neutral is zero volts
by construction at this point.

Panel 2 is mounted on the same exterior wall, a few
meters from Panel 1. Panel 2, shown in Figure 7, limits
the available current to 200A. Three hot phases, neutral,
and ground wires can be seen. As is proper, neutral and
ground are isolated from each other by insulating fittings.
This isolation and the bonding between the cabinet of Pan-
el 2 and ground can be seen more readily in Figure 8.

Verifying all phase-to-phase and phase-to-neutral

Figure 6
Service ground is established by a steel
rod penetrating the foundation into the earth.
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voltages within Panel 2, the electrician also confirmed 0V
between neutral and ground within Panel 2.

Panel 3 is mounted on an interior wall, about 100 me-
ters from Panel 2. The electrician opened Panel 3, shown
in Figure 9. Hot phase wires are red, blue, and yellow. To
their right is the white connector for neutral.

The close-up of Panel 3 interior in Figure 10 (on page
28) shows a green screw attached to a bonding clamp on
the white (neutral) wire. By convention, this green screw
indicates bonding of neutral to ground.

The electricians verified proper voltages between all
phases and phases to neutral. Because of the bond, neu-
tral to ground voltage is OV. Bonding of neutral to ground
anywhere other than the main service entrance (Panel 1)
violates the National Electrical Code (NEC)’. The ramifi-
cations of this will be discussed later.

Panel 3 is the first panel upstream from the equipment
and is shown on the upper right of Figure 11 (on page
28). Panel 3 supplies power to the two chargers for the

Figure 7
Internal view of Panel 2 shows neutral isolated from ground.

Figure 8
Close-up showing neutral isolated from ground within Panel 2.
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Figure 9
Interior view of Panel 3.
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lithium-ion batteries of electric-powered forklifts on the
floor beside Panel 3 — and to the subject equipment in a
large factory room across the wall from Panel 3.

Continuing on to the subject equipment, Figure 12

Figure 10
Close-up within Panel 3, showing
improper bonding of neutral to ground.

Figure 11
Panel 3 and two forklift battery chargers.

shows one of the position sensors that failed regularly. The
green collar attaches the cable to the output stage of the
sensor — that is, the push-pull driver shown in Figure 4.
The green collar also bonds the cable’s shielding to the
sensor’s housing.

The opposite end of the green cable connector is
shown in Figure 13, along with the connecting fixture to
the microprocessor. Cable and connector include shield-
ing. Outside of connector is connected to shield and makes
electrical contact with the encoder housing. Shielded
point to point connectivity to grounded metal housings
provides protection from ESD and RFI damage. The au-
thor observed similar proper grounding and shielding
techniques throughout the equipment, making hypotheses

Figure 12
One of the position sensors that regularly
failed shows intact cabling and shielding.

Figure 13
Opposite end of the cable of Figure 10
where it attaches to the microprocessor.
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2 and 3 unlikely causes of the repeated failures.

Hypothesis 1 — that equipment failure was due to a
fault in the three-phase power distribution — is the most
likely of the three hypotheses. The fact that an NEC viola-
tion is present adds to that likelihood, and creates an urgent
obligation that the buyer be informed of this safety hazard
immediately.

Discussion

The unwanted bonding from neutral to ground in Pan-
el 3 was the most important finding and is a safety hazard
as well as the most likely cause of the repeated failures.
The safety hazard can be explained with these quotations
from the NFPA 70, National Electrical Code Handbook’.

250.5 (4) Path for Fault Current:

“The earth shall not be considered as an effec-
tive fault-current path.”

“The two reasons for grounding are as follows:

1. To limit the voltages caused by lightning or
by accidental contact of the supply conductors
with conductors of higher voltage

2. To stabilize the voltage under normal operat-
ing conditions (which maintains the voltage at
one level relative to ground, so that any equip-
ment connected to the system will be subject
only to that potential difference)”

250.24(a)(5)
(5) Load-Side Grounding Connections.

“A grounded conductor shall not be connect-
ed to normally non—current-carrying metal
parts of equipment, to equipment grounding
conductor(s), or be reconnected to ground on
the load side of the service disconnecting means
except as otherwise permitted in this article.”

“Section 250.24(A4)(5) prohibits re-grounding
of the grounded conductor on the load side of
the service disconnecting means. This

correlates with the requirement of
250.142(B), which is a general prohibition
on the use of the grounded conductor for
grounding equipment. This prevents parallel
paths for neutral current on the load side of
the service disconnecting means. Parallel
paths could include metal raceways, metal
piping systems, metal ductwork, structural
steel, and other continuous metal paths that
are not intended to be current-carrying con-
ductors under normal conditions.”

(Author’s emphasis added)
250.30 (4)

“Installing a system bonding jumper at both
the source and the first disconnecting means
can result in establishing an unintended
parallel path for current that would other-
wise utilize the grounded conductor. Ex-
posed normally non—current-carrying metal
components are often included as part of
this parallel path and can present an unin-
tentional safety hazard. This type of instal-
lation is prohibited ...”

A plain English explanation is posted as an answer to
a frequently asked question®.

“Frequently Asked Question: Why do the
grounds and neutrals need to be separated in a
sub-panel? What happens if they aren t?

Answer: Though the neutral doesnt have
significant voltage, it does carry current. Re-
member, it current that kills, not voltage. In a
2-wire circuit, the neutral carries just as much
current as the hot conductor. If the neutral and
ground are connected in a sub-panel, that cur-
rent will travel on other paths, such as bare
ground wires, equipment enclosures, and metal
piping systems, on its way back to the service
panel. One problem created by this condition
is possible shock hazards, the severity of which
depends on the locations of the equipment and
the person touching the enclosure or piping
system. Another problem is magnetic fields that
do not cancel themselves out. Since the return
current has multiple paths, the current remain-
ing in the neutral will not counterbalance the



PAGE 30

DECEMBER 2021

current in the hot wire. The
resulting imbalance cre-
ates a magnetic field that
can interfere with sensi-
tive electronic equipment.
In a metal conduit system,
the imbalance will induce
current into the conduit,
which could cause the
conduit to overheat.”

NEC Expert Mike Holt, of Mike
Holt Enterprises, explains this even
more bluntly and directly in his online
Code forum’.

“At the service panel
(ONLY AT THE SER-
VICE PANEL - HUGELY
IMPORTANT) the neu-
tral bus bar is bonded to
ground. You should see the
ground lead and neutral
tied to the same bus (the
neutral bus bar).

However, any sub-panel
after the primary service
from there MUST have an
isolated neutral. DO NOT
DO NOT DO NOT bond
neutral to ground in a
sub-panel.

Why is this?

When you tie neutral to
earth ground in a sub-pan-
el, you create a potential
parallel path for current to
return via earth (ground).
In the event of a fault, your
ground conductor has as-
sumed the role of the re-
turn path for current and
now everything that you've
grounded (sub-panel, ap-
pliances, metal fixtures,
etc.) to that sub-panel is
now hot.

All it takes is a preexist-
ing fault, one rainstorm,
or wet feet, whatever... and
you touching something
energized - and you're do-
ing the 60 cycle shuffle.”

Conclusions

From readings

and observa-

discarded the second and third hy-
potheses as unsupportable. Proper
grounding and shielding were de-
signed into the equipment. The
likelihood of ESD or RFI damag-
ing the output stages of the various
sensors used throughout the sys-
tem was negligible. A summary of
case and root causes are shown in

tions during the site visit, the author

Figure 14.

Hypothesis

Faulty three-
1 phase power
distribution

Electro-Static
Discharge
damaged the
output stage of
the position
sensors

Radio
Frequency
Emission

3 damaged the
output stage of
the position
sensors

Findings

Faulty installation of an
electrical sub-panel was found
by visual inspection. In the sub-
panel powering the equipment
and the battery chargers, there
was an unexpected and
dangerous bonding between
the neutral busbar and safety
ground

The author visually inspected
the equipment and found no
damaged shielded connectors
or other obvious damage that
would affect ESD susceptibility

The author visually inspected
the equipment and found no
damaged shielded connectors
or other obvious damage that
would affect Radio Frequency
Interference susceptibility

Significance

1.This extraneous bond violates
National Electric Code 250.5 and
others, and creates a safety
hazard.

2. In terms of electrical
performance, this extraneous
bond enables a ground loop
which under certain
circumstances can cause
transient voltages on the neutral
line (and VSS within the sensor),
large enough to damage the
sensor output transistors

Author had reviewed the
documentation prior to visiting
the site to understand the ESD
mitigation intent. Finding all
systems in place and intact,
author decided ESD damage was
a far less likely failure cause than
the discovered extraneous
ground bond.

Author had reviewed the
documentation prior to visiting
the site to understand the RFI
prevention intent. Finding all
systems in place and intact,
author decided RFI damage was a
far less likely failure cause than
the discovered extraneous
ground bond.

Figure 14

Summary of author’s findings.
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Consider the thousands of installations worldwide and
hundreds of installations within the United States. Two
machines repeatedly fail. Both are owned by the same
customer, operate inside the same building, and are pow-
ered from the same improperly wired sub-panel. What is
different about this customer and their facility causing the
failures? The improper wiring is a likely difference.

The root cause is not due to a single overriding fault,
but rather several shortcomings, including the electrical
transients that were conducted through the inadvertent
ground loop, which combine to the observed failure mode.
There is a strong likelihood that fixing the Code violation
will make the other contributing causes insignificant.

1. The mistaken bonding of neutral wire to ground
at Panel 3, which services the equipment and also
the forklift chargers, creates multiple parallel cur-
rent return paths where there ought to be a single
path from all loads within the building facility
back to the transformer outside the building.

a. This dangerous condition can cause injury.
Fixing it is not optional: It must be fixed as
soon as possible for safety reasons if nothing
else.

b. Itis a violation of NEC Section 250.

c. Itcan cause voltage fluctuations on the ground
and neutral wires within the equipment.

2. Battery chargers next to Panel 3, when used, cause
large unbalanced current to flow in the neutral-
ground combination that can interfere with the
power supplies of the position sensors within the
equipment. Removing the illegal bond will allow
this unbalanced current to divide and flow prop-
erly through the neutral and hot phases without
disturbing the ground voltage.

3. Misleading clue #1. Failure Mode Analysis of the
position sensors indicated their output stage was
burnt out. This pointed to ESD or RFI as a pos-
sible cause, especially because failures occur dur-
ing the heating season when humidity is low and
static charge buildup is high. However, the system
was designed to be robust against electrostatic
discharge.

4. Misleading clue #2. The buyer is the only (known)

customer of the seller using the equipment to wrap
large all-metal products. If static charge were bor-
derline high, the antenna effect of the ungrounded
metal products could be exacerbating the postu-
lated ESD effect. However, the sealer is designed
and built to allow processing all-metal products.

Given the danger from this Code violation, the author
advised the buyer to fix the violation immediately — be-
fore any further investigation of the equipment failures.
Once the ground-neutral bond was repaired to Code speci-
fications, it appeared to have fixed the conditions that
caused the failures.
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FE Analysis of Modular Woodburning
Fireplace Fire with Gas Log Lighter
in Determining Fire’s Cause

By Jerry R. Tindal, PE (NAFE 642S)

Abstract

A fire originated inside the chase' (a vertical enclosure, usually constructed of wood, that houses and
conceals a chimney) surrounding a modular fireplace system of a new residence, ultimately spreading and
destroying the home. A lawsuit by the homeowner s insurance company was later filed against the general
contractor and framing subcontractor, alleging that improper clearances between the fireplace and chase
framing caused the fire. The author was retained to perform a forensic engineering analysis of the origin and
cause of the fire. An exemplar modular fireplace system and chase were constructed and instrumented, and
more than 30 test burns were performed. Additional testing evaluated gas migration from the fireplace log
lighter into flexible combustion make-up air ducting and the burning propensity of the ducting. The testing and
analysis concluded that the cause of the fire was not improper clearances to the chase framing but improper
installation of the combustion air kit facilitating a mediation of the case.

Keywords

Modular fireplace, log lighter, propane, gas migration, combustion air duct, wood burning, chimney, low
temperature ignition, smoldering, clearances, fire investigation, methodology, reconstruction, testing, chase, NFPA 921,
NFPA 211, UL 127, forensic engineering

Background home prior to the fire and the

The home in question was a newly constructed, two-
story, wood-framed structure of approximately 10,000
square feet containing a total of six fireplaces. The incident
fireplace was located in the family room and installed in a
common chase enclosure next to the exterior covered patio
fireplace. Figure 1 depicts a Google Earth image of the

Figure 1
A pre-fire Google Earth image of the residence around
the time it was first occupied in October of 2015.

locations of the family room,
exterior covered patio, and as-
sociated modular fireplaces.

The incident fireplace was
identified as a solid woodburn-
ing listed masonry modular fire-
place system. The firebox incor-
porated a make-up combustion
air kit as well as a propane log
lighter kit, which included a re-
cessed pan style burner. Both the
make-up combustion air kit and
the log lighter kit were specified
and approved for use with the
fireplace. Figure 2, Figure 3 (on
page 34), and Figure 4 (on page
34) are excerpts from the instal-
lation manual of the fireplace

Figure 2
Either masonry or metal
chimney kits are available for
system depicting the style unit. use with the fireplace system.

Jerry Tindal, PE, 5901 Elwin Buchanan Drive, Sanford, NC 27330, jtindal@safe-labs.com
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Figure 5 is an excerpt of the installation instructions for
the make-up combustion air kit. Figure 6 is an image of an
exemplar log lighter burner pan and cap that was installed
in the incident fireplace.

The homeowner reported that the fireplace had
been used approximately 30 times total since they had
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Figure 3
Clearances to combustibles, including wood-framing,
are specified in the installation manual as well as
on a permanent plate attached to the firebox.

CLEARANCE TO COMBUSTBLES

Unit to side enclosure 1"
Unit to face enclosure b
Opening top to combustible mantle 16"
Opening to combustible facewall 127
Unit to back enclosure g
Unit to ceiling joists 1"
Opening to sidewall 28"

Figure 4
Annotated clearances to combustibles table excerpt
from the fireplace installation manual (also reflected
on the permanent label on the firebox). Note the clearance
requirement from the fireplace back and sides to combustibles,
including chase enclosure wood wall framing, is 1 inch.

occupied the home. The homeowner cut, stacked, and
seasoned his own firewood. The wood was seasoned for
at least 18 months. The fireplace was used with a consis-
tent frequency of once or twice a week during the heating
season and used in a consistent manner each time. On the
evenings when he would build a fire (around 7:30 p.m.),
the homeowner would place three seasoned split oak logs
of 3 inches in diameter and 20 to 21 inches long inside the
fireplace. He placed newspaper beneath the logs, lit the
paper with a grill lighter, and turned on the gas valve to the
log lighter. After approximately 10 minutes the firewood
would be burning well, and he would turn the log lighter
gas valve off. After 60 to 90 minutes, he would add one or
two more oak logs of the same size to the fire. At the time
he and his wife would go to bed (around 10:30 p.m.), there
would be nothing but coals and ashes in the fireplace.

Post-incident, the homeowner reported to the indepen-
dent fire investigators for his insurance company that he
had experienced two or three flash fires” with the fireplace

FIREPLACE REQUIREMENTS

1. Install and use the MASON'S CHOICE OUTSIDE AIR KIT only in masonry fireplaces
constructed in with the i of the standard for chimneys, fireplaces and
venis NFPA 211

2. _In the construction of the air passageway only non-combustible material must be used.

3. DO NOT install in the rear of the firebox because sparks will be blown into the room.

INSTALLATION INSTRUCTIONS

1. Install in the sidewall of the fireplace as far forward as possible, and in the third course of fire
brick. (See picture below)

i ial i ion of
2. Adjust elbow and telescope tube to rear outside wall. Brick around elbow and tube,
3. Caulk back plate of hooded outside vent and push into tube.
4. Caulk (silicone) collar of inside slide door fitting and push into end of elbow.

Standard 3" stainless pipe and elbows may be used to extend
air passageway from an inside or basement fireplace.

AL K PLATE
U CAULK COLLAR OF
} NS DOOR COMTROL

Figure 5
An annotated excerpt from the combustion air kit manufacturer’s
installation instructions. A steel telescoping horizontal hard duct
(tube) is provided with the kit. Note the requirement that the make-up
combustion air discharge into the firebox be installed “as far forward
as possible and in the third course of firebrick.” Note also the multiple
instructions not to use combustibles in the construction of the ducting.
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Figure 6
An image of an exemplar log lighter
burner pan of the style installed in the incident fireplace.
The orifice can be removed and a solid plug inserted
for purposes of leak checking the gas piping system.

during operation of the gas log lighter. The first flash fire
occurred some weeks before the incident in question. The
most recent flash fire occurred a few minutes before the
home ignited and burned.

On a Sunday evening (approximately 24 hours prior
to the home igniting and burning) around 7:30 p.m., the
homeowner followed his normal routine of building and
maintaining a fire in the fireplace. At the time he and his
wife retired to bed at approximately 10:30 p.m., only coals
and ashes remained in the firebox. On the following Mon-
day morning, the homeowner went to work, and his wife
remained at home all day. The fireplace was not used dur-
ing the day, and there were no smells of smoke or anything
unusual that day. On Monday evening, the homeowner ar-
rived home from work around 6 p.m. He also did not smell
any smoke or anything unusual. The homeowner and his
wife had dinner in the dining room, which was immediately
adjacent to and open to the family room, with the fireplace
in clear view. They neither smelled smoke nor observed
anything unusual. At around 7:30 p.m., he proceeded to
construct his routine fire in the fireplace, except the ashes
had not been cleaned out of the fireplace from the Sunday
night fire. Shortly after he turned the gas on to light the log
lighter, a flash fire occurred, and the resultant overpressure
was sufficient to blow ashes out of the firebox and into the
family room. According to the homeowner, the flash fire
occurred on the left-hand side of the firebox.

After the flash fire dissipated, he continued to allow
the log lighter to burn beneath the logs and sat down in
the family room to read the newspaper. Approximately
3 to 4 minutes after the flash fire occurred, his wife report-
ed smelling smoke. He then observed smoke, followed
shortly thereafter by a fire burning a hole through the front
thin wood paneled wall covering of the chase just to the
left of (and above) the fireplace. See the annotated pre-fire
photograph of the incident unit in Figure 7.

Upon discovery of the fire, the homeowner went out-
side and grabbed a garden hose, pulled it into the home,
and began applying water into the wall where he observed
the fire. At that time, he also turned off the gas to the log
lighter at the log lighter valve. His wife called 911. The
fire department arrived and applied water from one of their
trucks; however, it ran out of water before the fire was
extinguished. There were no nearby fire hydrants and no
equipment to pull water from the adjacent lake; therefore,
shuttling operations were initiated. The fire spread through-
out the concealed spaces/attic, destroying the home.

Following the fire, the insurance company for the home-
owner placed the general contractor and several subcontrac-
tors on notice of the loss and pending investigation. Two
joint scene exams were conducted, artifacts were collected
and removed from the scene, and the insurance company for
the homeowner ultimately filed a lawsuit against the general
contractor and several subcontractors, particularly alleging
that the rear chase wall framing clearance to the back of the
firebox was improper and caused the fire.

At the time the author became involved in the case, the

Figure 7
Pre-fire photograph of incident fireplace unit. The circle indicates the
area where the witness first observed fire burning through the wall.
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physical scene was no longer available for examination,
other experts had already issued a report and offered opin-
ions, no laboratory examination or testing of the artifacts
had been conducted, and basic discovery was still ongo-
ing. The author was retained to perform an engineering
investigation and analysis of the incident, including a re-
view of the available investigative documentation, expert
reports, expert opinions, and ongoing discovery materials
to determine the origin and cause of the fire.

The referenced materials were reviewed, and the au-
thor also contemporaneously prepared questions for on-
going discovery depositions of both fact and expert wit-
nesses to obtain additional information concerning the
circumstances of the incident and the scene investigation.
In addition, the author called for and participated in a labo-
ratory examination of artifacts that were recovered during
the scene investigation.

Forensic Engineering Investigation and Findings

Based on a review of the available information, the
author concluded that it might have been possible that the
framing studs of the rear chase wall were installed with
clearances less than the required 1 inch. After researching
the subject, no temperature testing data was located for the
fireplace being installed and operated with clearances less
than 1 inch to wood studs. The plaintiff’s experts provided
no testing data for tests that either they conducted (or oth-
ers had conducted); they provided no mathematical mod-
eling or other calculations to estimate the temperatures the
wall studs would reach under the conditions the fireplace
was actually installed and operated.

Given the relatively large mass of the masonry
modular fireplace (the firebox and refractory are approxi-
mately 2,000 pounds) and the consistent small, short, and
infrequent nature of the fires built in the fireplace by the
owner, it seemed unlikely sufficient temperatures would
be achieved to either: (1) initiate a direct smoldering fire

Figure 8a
“Portable” concrete floor assembly.

in the wall studs; or (2) gradually thermally degrade the
wood wall studs such that they would be susceptible to the
initiation of a smoldering fire via self-heating. The latter
(sometimes referred to as long-term low temperature igni-
tion of wood*** or LTLTI) was inferred by the plaintiffs
prior to expert depositions and then opined in expert de-
position testimony. However, since the wall studs were
possibly installed with less than the permissible clearance
— and no comparable research or testing data was avail-
able for the situation — the author determined that test-
ing would be necessary. Additional testing by the author
evaluated gas migration from the fireplace log lighter into
the flexible combustion make-up air ducting and the burn-
ing propensity of the ducting. Figures 8(a) through 8(r)
depict exemplars of the fireplace, combustion air kit, and
log lighter during construction and testing.

The exterior chase wall behind the fireplace was con-
structed with manufactured faux stone veneer. During the

Figure 8b
Combustion air kit installation and
through hole for gas line to log lighter.

Figure 8c
Positioning of log lighter and combustion
air kits relative to hearth refractory.
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Figure 8d

. . Figure 8
Firebox construction and wall lining refractory installation. s &

Smoke dome, damper, and masonry
chimney construction in progress.

Figure 8e
Dry-fit hearth refractory and log lighter kit.

Combustion air kit ducting (circled). Figure 8h

Chase walls, hearth extension, and surround construction.

Figure 8f
Constructed to match incident installation.
Combustion air kit discharge register door (circled) Figure 8i
near rear of the firebox and flush with the hearth. Chase walls, hearth extension, surround and mantel construction.
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Figure 8j
Transition to metal chimney above the top of the chase enclosure.

Figure 81
Left side of chase with observation windows. Flexible ducting from
combustion air kit routed vertically up to elevated exterior intake.

Figure 8m
Figure 8k Thermocouple instrumentation of lower rear chase wall studs.
Completed exemplar construction and thermocouple instrumentation. Note the inserted wood wedges to eliminate any clearances.
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Figure 8n
Thermocouple instrumentation of upper rear chase
wall studs. The smoke dome slopes away from the studs.

Figure 8p
Rear chase wall covered.

Figure 8q
Log lighter test burn.

Figure 8r
Figure 8o Test burn view. All fires were built
Rear chase wall insulated. against the rear wall of the firebox.
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fire incident, the upper portions of the wall, roof, and at-
tic burned and collapsed. The collapse partially displaced
the lower portion of the wall relative to the firebox. The
fire scene investigators failed to document or even photo-
graph the location of the exterior wall floor plate that was
anchored to the slab relative to the back of the firebox.
They also failed to document (in detail) the remains of the
vertical wall studs behind the firebox (where they contend
the fire originated). They failed to reconstruct (see NFPA
9212 Sections 3.3.76 and 7.8.5.1) the wall and measure the
actual clearances that would have been present pre-fire.
Determining the location of the exterior wall floor plate
(and documenting it) — and the repositioning of exem-
plar vertical wall studs — would have provided valuable
reconstruction information regarding the actual pre-fire
clearances between the back of the firebox and the wood
studs.

Furthermore, reconstruction would have revealed that
the studs could not have been in continuous direct contact
with the back of the firebox without the wall being sub-
stantially out-of-plumb. During the laboratory assembly of
the exemplar fireplace system and chase, it was discovered
that the design of the firebox contained a projecting lip of
approximately % inch at the juncture between the firebox
and the smoke dome installed on top of the firebox. The
Va-inch projecting lip prevented the erection of wood wall
studs directly in continuous contact with the rear wall of
the firebox without substantially placing the wall studs out
of plumb. A plumb wall immediately adjacent to the fire-
box would have resulted in a minimum of a Y4-inch con-
tinuous gap clearance between the back of the firebox and
the wood studs. Scene photographs were reviewed, and
it was observed that the same (approximately “4-inch) lip
projection existed on the incident fireplace as the one con-
structed in the lab. Proper scene reconstruction would have
identified the projection and corresponding necessary wall
off-set. It is extremely unlikely that the wall of the multi-
million-dollar home in question was ¥-inch out-of-plumb.

To be conservative, the wall studs in the lab were
placed against the bottom of the firebox, creating a wall
that was % inches out of plumb and only contacting the
firebox at the base plate and the Y4-inch lip. To be ultra
conservative, wooden wedges (see Figures 8 (m) and 8
(n)) were installed in the residual clearances between the
studs and the back of the firebox where thermocouples
were positioned.

The exemplar exterior rear chase wall was insulated
with unfaced R-13 fiberglass batt insulation as postulated

by the plaintiff experts. The incident exterior chase wall
was most probably insulated; however, scene investigators
failed to properly document the existence of any insula-
tion in the wall. Their documentation failure resulted in a
substantial amount of time-consuming fruitless discovery
and deposition questions. The lower portion of the wall
near the firebox was intact. Fiberglass batt insulation most
often remains at the base of a wall on top of the horizontal
floor plate; in this case, an area that was also not properly
documented. Furthermore, such insulation acts very effec-
tively to protect the floor plate from the fire.

The incident fireplace was installed immediately ad-
jacent and to the left of another fireplace (patio fireplace).
The incident chase was therefore open, except for a sec-
ond chimney on the right-hand side. To be conservative,
the exemplar right-hand chase wall was constructed with
a double layer of cement board with fiberglass batt insula-
tion sandwiched between from floor to ceiling. The pur-
pose of the insulated full wall on the right-hand side was to
reduce heat transfer through the wall and was conservative
relative to the actual installation. A masonry chimney was
constructed from the top of the smoke dome up to the top
of the 9-foot chase. The top of the chase was capped with
plywood leaving a 1-inch clearance gap around the chim-
ney. The actual incident chase was larger in total volume
and was open to the concealed attic cavity (overlapping
roofs).

A detailed review of the scene investigation photo-
graphs provided indicated the remains of a steel wire coil
still inside the chase footprint on the left-hand side of the
fireplace. The steel wire coil remains resembled the coil re-
maining after flexible ductwork jacketing is burned away,
as can be commonly observed, for example, on dryer vent
ducts after a structural fire. No air intake register for the
combustion air kit was observed on the remaining lower
portion of the exterior wall behind the fireplace. The upper
portion of the wall was destroyed. As a result, the author
interviewed an additional witness and discovered that the
intake register had been installed in the exterior wall near
the soffit level approximately 12 feet above grade for aes-
thetic reasons. As such, the combustion air intake regis-
ter for the combustion air kit was installed substantially
elevated above the air discharge register located within
the fireplace. The author’s interview also revealed that a
“fire-resistant” but combustible, flexible aluminized foil
duct (the same type as that used on dryers and sold at lo-
cal hardware stores) had been installed instead of the rigid
metal ducting that came with the approved combustion air
kit.
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Based on the available specification sheets and pur-
chase receipts used during the construction of the home,
the author obtained an exemplar combustion air kit. The
kit came with an air intake register, an air discharge reg-
ister with a sliding door assembly, and a horizontal rigid
steel telescoping duct section. In reviewing the installation
manual as well as the scene photographs of the actual in-
stallation, two primary installation violations were noted
as follows:

1. The manufacturer’s instructions depicted in Fig-
ure 5 required that only non-combustible materi-
als be used in the construction of the combustion
air duct work. The horizontal rigid steel ducting
provided by the manufacturer had been replaced
with a long vertical run of “fire-resistant” flexible
aluminized foil ductwork.

2. The instructions also required that the discharge
register be installed as far forward (near the fire-
place opening face) as possible and in the third
course of fire (refractory) brick (up from the
hearth floor). The discharge register was actu-
ally installed close to the rear of the fireplace and
flush with the hearth floor.

The instructions reference NFPA 211, Standard for
Chimneys, Fireplaces, Vents, and Solid Fuel-Burning Ap-
pliances®. Provisions of NFPA 211 reflect the instruction
requirements that the ducting be constructed of noncom-
bustible materials. Furthermore, the improper installation
of the combustion air kit violated the 2012 International
Residential Code’ (IRC), adopted at the time of the con-
struction of the home. Regarding the location of the com-
bustion air intake, the IRC provides, in part:

R1006.2 Exterior Intake

...The exterior air intake shall not be located ...
nor shall the air intake be located at an elevation
higher than the firebox ....

The 2012 IRC Code Commentary® on this provision
provides the following justification:

... The air intake must be lower than the firebox so
that the firebox will properly draw in combustion
air. Where combustion air openings are located
inside the firebox, the air intake opening on the
outside of the dwelling cannot be located higher
than the firebox. Such an installation could create

a chimney effect, drawing the products of combus-
tion up through the combustion air ducts. These
ducts are not generally constructed of materials
which can withstand the heat and sparks that
could be drawn through them....

For the case in question, the installation configuration
did in fact result in the /RC Code Commentary described
chimney effect within the combustion air ducting in ev-
ery laboratory test performed regardless of the position of
the sliding door on the air discharge register located in the
fireplace (there is no seal on the loosely fitting discharge
register door).

Fire scene investigators failed to collect the remnants
of the steel wire ducting coil or the intake and discharge
registers. The steel wire ducting coil remains could have
been measured and the length of the flexible ducting deter-
mined. A measurement of the length of the flexible duct-
ing that was used could have provided information as to
how much of the ducting was coiled inside the bottom of
the chase, which, in turn, would provide fuel loading in-
formation. The flexible ducting came in 10-foot and 20-
foot lengths. Therefore, either all of a 20-foot section was
used, or it was cut to some length. In addition, fragments
of jacketing remaining on the wire coiling could have been
analyzed to determine and verify the type of material (in-
cluding polymeric materials) and the burning properties of
the material.

Laboratory testing of the fireplace assembly and in-
dividual testing of the flexible ducting indicated that
conducted heat, hot gases, sparks, or momentary flames
impinging on the polymeric lining material cause melt-
ing, degradation, and delamination (separation, shrinkage
and curling of the polymer material) from the aluminized
jacket. As the polymer lining melts, degrades, separates,
and curls, it would increase the exposed surface area (both
sides of the curled and degraded polymer material) that
would be subject to the next insult and subsequently in-
crease the potential for sustained ignition and continuous
burning.

In addition, the scene investigators failed to consider
all reasonable fire cause scenarios involving an improper
installation. For example, one plausible fire-cause scenar-
io could be a flash fire initiating in the firebox that then
propagates into the improperly installed combustible flex-
ible ducting — igniting the ducting. A second plausible
fire-cause scenario could involve the migration of gas into
the ducting (due to delayed ignition of the log lighter) that
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is subsequently ignited and, in turn, ignites the ducting.
A third potential fire scenario could involve flames or hot
gases from the fire inside the firebox rolling off the bottom
of logs, entering the discharge register, and flowing up the
vertical run of ducting (chimney effect). Laboratory test-
ing of the incident configuration resulted in flame deflec-
tion off the bottom of the logs directly into the opening
of the combustion air discharge register. Finally, the flush
position of the door opening with the hearth would allow
ash, embers, and incompletely burned firewood residual to
fall into, or be inadvertently swept (during cleaning) into,
the opening, creating a fuel load inside the ducting. There-
fore, the combustion air discharge register opening would
function as an ash pit.

The wall studs of the chase and combustion air duct-
ing were instrumented as depicted in Figure 8(m), Figure
8(n), Figure 9 and Figure 10. A Keysight Technologies
model 34980A Multifunction Switch/Measure Unit data
logger® was utilized to record temperatures at 1-minute in-
tervals for each thermocouple throughout the duration of
each test, including cool down periods after the fire burned
completely out. The laboratory ambient temperature was
also recorded. Igor Pro 8 scientific graphic and data analy-
sis software by WaveMetrics'® was used to generate tem-
perature time curves for all thermocouples and for each
test. The software can be set up to filter out data curves

Face view of firebox with
overlay of rear wall studs
and thermocouple positions

23.00in

Top of firebox

[H Right side of firebox

Thermocouple locations
10" vertical spacing (typ)

5
Srud A against left |

27 x 4 rear wall studs 38.00°

Top of FP hearth

Figure 9
Thermocouple locations on the rear chase wall and interior left side
jog wall extension stud. The view is from the front of the firebox
looking at the studs behind the firebox. The horizontal lines represent
the joints in the masonry firebox and smoke dome construction.

Wall Stud A

Thermocouple in airstream at
transition to flexible ducting

. Log Lighter Gas
Key Valve - . =

¥ -
Figure 10
A view into the chase cavity on the left-hand side of the firebox.
The rear wall jogged or recessed inward into the chase on the
left-hand side. The wall stud, identified as “A,” also in Figure 9,
was placed in direct contact with the firebox and wood wedges
inserted in the gaps where thermocouples were located.

below a specified set temperature. For example, any ther-
mocouples with maximum temperatures below 150°F can
be automatically filtered out of the displayed curves reduc-
ing busyness and improving clarity of the graphs. After
initially setting up the program for the first test, the soft-
ware automatically generates time temperature curves for
each subsequent test based on the filters set. Thermal im-
aging was also performed periodically to depict the overall
chase temperatures as well as the combustion air intake
register temperatures.

Propane fuel-gas was provided to the home via a two-
staged regulator system from a 1,000-gallon underground
tank. Gas supply pressure into the home was 11-inches
water column. Prior to the laboratory evidence examina-
tion, the author procured two exemplar log lighters. The
log lighters used a rectangular flush pan-style and cap
designed to be recessed and embedded in the hearth re-
fractory. A brass elbow, which screwed into the base of a
rectangular steel log lighter pan, contained internal threads
into which a steel plug with a number 30 drilled orifice
(0.1285-inch diameter opening) was screwed. The exem-
plar log lighters came from the manufacturer with the steel
plug orifices already installed. At 11-inches water column,
a number 30 orifice delivers 115,343 Btu/hr.

The plug orifice had been removed from the incident
log lighter, likely for leak testing the gas system piping
during original construction. The plug orifice, however,
was not reinstalled in the incident log lighter (leaving a
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0.6670-inch diameter opening). As such, there was no gas
flow limiting orifice in the log lighter, creating conditions
favorable for large amounts of gas to be released in a short
period of time (dependent upon the exact position of the
log lighter key valve). See Figures 11(a) and 11(b), which
depict the incident log lighter and the orifice installed in an
exemplar log lighter.

As will be discussed later in the paper, ash migration
into the perimeter cap openings of the log lighter results in
blockage of gas discharge ports and subsequently asym-
metric discharge of gas out of the log lighter and therefore
an increased likelihood of delayed ignition and a flash fire.
So, in addition to the potential for over-firing the fireplace
(no orifice), conditions are also favorable for a delayed ig-
nition of gas producing a substantial flash fire and poten-
tially an explosion.

Both the combustion air discharge register and gas

Figure 11a
Incident log lighter with no orifice (0.6670-inch opening).

Figure 11b
Exemplar log lighter brass elbow connection
with number 30 (0.1285-inch opening) steel plug orifice.

log lighter are flush with the hearth and approximately
8 inches apart (see Figure 8(f) again); therefore, the poten-
tial for propane gas migration into the discharge register is
substantial. While the position of the register door at the
time of the incident is not clear, the loose-fitting door is not
hermetically sealed, and gas will migrate through the door
into the ducting (as verified by laboratory testing) when
it is either fully closed or fully open or at any position
between. Obviously, the more open the door is, the higher
the propensity for gas or flames to enter.

There were ashes in the base of the firebox from the
Sunday evening fire and likely previous fires. The author
made several observations concerning ashes and gas log
lighters based on studies made in this case as well as stud-
ies and testing made in a similar separate case.

1. Ash completely covers the log lighter after a
short period of time of operation. One fire in the
fireplace will result in the log lighter in this case
becoming completely covered.

2. Ash tends to enter and block off portions around
the perimeter of the pan style log lighter cap plate
where gas would otherwise normally escape and
then burn. As a result of this blockage, sometimes
no gas discharges around large sections of the
perimeter top cap plate while the unblocked por-
tions of the cap plate discharge the full amount of
gas (asymmetric discharge of propane gas). See
Figure 8(q) for symmetric discharge and burning
of gas from the log lighter.

3. As an example, no gas may be discharged on the
right-hand side of the log lighter (fully blocked)
top cap plate gas discharge ports. Therefore, all
the gas is discharged on the left-hand side of the
top cap plate discharge ports (unblocked). If a
piece of paper is lit and placed under the logs on
the right-hand side — and the gas is then turned
on — there is a delayed ignition resulting in a
large flash fire in the firebox. In other words, until
the gas discharging on the left-hand side of the
firebox migrates and reaches the right-hand side
(where the ignition source is), it will accumulate
on the left-hand side and inside the immediately
adjacent combustion air ducting. Once the gas
reaches the ignition source, a substantial flash fire
results. See Figures 12(a) through 12(j), on pages
44 to 45, depicting such a scenario generated dur-
ing laboratory testing in this case. Figure 12(c)
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Figure 12e
Continued flash fire propagation right to
left toward register door. Door, circled, partially open.

Figure 12a
Ignition of paper on the right-hand side of the fire box. Gas is off.

Figure 12f
Flash fire impingement on the left-hand side of the
firebox and door when accumulated gas is ignited.

Figure 12b
After paper ignition gas is ready to be turned on.

Figure 12¢
Ash cloud forms on the left-hand side when the gas
valve is opened. Note proximity to the register door.

Figure 12g
Gas accumulated on the left-hand side
of the firebox continues burning.

= Sk : 5 Figure 12h
Figure 12d Asymmetric flames from the log lighter and
Flash fire ignites on the right-hand-side and horizontal deflection to the left side of the firebox

propagates rapidly to the left beneath the firewood. and onto the register door. Near flash fire end.
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Figure 12i
After the flash fire, flames from the discharging gas impinge on the
logs above and toward the left-hand side of the firebox and onto/into
the combustion air discharge register door and doorway.

depicts the relatively close proximity of the gas
discharging and accumulating at the combustion
air kit discharge register prior to being ignited.

3. Ash blockage of the log lighter top cap plate
discharge ports can also result in a substantially
larger continuous flame on one side of the fire-
box. Since logs are placed over the log lighter, the
natural result is that the large one-sided flame will
be substantially deflected horizontally. And in the
incident case, the combustion air kit discharge
register door is located also below the logs (flush
with the hearth and the inlet of the doorway) and
is subjected to substantial flame impingement or
intrusion when flames are deflected. It should be
noted that even without ash blockage, horizontal
flame deflection onto and into the doorway oc-
curs because the doorway was not located in ac-
cordance with the installation instructions. The
condition is exacerbated when ash blockage of
the log lighter cap plate occurs.

4. The ash/ember/wood residual cover (depending on
the depth, density, and degree of blockage of the
log lighter) can facilitate the lateral spread of gas
beneath the ash and into the ductwork (similar to
the lateral movement of gas in an underground gas
leak). The horizontal blockage of the firewood on
the grate above also facilitates gas migration to-
ward the combustion air discharge register door.

5. Ash may also form uneven contours as it falls
onto the hearth during the operation of the fire-
place. As a result, the ash can form “dams” or
“trenches” on the hearth that functions to facili-
tate the lateral spread of “pooling” propane into
the combustion air kit discharge register doorway
and therefore into the ducting prior to ignition.

Figure 12
Ash cleaned out of the log lighter ports to create
a more even distribution of gas and flames.

For case testing purposes, more than 30 test fires
within the exemplar fireplace system were conducted. The
fireplace grate was positioned directly against the rear wall
of the firebox for all tests to maximize heat and flame im-
pingement on the back wall of the firebox. The combus-
tion air kit inlet door of the firebox was positioned in mul-
tiple positions: closed, various states of partial opening,
fully open, open/closed during the same test, etc. Although
the homeowner indicated he only used oak firewood, well-
seasoned (more than 18 months) oak and hickory firewood
were utilized in the laboratory testing. In general, hickory
is a slightly better firewood!! than oak (having a greater
density and heating value).

Exemplars of the flexible ducting used in the installa-
tion of the combustion air kit were obtained, and a simple
burn test was performed to evaluate the propensity of the
material to burn. A fuel load consisting of a single sheet
of loosely balled-up (fist-size) craft paper (approximately
12 inches by 12 inches) was placed into the inlet of the
ductwork and ignited via a match. In a horizontal position,
the flexible ductwork was resistant to ignition — and did
not sustain burning and flame propagation. After the paper
was consumed, the fire self-extinguished.

As might be anticipated, the burning characteris-
tics were different in the vertical orientation. A 7- to
8-foot section of ductwork was suspended in a verti-
cal orientation, and the paper fuel load was placed
in the base of the ductwork and ignited via match. In
the vertical orientation, the flexible ducting easily ig-
nites, burns readily, and propagates flame rapidly. See
Figures 13(a) through 13(f), on page 46, depicting some
of the burn testing. Several types of available “fire-resis-
tant” flexible ducting were tested with the same results.

The “fire-resistant” ducting is clearly combustible and
will easily sustain burning. In the incident case, the duct-
ing was installed in a vertical orientation in the chase on
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the left-hand side of the firebox. The soffit where the duct-
ing terminated is 12 feet above the finished floor. As noted
earlier, the ductwork comes packaged in 10- or 20-foot
sections. Therefore, a 10-foot section would be too short
for the installation in question (requiring a 20-foot section
be used). Depending on how much (if any) of the 20-foot
section the installer cut off would determine how much of
the ducting was coiled up at the base of the chase and what
fuel load it represented.

As depicted in Figures 13(a) through 13(f), very little
of the ducting was coiled up at the base in the laboratory

. -Figuré 13.3”
Immediately after ignition of balled paper in the base.

Figure 13b
Seconds after ignition of balled paper in the
base flames burn through and spread rapidly upward.

Figure 13c
Rapid upward flame spread.

exemplar testing; however, sustained burning continues
even after the vertical section is consumed, drips, melts
and falls to the base. The front interior chase wall from the
floor to the ceiling was constructed with thin wood panel-
ing nailed to studs installed in a vertical orientation. The
thin wood paneling would be in proximity to (inches from,
or directly in contact with) the flexible ducting and would
likely be readily ignited by the burning ducting.

During laboratory testing of the full exemplar assem-
bly, elevated air temperatures (briefly exceeding 450°F)
inside the flexible ductwork were produced during an

Figure 13d
Rapid upward flame spread.

vy

Figure 13e
Sustained burning at the base.

Figure 13f
Sustained burning at the base.
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intentionally generated flash fire event (Figures 12(a)
through 12(k)). The elevated temperatures caused con-
cern for potentially igniting the ductwork and the chase
assembly in the lab due to flame deflection off the fire-
wood, sparks migrating, and the general chimney effect.
Therefore, careful monitoring of the hearth area around
the air discharge register was implemented during further
testing to intentionally prevent accidental ignition (e.g.
coals and ashes were moved, firewood was shifted, etc.,
to prevent constant exposure to the door and doorway of
the discharge register). A dimensional mockup assembly
of the firebox, log lighter, and combustion air discharge
register was constructed with cement board bounds to
observe the effects of gas migration and flash fires gener-
ated in the firebox.

For safety reasons, the exemplar log lighter was
equipped with the manufacturer’s number 30 orifice, and
the gas supply was controlled via a flow meter and regula-
tor assembly connected to a 20-pound propane cylinder
also equipped with an excess flow valve. Safety candles
were positioned in proximity around the assembly and
lit to limit the maximum amount of propane that could

Figure 14a
Test video 6 image capture.

Figure 14b
Ash cloud produced
when gas valve turned on.

Figure 14c
Flash fire initiated at
right-hand side safety candle.

Figure 14d
Flash fire propagates into the firebox.

Figure 14e
Flash fire propagation into the firebox.

Figure 14f
Flash fire propagation right to left.

potentially accumulate prior to ignition. A combustible
gas detector was also used to determine the extent of gas
migration, particularly into the rigid metal duct stub out.
Various positions of the combustion air discharge register
door were tested. Flash fires were ignited that propagated
into and through the rigid ductwork stub when the door
was as little as “2-inch in the open position. Gas migrated
through the door in all cases, even in the fully closed po-
sition. Removing the orifice and increasing the gas flow
into the log lighter would increase gas migration and accu-
mulation prior to ignition. Variations in ash configuration,
contouring, damming, and blockages in the ports of the
log lighter would likely further enhance gas migration and
accumulation prior to ignition.

Figures 14(a) through 14(l) depict a flash fire gener-
ated when gases, ignited on the right-hand side of the fire
box, propagated to the left-hand side and then through
and out of the rigid steel ducting stub where the flexible
ducting would have been attached. Note that the gas flame
plume continues to burn [Figure 14(1)] after the flash fire
subsides on the right-hand side of the firebox due to the
blocked ports of the log lighter.

Figure 14g
Flash fire propagation right to left.

Figure 14h
Pressure wave ahead of the flame front
distorts the candle flame (circled).

Figure 14i
Flash fire propagation through
and out rigid duct work.
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Figure 14j
Flash fire continuing out rigid duct work
where flexible ducting would be connected.

Figure 15a
Test video 15 image capture.
Flash fire ignition.

Figures 15(a) through 15(c) depict an initiating flash
fire generated when “trenched” ashes allowed gas to mi-
grate into the rigid ducting and reach the lower flammabil-
ity limit (LFL) at the point the flexible ducting would have
been connected. The combustion air discharge register
door was open only approximately %2 inch.

Analysis and Discussion

For all tests performed in the exemplar fireplace and
chase system, the weight, diameter, length, and moisture
content of each piece of wood was measured, recorded,
and tabulated. Figure 16 provides the data for laboratory
test number 4, which was the largest mass of wood burned
during a single test (46.7 pounds).

The owner burned (at most) five logs total during

Figure 14k
Burning continues on the right-hand side
after flash fire nears completion.

Figure 15b
Flash fire ignition.

Log Number Length Diameter Moisture ‘Weight (lbm)
(inches) (inches) Content (%)
1 19 =35 11.3 12.7
2 21 =35 11.0 9.8
3 2275 =35 11.2 9.4
4 215 >3.5 11.6 74
5 19 =35 11.5 74
Total 103.25 46.7
Figure 16

Wood burned during laboratory test number 4.
Largest amount burned during a single test.

Figure 141
Asymmetric burning on the right-hand side
continues due to blocked log lighter ports.

Figure 15¢
Propagation through ductwork
and into the firebox (left to right).

each fireplace use measuring 3 inches in diameter and
(at most) 21 inches long. Therefore, the maximum cumu-
lative length of wood he burned was 105 inches. Since
many normal pieces of firewood are shorter than 21 inch-
es in length, more than five total pieces of wood were
burned in some tests to attain a cumulative length closer
to 105 inches. In all cases, the minimum diameter of the
wood exceeded 3 inches, many times exceeded greater
than 3% inches — and in some cases, were much greater
than 3% inches. Considering five pieces of wood (each
21 inches long and approximately 3 inches minimum in
diameter), a baseline test (test number 6) was performed
by the author to establish the closest approximation for
the incident fireplace use conditions. The baseline test
was also used to establish the minimal amount of wood
(31.8 pounds) to burn for all subsequent testing. The data
for test number 6 is depicted in Figure 17. Note that the
amount of wood used in test number 4 was approximate-
ly 150% of the mass of the amount of wood used in test
number 6.

The moisture content for all firewood in all tests
was substantially uniform (approximately 10% to 12%).
Therefore, as expected, the total weight of wood burned
for each test fire was the driving factor for temperatures
achieved in the firebox walls. Figures 18 and 19 depict
the time-temperature curves for tests 4 and 6, respective-

ly.
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The maximum temperature reached during test 4 on
the exterior wall of the firebox in contact with the wood
was approximately 193°F, occurring 6 hours after the
initiation of the test. The software was set to depict the
graphs of all thermocouple points that exceeded 150°F.
Temperatures briefly exceeded 450°F in the combustion
air ducting during the flash fire illustrated in Figure 12;
however, the temperature point was removed to maintain
graph scale and clarity. For the most part, flames and em-
bers were intentionally kept away from the combustion air
door, but occasionally burning wood fell near the door and
temperatures in the duct work elevated.

The combustion air door was opened further in test 6
and resulted in substantial temperature fluctuations in the
ducting throughout the firewood burning, depending on

Log Number Length Diameter Moisture ‘Weight (lbm)
(inches) (inches) Content (%)
1 17.5 >3.0 10.9 52
2 18 =>3.0 10.6 5.0
3 18.5 =>3.0 11.5 6.1
4 18 >3.0 11.3 52
5 17.5 >3.0 9.0 3.8
6 20.375 =>3.0 109 6.5
Total 109.875 31.8
Figure 17

Wood burned during laboratory test number 6.
Smallest amount burned during a single test.
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Figure 18
Time-temperature curves for test 4. The combustion
air duct door was partially open during the testing.

where hot coals, or burning wood landed as they fell. In
most cases, the test attendee tried to keep coals, sparks,
and flames from becoming diverted into the duct open-
ing or onto the door to prevent accidental ignition of the
flexible ducting. Care was also taken not to inadvertently
sweep ashes and unburned charred pieces of wood into
the doorway when the fireplace was cleaned out, although
such occurrences would be realistic. Maximum observed
temperatures in the exterior firebox wall in contact with
the wood studs remained below 160°F throughout the test.
The temperatures of test 6 most likely conservatively re-
flect the temperatures experienced during the actual use
conditions of the fireplace. Air temperatures in the flexible
ducting were substantially higher than those of the exterior
wall of the firebox.

During all laboratory tests, the combustion air duct-
ing operated in reverse, allowing hot gases to flow into
the ducting. Substantially elevated temperatures within the
ducting occurred: (1) during a generated flash fire event;
(2) during normal operation of the fireplace when hot em-
bers dropped and piled against the doorway when the door
was closed or in the doorway when it was open; or (3)
when flames rolled off of the bottom of the logs and onto
the door (when closed) or into the doorway (when open).

The incident fireplace was only utilized once or twice
a week. During testing, it was observed that 24 hours af-
ter the initiation of the fire that the masonry firebox mass
(exterior wall) was still at approximately 105°F to 110°F.
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\
{
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Figure 19
Time-temperature curves for test 6, baseline test
most approximating use conditions of the fireplace. The
combustion air duct door was partially open during testing.
Maximum temperatures of the firebox wall remained below 160°F.
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Therefore, to develop conservative results, multiple se-
ries of tests were run “back-to-back” (i.e., assuming a fire
of similar size and duration was burned in the fireplace
consecutively every 24 hours) — sometimes two to three
days in a row. Figure 20 depicts testing results from one
set of back-to-back testing over a three-day period. Even
with the back-to-back testing, maximum temperatures did
not exceed 222°F. In these tests, it was observed that the
heat transfer to other portions within the large masonry
fireplace mass begin to increase (i.e., more thermocouple
points begin to appear on the graphs) as the heat is more
uniformly distributed within the firebox masonry.

Figure 21 provides the summary data for the wood
burned in the consecutive testing depicted in Figure 20.

After a total of 32 burn tests were performed, the rear
chase wall was opened, and the wood studs and wood
wedges examined. There was no discoloration of the studs
or wedges, no charring, no cracking or other detectable
physical changes to the wood.

As previously noted, the firebox and refractory are of
substantial masonry mass (approximately 2,000 pounds),
and, as such, would have a large thermal capacity avail-
able. Small fires of relatively short duration combined
with the large thermal capacity of the firebox and refracto-
ry, the normal expected system heat losses to the environ-
ment, and relatively new condition of the unit brings into
question the likelihood of sufficient heat transfer occurring
into the studs to either significantly thermally deteriorate
them or otherwise directly ignite them. The observed tem-
peratures and exposure times were insufficient to generate
any substantial or even detectable thermal degradation of

=
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Figure 20
Results of back-to-back testing over three consecutive
days. Note that the incident fireplace was only used
once or twice each week (the home had five other fireplaces).

e

the wood leading to LTLTI much less direct smoldering
ignition. As noted in Kirk s Fire Investigation®, 8th Edition
page 260 [underlined emphasis added]:

...the investigator must be careful of blaming “py-
rophoric carbon” for any fire in the vicinity of a
flue or hot water pipe merely because no other
cause can be identified....

... The time has to be long enough (weeks, months,
or years, depending on the intensity of the applied

heat),

...Because of the time required for the production
of charcoal, low-temperature ignition of wood
can generally be eliminated as a cause of fires in
very new buildings.

The maximum exposure temperatures achieved dur-
ing testing for the extreme conditions considered in the
subject case were 222°F. The baseline testing temperatures
did not exceed 160°F. While temperatures during some of
the testing did exceed the Underwriter’s Laboratories (UL)
127412 threshold of approximately 170°F for relatively
short periods of time, both the temperature and exposure
times (including cumulative times) were comparatively
substantially small when considering LTLTI. For example,
empirical data from well documented restaurant fires com-
bined with engineering laboratory testing and analysis of
those fires provides®:

. it was concluded for the conditions studied
that ignition of wood occurred under exposure
temperatures of as low as 256 °F when exposed to
12 to 16 hours per day in as little as 623 days or
approximately 21 months....

In other words, it took nearly two years of daily tem-
peratures of 256°F or greater with exposure times of 12 to

Test Number Total Wood Burned

()

Total Length (inches)

36.10 108

B6.80 106.25

41.80 123.25

Figure 21
Summary data for wood burned in
consecutive testing depicted in Figure 20.
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16 hours per day to initiate an LTLTI fire in the wood studs.
In addition, for the referenced study, there were metal fas-
teners exposed to a heat source that penetrated the wood.
There were no such fasteners in the present case. Finally,
the temperatures achieved in the present case are substan-
tially insufficient to cause direct smoldering ignition.

Following is a summary of opinions that were of-
fered by the author along with the supportive testing and
research data summarized in this paper. The forensic engi-
neering analysis facilitated the mediation of the case.

1. The origin of the fire was inside the base of the
flexible combustion air ducting on the left-hand
side of the firebox, not in the wood studs of the
chase framing behind the firebox.

2. The flexible combustion air ducting was combus-
tible and in a vertical orientation ignites, burns
readily, and propagates flames rapidly.

3. The combustible flexible ducting installation vio-
lated the manufacturer’s installation instructions,
the International Residential Code (IRC) and
NFPA 211.

4. Hot gases, sparks, ash, embers, and/or flames
flowing via a chimney effect from the fire inside
the firebox into the flexible ducting during nor-
mal operation of the fireplace would act to melt,
thermally degrade, and delaminate the plastic
polymer lining inside the ducting making it sus-
ceptible to ignition during further insult.

5. The flush mounted discharge register door open-
ing of the combustion air ducting was only inches
from the propane gas log lighter and subject to
gas migrating and accumulation inside the duct-
ing during delayed ignition incidents. Contoured
ash accumulations and ash blockage of the log
lighter ports would facilitate gas migration and
asymmetric burning inside the fireplace.

6. The missing stainless-steel plug orifice created
conditions favorable for quick relatively large re-
leases of propane gas increasing the likelihood of
gas migration and flash fires or explosions during
delayed ignitions.

7. The most likely source of ignition of the ther-
mally degraded combustible flexible ducting was

heat from the flash fire or heat from flames divert-
ed horizontally into the ducting due to blocked
log lighter ports.

8. The most likely cause of the fire was the improper
material selection and installation of the combus-
tion air kit and combustible flexible ductwork.

9. Assuming there was zero clearance between the
stud wall and back of the firebox (which is un-
likely) there was insufficient time and tempera-
ture exposure to the wood stud walls to generate
a smoldering fire either via direct ignition or self-
heating via LTLTI.

10. Wood wall studs installed less than the specified
clearances of the manufacturer do however pres-
ent a fire hazard via smoldering ignition or LTLTI
under the right conditions.

Conclusions

Determining the correct cause of a fire and contribut-
ing factors to the cause of the fire is critical to the preven-
tion of future fires. To that end, investigators and forensic
engineers must employ proper procedures and reliable
methodologies in their analysis. If no, or insufficient, re-
search and testing data exists for the scenario being con-
sidered, engineering testing or modeling should be per-
formed to fully evaluate the scenario. One of the purposes
of publishing this paper is to make some such testing data
readily available for use in the fire investigative and foren-
sic engineering industry.

In this paper forensic engineering research, testing,
and analysis were implemented to evaluate the true cause
of the fire. The presence of a possible or real fire code
violation (e.g., clearances to combustibles) should not be
automatically assumed to be the cause of the fire with-
out complete and proper analysis. The conditions under
which systems (e.g., fireplaces) are used and operated are
important to understand as part of the analysis. In addi-
tion, the identification and comprehensive evaluation of
all fire code violations and installation errors are critical
to performing a competent investigation that will allow an
accurate determination of the cause of the fire.
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Forensic Issues that Arise from
Recirculating Hot Water Systems

By Stephen R. Jenkins, CPEng (NAFE 11)

Abstract

There has been a significant increase in the failure of pipes used for recirculating hot water systems
installed in hospitals, apartment blocks, and hotels in recent years. The rise has occurred as these systems
have increased in popularity, and thermostatic mixing valves have made the higher operating temperatures in
recirculating systems safe. A common theme tends to be the continuous flow of water above 65°C (150°F) at
velocities that have been found acceptable for non-continuous flow. Failures have been experienced in pipes
made from both copper and polypropylene random copolymer. Explanations have been slow to emerge and
are still subject to debate, particularly as to the initiating causes of pin-hole corrosion (one of the more com-
mon modes of failure). Since it is not possible to view the initiation of the pin hole, proof of the cause of the
initiation is still unknown. There are indications from consistent correlations between operating conditions
and the onset of pin-holing corrosion that are used by authorities as the basis of modifications to design and
installation standards to minimize occurrence. This paper will cover some of the background, myths, and
current thinking on the causes of the problem in both copper and polypropylene from the point of view of a
forensic engineer trying to make sense of uncertain science and the complications of a problem that is trans-

disciplinary in nature.

Keywords

Recirculating hot water, pin-hole corrosion, erosion corrosion, installation faults, polypropylene cracking, copper

pipes, forensic engineering

Introduction

The widespread use of copper pipes began in the mid-
1800s — formed from copper sheets with longitudinal lap
joints and screw thread connections. Around 1900, pipes
began to be drawn or extruded but were still either joined
by fine screw threads or push fit joints, incorporating
O-ring seals. In 1936, the first British standard was pub-
lished, allowing capillary brazing for joints'. Since then,
the use of copper pipes has been normal practice and is
covered by a range of engineering standards.

Copper piping has long been the favored material
selection for plumbing systems for domestic water, hav-
ing been used for water piping successfully from the days
of early civilizations to the present day. Copper pipes to
drain water from the ceremonial areas in the pyramids of
Abusir around 2750 BC in Egypt were discovered by ar-
cheologists in 1994 (these were still functional). Copper
began to be used as a roofing and water proofing material
in around 650 BC. Copper pipes have been in regular use

in the Western world for more than 100 years as evidenced
by standards for manufacture and use'3.

However, copper has not been without occasional
problems — generally appearing as accelerated corrosion,
resulting in leaks or blue water staining on sanitary fit-
tings. These problems have tended to arise in concentrated
areas, or, at particular times, followed by research on the
problem that has identified and generally resolved the im-
mediate problem — often without finding more general
solutions or the actual root cause. For example, an area of
a community may experience an outbreak of pin-hole cor-
rosion, which (after investigation) is found to be related in
time to the introduction of a water softening system with
an associated change in the chemical ions present in the
water, but the mechanism of failure may not be clear®.

In parallel with the use of copper, alternative piping
systems based on plastics have developed and generally
been successful for cold water applications. The extension

Stephen Jenkins, CPEng, P.O. Box 1591, Wellington, New Zealand, 6140, +64 21 325998, stephen.jenkins@aurecongroup.com
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of service conditions for plastic piping into hot water sys-
tems have often not been successful with some systems
having a short commercial life before being withdrawn
(author’s observation).

With the rise of reliable and economic point-of-use
thermostatic mixing valves, recirculating hot water sys-
tems have become popular in large facilities (such as large
hospitals or apartment blocks) where peak usage patterns
and the length of the reticulation system make the use of
higher temperatures a practical engineering solution to
maintaining satisfactory water temperatures for users as
well as microbiological hygiene, in some instances. In par-
allel with the growth of this engineering solution, there
has been a significant increase in pin-hole corrosion in
copper pipes and unexpected failures in random polypro-
pylene random copolymer used in hot water recirculating
systems®.

Most hot water used for personal hygiene (e.g., show-
ers and basins) is used at between 38°C and 43°C (100 to
110°F). Tests by the author indicate users prefer the lower
end of this range. To reduce storage volumes, it is held at
higher temperatures and reticulated generally in the 60°C
to 65°C (140 to150°F) range. This is also the temperature
where legionella cannot colonize the water reticulation
— just below the temperature copper is prone to develop
failures. Unfortunately, where high peak demand occurs, a
simple solution is to raise the water storage temperature.
In the author’s experience, temperatures of 75°C to 80°C
(167 to 176°F) are not unknown in hotels and other build-
ings with high peak demands.

This paper is based on the author’s experience in try-
ing to understand the reasons for persistent pin-holing.
The investigation included the collection of data and ex-
amination of samples from a large building over the course
of five years — where he was leading a team of experts,
metallurgists, and tradespersons.

The Use of Copper

Copper is a soft and reasonably reactive material.
When used in water reticulation systems, it typically de-
velops a protective coating either through the formation of
copper oxide or copper carbonate films or a layer of miner-
als precipitated from the water being carried by the pipe.
In essence, the copper becomes the mechanical support for
a contact surface that is not metallic copper (Figure 1).

This both protects the copper and preserves the chemi-
cal quality of the water. However, there are circumstances

Figure 1
Copper pipe after 30 years of service with an internal coating.

where the formation of these films is imperfect, and re-
actions between the water and the copper pipe can create
problems that fall into reasonably well-recognized classes.
These classes of problems include: blue water, where dis-
solved copper gives the water a characteristic blue tinge
and often results in blue stains on sanitary fittings; pin-
hole pitting in relatively short time frames of two to five
years; microbially induced corrosion; erosion corrosion;
and leaks generated by deposits of flux or debris on the
inside pipe surface.

There is a wide range of research in published litera-
ture, much of which concentrates on trying to relate the
chemical characteristics of the water carried by the pipe
and the type of failure observed that inevitably leads to
much confusion and contradiction amongst reports of
research with words like “suggested,” “proposed,” and
“likely” common*®.

There is no doubt that water chemistry (particularly
the pH and softness/hardness of the water) plays a part in
the problem. However, the author’s review of some of the
published research and investigations carried out over the
last 20 or 30 years emphasizes the fact that water is an
amazingly versatile compound with a wide range of char-
acteristics and a high ability to absorb small amounts of
other materials. This has led to many papers identifying
a unique aspect of water chemistry apparently associated
with a particular problem, often superseded by other re-
search proposing an entirely different chemical cause for
a similar problem.

This, coupled with what appears to be quite complex
chemical and electrochemical behavior of copper and the
variable conditions of temperature and velocity in the
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pipes, makes the problem a transdisciplinary issue that
does not lend itself to a single path to resolution’*?.

Characterizing Copper Corrosion

Because there are distinctly different circumstances
associated with corrosion of copper pipe, types of corro-
sion have been described and classified by industry asso-
ciations such as the Water Services Association of Austra-
liaIO,ll:

e Type I pitting (largely eliminated by better manu-
facturing processes), which occurs in cold water
reticulation systems.

e Type II pitting (the current problem), which oc-
curs in hot water systems, often soft waters with a
pH of around seven.

* Type Il pitting initially associated with stagna-
tion particularly early in the life of the pipe.

*  Microbially induced corrosion generally arising
from the development of a biological film in cold
or warm soft waters able to support biological ac-
tivity.

*  Erosion corrosion from high-velocity water, par-
ticularly in hot water systems or because of cavi-
tation at any temperature.

*  Flux induced corrosion or poor workmanship dur-
ing construction or repairs.

*  Concentration or differential aeration cell corro-
sion arising from debris and deposits in the pipes
often because of inadequate flushing after con-
struction or an accumulation of solids delivered in
the supplied water.

Although these characterizations are still common-
ly referred to in discussions of copper pipe corrosion,
research and experience have modified the classifica-
tions.

Type I pitting is rarely (if ever) seen in current instal-
lations. This is because the root cause was identified as
being a thin carbon film left on the inside of the pipe dur-
ing the manufacturing process as a result of oxidation of
drawing lubricants'>!"* (Figure 2). This film was generally
imperfect, and accelerated electrochemical pitting took
place at breaks in the film. This happened in cold water,

and initial perforations typically appeared after about two
years. Tests were devised, and manufacturing processes
were adjusted some 20 years ago to eliminate the forma-
tion of this film. It is unlikely that any installed pipe net-
works with this problem remain in service (as they would
have failed many years ago).

Type II and Type III pitting (Figure 3) are now rec-
ognized as similar processes with a high probability that
both originate or are associated with periods of stagnation
during construction or use, although other processes are
suggested in the literature'*'. Installation standards now
recognize this problem and recommend procedures to
avoid it.

W25 m PITO- 1
1. Cmm 1

EHT= 5.00 KW

Figure 2
Scanning electron micrograph of a Type 1 pit.

Figure 3
Polished section through a Type II pit from
a system that was subject to stagnation.
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Pits caused by debris on the bottom of the pipe can
be easily identified by the inclusion of large debris in the
corrosion cap (Figure 4). It should be noted that a Type 11
corrosion cap can contain finely divided copper released
by the corrosion process. This type of corrosion, which
involves differential access to oxygen caused by the pres-
ence of the debris, is not limited to copper pipe.

Research into the Causes and
Characteristics of Copper Corrosion

In an analysis of some 48 published water analyses
from a range of literature, the author found references to
61 compounds and elements and five characterization tests
with little consistency in the conclusions drawn relating to
the proposed causative chemical for any particular type of
failure.

Comparison across the published water analyses show
cause being allocated to a particular element. Chlorine, sil-
ica, iron, and manganese have all been identified as having
an effect coupled with pH and temperature in particular
circumstances, but there is contradictory evidence in other
research reviewed by the author. For example, where an
element is claimed to be causative in one investigation,
it is present in other investigations where cause is allo-
cated to different elements present in the analytical results.
Therefore, conclusions drawn from a single water analysis
are likely to be unreliable.

Temperature and pH are common factors in the speed
and intensity of observed corrosion. This is an area where,
as forensic engineers, we need to be both cautious and
skeptical. Senior metallurgists who have spent a lifetime
working with copper corrosion in water pipes advise that
while many proposed causes have been eliminated, there

Figure 4
Pit caused by an accumulation of debris at the bottom pf the pipe.

is still some uncertainty as to the actual processes that
initiate corrosion in copper pipe’. Many technical papers
use terms such as “provides insight” or “indicating,” sug-
gesting caution in accepting the conclusions of a single re-
search paper. Much of the knowledge is based on correlat-
ing suspected issues with known results. So, for example,
pin-hole corrosion is frequently experienced where copper
pipes are left stagnant for long periods, typically greater
than eight weeks''. pH seems to have an effect in a certain
range. Temperatures above 65°C appear to accelerate the
process.

It is often maintained that the corrosion relates to, or is
initiated by, a “bad batch” of pipe or a particular manufac-
turer. This tends to be reinforced for lay persons by the fact
that these problems are either localized in a community
on a single water supply or occur in a large installation.
The extent of the problem can often be traced to a consis-
tent construction method where there are a limited number
of tradesmen in a local community or a large installation
where all pipes have been subject to similar treatment. Oc-
casionally, the water chemistry is the cause of widespread
but similar issues, particularly where a new water supply
is introduced from a source with different characteristics
(i.e., hard, soft, surface, deep well, artesian.)

Despite extensive testing, no repeatable research has
managed to establish a difference in performance between
copper pipes from different manufacturers that have good
quality assurance and comply with manufacturing stan-
dards (as most do) or between different batches from the
same manufacturer’.

It is also often suggested that electrical currents arising
from the use of copper pipe networks for electrical earth-
ing promotes or accelerates corrosion processes'. Again,
there is no repeatable research that demonstrates or proves
stray currents or impressed voltages have a discernible
effect on pin-hole corrosion rates. Indeed, research con-
cludes there is no effect on rates or origination of corrosion
from this cause.

When copper pipes are recovered and opened after
periods of service, they often exhibit characteristic linear
blue-green deposits (Figure 5), which, to an observer,
suggest a logical connection between linear surface de-
fects arising from the extrusion or drawing process and
pin-hole leaks or corrosion. However, no research has
found a definite correlation, although there is still some
unproven suspicion that there is a connection between
them.
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What is generally agreed by research metallurgists is
that pitting corrosion is an electrochemical process that is
initiated by small sites associated with defects in the nor-
mally protective oxide or carbonate coatings that form on
the inside of the pipe. The cause of these defects — and
their relationship to the initiation of pitting — is still a sub-
ject for research.

Microbially Induced Corrosion (MIC)

For many years, it was thought that microbes could
not exist in a copper-rich environment; therefore, microbi-
ally induced corrosion could not be a cause of problems
in copper pipe. Experience and research have shown that
microbes are often present in cold water systems reticu-
lated in copper pipe'®!”. They certainly contribute to (and
may be the primary the cause of) blue water, and appear
to possibly play a part in the initiation of pitting corrosion.
One of the problems of establishing a firm connection is
that pitting corrosion is clearly an electrochemical process
and is only detected when pipe wall penetrations occur. No
one sees the start of the process.

In most operating hot water systems, microbial activ-
ity is not present because temperatures are too high — and
legionella does not survive temperatures greater than 50°C
(122°F)"®¥, In cold water systems, if microbes are detect-
ed in corrosion pits, it is not clear whether they have been
there from the start, or simply found a convenient place to
live — sheltered from the water flow and possible disin-
fectants.

When the ability of microbes to survive in copper pip-
ing systems was firmly established, it was, for a while,
regarded by many as the answer to copper corrosion prob-
lems — and certainly was raised as a defense in litiga-
tion. It now appears to be better understood as a potential
contributor rather than an unavoidable natural root cause.

Problems in Recirculating Hot Water Systems
Currently in New Zealand, Australia, and Europe, the
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Figure 5
Normal linear markings inside copper pipes
removed from service at around 10 years.

failure of piping systems in recirculating hot water sys-
tems has become a regularly reported problem. It’s also
the subject of wide discussion in the building design pro-
fession because the issue is creating problems in hospi-
tals, hotels, and apartment buildings. (This geographical
concentration is most likely to be because these countries
have common engineering design standards. The problem
is likely to arise elsewhere in the world where recirculat-
ing hot water systems are becoming common — there are
no particularly local characteristics to either the design or
the failure process.)

Typically, systems in large facilities that fail begin to
experience pin-hole corrosion after four to five years in
their hot water system if they have used copper pipe, or
they experience splits in polypropylene random copoly-
mer pipe apparently appropriately rated for the operating
temperatures. Both failures appear to be continuing after
the initial appearance with pin-holing, in particular show-
ing little sign of reducing over time if no corrective action
is taken. Some mitigations (such as precise temperature
control below 65°C) can slow the process. However, met-
allurgists tell us that once pinholes have started, the only
thing that can be controlled is the speed with which they
penetrate the pipe wall.

One common factor in both these types of failure is a
water temperature above 65°C, but the nature of the failure
obviously is different in different materials. Some failures
as observed in polypropylene random copolymer are re-
lated to stress or joints that appear to have been moved
during fabrication while the joint is still hot and occur in
both hot and cold services (Figure 6, on page 58).

In terms of the failures investigated by the author in
polypropylene random copolymer systems, the problem
appears to be a combination of temperature and pressure,
particularly in high-rise buildings as the failures tend
to occur at a level where the static pressure is high, and
the recirculating water has not lost much temperature.
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Figure 6
Typical failures in PPr piping in hot and cold systems. Left: internal surfacing cracking;
center: cracking from point stress; right: cracking from poorly formed joints.

Examination of the rating tables supplied by pipe manu-
facturers suggest that the life of polypropylene random
copolymer at the combinations of temperatures and pres-
sures that are being seen is relatively short.

One of the suggested causes is that a mixture of poly-
propylene random copolymer and copper in a hot water
system results in dissolved copper attacking the plasticiz-
ers in polypropylene random copolymer. Manufacturers
claim this is a cause, and recommend that polypropylene
random copolymer should not be used in a system with
any copper piping or fixtures®.

Causes Proposed for Copper Pipe Corrosion

There is no doubt when the fundamentals of reactions
between copper and water are examined scientifically
that there is a region where a combination of temperature
around 65°C and pH around 7.0 result in a change in the
processes that are taking place*'?2. However, there is not
a full understanding of what these processes are and how
they can be controlled, apart from moving either the tem-
perature or the pH out of the critical region.

Temperature is obviously the easiest parameter to
control. Unanticipated consequences are likely if dosing
to adjust pH is undertaken, given the fact that many of
the systems fed by the reticulation in health or industrial
installations are likely to be tuned to the current water
chemistry.

In copper recirculating hot water systems, we are see-
ing both pitting and erosion. The rate at which these pro-
cesses are damaging the copper pipes appears to be closely

related to the combination of temperature and velocity in
the pipes. Since 2000, engineering standards around the
world have been steadily reducing design velocities for
hot water in recirculating systems from the original stan-
dard based on non-recirculating systems of 3 m/s (10 ft/s)
to figures as low as 0.5 m/s (less than 2 ft/s). There are
also strong recommendations that temperatures should not
exceed 65°C (150°F) and should preferably be in the order
of 60°C (140°F). These are reinforced by recommenda-
tions in health facility specifications to maintain the tem-
peratures in recirculating hot water systems between 60°C
(140°F) in the flow lines and 50°C (122°F) in the return
lines for control of legionella species.

Standards also require that during construction and
commissioning copper pipe systems should not be al-
lowed to stand with stagnant water for extended periods
(AS4809 recommends no more than eight weeks)!'. The
standard requires either routine flushing on a regular
basis or draining and drying the piping systems. This
creates a practical problem as normal construction se-
quencing generally leaves pressurized water in the pipes
between the first and second plumbing fix to ensure any
pipe damage during the fitting of wall linings is detected.
(First fix is installing concealed pipework before the wall
linings are installed. Second fix is connection of the fit-
tings and fixtures.) This can be overcome by testing with
air (taking care to test in steps to avoid burst incidents)
and leaving a low residual pressure that can be monitored
for sudden drops that will indicate pipe damage has oc-
curred.

The recommendations are essentially practical, based
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Figure 7
Erosion penetrations at poorly formed joints.

on observation and experience, although some consistent
opinion (rather than hard research) on the cause is begin-
ning to emerge.

Observations to date are:

*  Systems that are not subject to periods of stagna-
tion and are put into service soon after construc-
tion do not have pin-hole corrosion problems.

*  Similar systems that have had periods of stagna-
tion exceeding eight weeks, particularly during
construction, are often subject to pin-hole corro-
sion.

e The rate of pin-hole corrosion appears to be re-
duced if water temperature is reduced.

* Erosion corrosion is observed less frequently in
areas of reticulation systems where velocities and
temperatures are lower.

It is suggested, but not proven, that during early stag-
nation the formation of protective oxide or carbonate lay-
ers can be disrupted by naturally occurring microbes in the
water. This creates defects in the protective layer, which
become sites that allow aggressive high temperature water
to initiate pin-hole corrosion processes when the microbe
colonies die. This suggests a connection between microbi-
al-induced corrosion as an initiator with the electrochem-
istry of pin-hole corrosion as the driving mechanism.
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Hot water above 65°C is an aggressive material with
a high capacity to damage copper through erosion, par-
ticularly as a result of cavitation, which can be originated
by poor joints (Figure 7) or partially closed valves used
for flow control (Figure 8). It can also erode apparently
smooth surfaces most likely starting at a small surface im-
perfection® (Figure 9, on page 60).

Recognizing Different Corrosion Types

There are many references, some of which are quoted
in this article, that assert blue water is a result of micro-
bial colonization and can generally be controlled by ei-
ther shock dosing with chlorine disinfectant followed by

Figure 8
Copper pipe removed from service showing
erosion and surface polishing where a butterfly valve
was used to throttle flow rates. Flow left to right.
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Figure 9

Left-hand end general material removal from surface with gross erosion extending from a burr measured at 0.1 mm high
at the joint coupled with a poorly formed joint. Flow left to right. (Bend in joint at bottom was caused when the section was cut.)

subsequent normal levels of chlorination or by flushing the
system with hot water typically at 60°C (140°F)!0-1L1617,
Care must be taken to ensure that temperature-sensitive
elements are not present and people are prevented from
using the fixtures if hot water treatment is the chosen al-
ternative.

Tests can be performed, if necessary, to prove micro-
bial colonization. These typically involve recovering pipe
samples aseptically and providing them to specialists who
will use staining followed by microscopic examination'’.
Gross colonization can often be recognized as a slimy sur-
face on the inside of the pipe.

Pin-hole corrosion in hot water systems can be recog-
nized from the outside of the pipe, as it will either weep or
spray from a relatively regular small hole. The leak rate
may be low enough that initially the water will evaporate
from the hot pipe surface before it flows away, leaving a

mass of corrosion, adhered insulation material, and mineral
deposits on the outer pipe surface. Examined internally, it
will have a mound of corrosion product often with a comet
tail extending downstream of the deposit (Figure 10).

In cold water systems (Type 1 corrosion), the exter-
nal appearance of the pin-hole will be the same (although
with less mineral and adhered materials). But internally
the corrosion site will more likely appear flat or slightly
depressed with raised corrosion material around the edge.
Type 1 corrosion does not occur in hot pipes and is unlike-
ly to be observed in current cold systems. Erosion leaks
tend to be irregular in shape woprihen examined from the
outside of the pipe and will often appear in groups or in a
circumferential pattern around an artifact, such as a brazed
joint (Figure 7).

Gross erosion is identified by large areas of material
removal often with small peaks surrounded by a bright

Flow direction

Figure 10
Typical active pin-hole leak and internal corrosion tubercule.
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Figure 11
Gross material erosion. Flow from left to right cut
from a section of pipe about 3 meters (10 feet) long.

horseshoe shape (Figure 11). The direction of flow can be
identified using the mnemonic that horses walk upstream.
It may be difficult to find an origination for this kind of
erosion, which can extend for significant distances along
the inside surface of the pipe.

Rough internal surfaces (Figures 8 and 9) or highly
polished areas are both indications of surface material loss
as a result of local cavitation or high-velocity flow fields.

When carrying out investigations into leaks in copper
pipes, the location of the leak (top, bottom, or side), the
direction of the flow, and the orientation of the pipe are
important to record as they provide clues as to the cause.
Pitting proposed to be caused by stagnation typically is
observed at the top of the pipe and can be present on verti-
cal sections of the reticulation — pitting caused by debris
is almost always on the bottom of the pipe, and erosion can
be at any orientation.

Conclusions

The current apparently sudden increase in pin-hole
corrosion in hot water systems using copper pipes appears
to be closely correlated to the appearance of high tempera-
ture recirculating hot water systems.

Although much has been written about the relation-
ship between corrosion in copper pipes, and the composi-
tion and stability of the water flowing in them, it appears
that temperatures above 150°F (65°C), velocity in the re-
gion of 6 to 10 ft/sec (2 to 3 meters per second), and pos-
sibly a water pH of around 7.0 appear to be the critical fac-
tors — probably coupled with periods of stagnation during
construction or commissioning. The problem appears to
be controllable by ensuring that the new design criteria ap-
pearing in standards for temperature and velocity are ad-
opted, and stagnation during construction is avoided. Tests

have not found any root cause associated with the manu-
facture or the material of copper pipe.

Other failures occurring in systems using polypro-
pylene random copolymer pipe appear to be related to
the ability of the material to withstand combinations of
temperature and pressure that occur in the recirculating
system. Polypropylene random copolymer manufacturers
do not recommend the use of this material in association
with copper in hot water systems®. Polypropylene random
copolymer pipes have an entirely satisfactory service his-
tory at cold temperatures, but many designers are justifi-
ably reluctant to use them for hot water reticulation based
on industry experience, although manufacturers claim the
product has been improved.
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Electrocutions and Downed Powerlines:
a Forensic Electrical Engineering
Analysis of Causes, Reasons, and Effects

By Helmut G. Brosz, PEng (NAFE 1029C)

Abstract

In October of 1999, four individuals were walking a dog after a storm. The group of three males and one
female came upon a large puddle, which covered most of a T intersection on their intended route. The female
walked around the puddle as her two sons entered the puddle barefoot. Two of the male individuals were elec-
trocuted. The surviving male entered the puddle to help and was immediately electrocuted. The dog followed
them into the pool and was electrocuted. The female turned around to see her two sons and friend lying face
down in the puddle. She entered the puddle to help them and ultimately was electrocuted by the same 480VAC
downed and energized streetlight powerline in the pool. The facts discussed in this paper include vegetation
management, short-circuit electrical protection, the conductivity of water and soil, human response to electri-
cal current, sag, and tension of power lines.

Keywords
Electrocution, downed power lines, vegetation management, electrical protection, conductor damage, forensic elec-
trical engineering

Introduction

In October of 1999, after a storm reportedly produced
winds of approximately 70 mph, a mother took her two
sons, their friend, and the family dog out for a walk in the
dark. The individuals approached a giant puddle covering
the T intersection on the road. The two brothers decided to
walk through the pool barefoot, their mother went around
the puddle with shoes on, and their friend entered the
puddle after taking off his running shoes (followed by the
dog). Upon noticing the brothers, the friend, and the dog
lying in the puddle unconscious, the mother turned around
and entered the puddle as well. All were electrocuted by
an energized 480-Volt (V) downed streetlight conductor
found lying in approximately 4 inches of water. The heads
of the three deceased males were located about 1 foot from
the underwater streetlight conductor. The female’s feet and
head were approximately 25 feet from the other side of the
conductor (Figure 1).

No witnesses observed the electrocutions. The elec-
tric utility responded to a phone call, and took down
two pieces of 265 feet #4 AWG (American Wire Gauge)
AAAC (All Aluminum Alloy Conductor) 480VAC (Volts
Alternating Current) streetlight circuit between two

poles. One-piece that remained energized in the water
was a 126-foot length from the west pole where the con-
ductor was broken. A second 139-foot piece from the
east pole was de-energized. The entire 480V streetlight
circuit, consisting of 52 streetlights, was supplied by a
single-phase 25kVA (Kilovolt Ampere) rated pole-top
oil-filled transformer from a 3-phase 13,200/7,600VAC
overhead distribution circuit running east-west along the

Figure 1
Location of victims observed in the puddle of water after electrocution.

Helmut G. Brosz, PEng, Forensic Sciences International Group, 64 Bullock Dr. Markham, ON, L3P3P2, (844) 554.4666, hbrosz@forensicsig.org
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north side of the street. A neutral conductor (3/0AWG
AAAC) was underbuilt. The #4 AWG AAAC streetlight
conductor was mounted 1 foot below the neutral at each
concrete pole (Figure 2).

The pole-mounted transformer was located only two
spans to the west of the electrocution location. The street-
lighting transformer 7,600VAC primary was protected
with a 4K current-rated fuse after the fact. With this in-
formation, it was established in deposition to have been
a 6K fuse, never operating during any time of the electro-
cution event. The electric utility de-energized the trans-
former, took down the streetlight control box, and stored
it. The original 6K transformer fuse was not presented as
evidence as it could not be located.

The 265-foot neutral and streetlight span, which
crossed the intersection from west to east, was found to be

3-Phase 13,200VAC
Primary Conductors

Grounded
Neutral
Conductor

480V Streetlight
Conductor

Figure 2
Streetlight conductor configuration.

Figure 3
Neutral conductor in the Ficus tree after the incident.

in contact with a Ficus tree, among other trees and bushes
displayed in Figure 3.

The utility trimmed the Ficus tree after the incident
occurred. The cut marks were later marked on a survey
drawing (Figure 4 and 5). The #4 AWG AAAC was found
severed from its attachment point at the west pole 126 feet
and 139 feet from its attachment point on the east pole.
The 126-foot energized section of the conductor hung
from its 22-foot vertical attachment point on the west
pole, laying in the puddle spanning the entire width of the
road. The 139-foot de-energized section of the conductor
was suspended in the air by vegetation. The scope of work
included reporting the causes, reasons, and effects of the
streetlight conductor falling.

The cause of death of the victims was determined to
be electrocution. No electrical burn marks were identified;
this is consistent with electrocutions conducted in water.

Preliminary examination identified that — from
ground level — there was an anomaly or damage to
the still in-service neutral conductor at the 126-foot lo-
cation six years after the incident occurred (Figure 6).
Furthermore, two tape marks were observed wrapped
around the neutral conductor on either side of the anom-
aly (Figure 7).

The evidence requested for analysis and documenta-
tion included:

1. The neutral conductor was examined while con-
nected in place between the two concrete poles



FORENSIC ENGINEERING ANALYSIS OF ELECTROCUTIONS AND DOWNED POWER LINES PAGE 65

13,200/7900 V —
NEUTRAL
m ‘- S‘,L ----------

NOTE: __ THESE LOCATIONS RZPRESENT
3'- 6' BRANCHES © CUT LINE W

l‘\nxwm

10 + 00 10 + 50 11 +00 1 +50 12 + 00 12 + 5

PROFILE VIEW FACING NORTH

HORIZONTAL SCALE 1~ » 20
VERTICAL SCALE 1* « 10

P =
CRAPHIC SCALE

SCALE 1~ » 20°
(UNLESS OTHERWISE NOTED)

w NOTE:  THESE LOCATIONS REPRESENT
& 3* - 6°BRANCHES © CUT LINE W/EL %
o _I ';bl-‘
BUILDNG ! o
| 7 &

‘o A ' {K ,
-y R NG A A T
Yo
R RET M M

4 Tk A - T T N <l
. L T g o R o= s S o s St 5 S AR B et o - A tvbrerpersterrrtrry st bt
4 P 4 X = —AE K sl 5 CONC.A
2GR PN URASS: PN AN \ \_n\???"' « .u:.". GRASS
wie PEERE e T ase e nee —esslEeesmel
S ROAD mesTeouno ASPHALT ROADWAY

Figure 4 and Figure 5
Survey of scene.

Figure 6

Figure 7
Neutral conductor defect.

Two pieces of tape on 3/0 neutral conductor.
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Figure 8
Forensic Engineer and Professor Helmut Brosz at
the bucket truck to inspect the conductors close-up.

using a bucket truck (Figure 8).

2. The utility took the neutral conductor and
presented for examination and documentation
(Figure 9).

3. Examination of the trimmed branches on the tree.
The diameter of the Ficus tree cuts at the location
of the severed streetlight conductor.

4. To examine all sections of downed #4 streetlight
conductors in conjunction with the neutral con-
ductor (Figure 10).

A survey of the scene to locate the precise positions of
poles, conductors, tree branches, neutral conductor defect,
and 126-foot conductor break was conducted to present a
diagram. This is done between the concrete poles (Figures
4 and 5).

A rope copy was made of the 265 feet of streetlight
and neutral conductor, including all anomalies (i.e., arc

Figure 9
Severed streetlight conductor.

.‘i

Examination of conductor.

marks, vegetation contact, corrosion on a ballroom floor
to facilitate the preservation of the evidence (Figure 9
and 11).

Tests and Examinations
All sections (per inch) of neutral, 3/0 AWG, AAAC
and #4 AWG, AAAC conductor were examined visually

Figure 11
Rope copy of conductor with vegetation contact markings.
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and with microscopy (Figure 9 and 10)

Preliminary Analysis

When a scenario of an electrocution associated with a
downed power line is presented, potential factors that may
have caused the line to come down and remain energized
should be considered, such as:

Wind forces impacting powerline

a. The applicable N.E.S.C. (National Electrical
Safety Code) requires overhead distribution lines
at this location to be designed to withstand aver-
age wind speed of 150 mph (67 mps) at 33 feet
(10 m) height). In this area, the winds were re-
ported not to exceed 70 mph in weather records.
The rated breaking strength of the #4 conductor is
1,760 pounds. The weight of the 265-foot span of
#4 AWG AAAC conductor is 12 pounds (based
on 45.4 pounds per 1,000 feet).

b. The possibility of galloping (high-amplitude,
low-frequency oscillations of overhead power-
lines due to wind) of the conductor occurring was
considered and excluded from investigation. This
is due to the conductor being supported at various
locations by vegetation. Its vibrational amplitude
would be limited by intermittent contact with ad-
jacent vegetation.

Short Circuits

a. Close visual and optical examination of the neu-
tral and streetlight conductor revealed a short
circuit occurred between the two at the 126-foot
location and at other locations. The seven strands
(7 x 0.0843 inches) of the #4 AWG streetlight
conductor were melted and severed (Figure 9).
The larger neutral conductor was only one of its
seven 0.1672-inch strands severed (Figure 6).

b. On the severed conductor, evidence of long-term
contact with vegetation (Figure 11) resulted in a
form of corrosion. The survey was conducted six
years after the event and tree trimming.

c. New shoots emanating from the Ficus tree trim-
ming cuts were observed. The diameter of the
cuts ranged from 3 to 6 inches, corroborating the
extent of branches in contact and in the vicin-
ity of the open conductor. Production of docu-
ments revealed trimming had not occurred for at
least six years prior to the electrocution. The tree

trimming cycle of three years (as set out in the
utility standards) was missed at this location
(Figure 12). Furthermore, the tree trimming cy-
cle does not take into consideration the growth
rate of the various vegetation species. A Ficus
tree can grow up to 6 feet per year.

d. The primary cause factor for the short-circuit
event was due to the lack of vegetation mainte-
nance. The vegetation was not appropriately man-
aged in maintaining a 6-foot clearance between
powerlines and trees. According to the utility
standards, appropriate vegetation management
requires to maintain a clearance of 6 feet between
power lines and trees’. This distance was not met
and was a large factor in causing the short-circuit
event.

e. Short circuits caused by conductive flying objects
were ruled out due to the lack of flying conductive
objects found, seen, or reported. Furthermore, the
momentary contact would not be long enough to
produce the damage observed.

f. Sustained contact with branches alone at 480VAC
would not draw sufficient current to produce the
arcing damage observed — only corrosion evi-
dence is attributed.

Lightning damage to conductor

Lightning was reported during the storm. The neutral
and streetlight conductor were protected directly from
above by the 3-phase, 7,200V circuit and did not trip.
This is according to utility and resident reports. There-
fore, possible damage to the #4 conductor due to lightning
was excluded from the investigation. A Lightning Detec-
tion Network search revealed no lightning within the area
of the electrocution site. Additionally, the hypothesis of

Figure 12
Ficus branches below neutral 3/0 and #4 streetlight conductor
(removed) following the incident and prior to trimming.
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conductor damage due to lightning is not consistent with
the actual arcing damages observed.

Electrical protection

a. The 480V electrical circuit begins at the 25kVA
transformer having a rated secondary current of
52 amps (A). The 52 connected streetlights draw
a calculated current of 0.833A each for a total
of 52 x 0.833A= 43.318A. The ampacity of #4
AWG AAAC is approximately 60A. The circuit
did not exhibit any visual signs of melting or an-
nealing. The 6K-rated fuse on the primary side of
the transformer allows a long-time current flow
of approximately 180A at 480VAC before operat-
ing, according to its 6K time current curve®. Since
the fuse did not operate, a current flow was main-
tained. Current overload due to normal lighting
load on the secondary side of the transformer did
not exist.

b. Winds caused the branch/ branches of the Ficus
tree to lift the #4 AWG AAAC streetlight conduc-
tor intermittently up into contact with the neutral
conductor. Every time the branch made contact,
a short circuit of variable duration would occur.
The fault current flowed along the #4 conductor
to the point of contact with the 3/0 neutral at the
126 feet mark, flowing back along the neutral to
the transformer. The cumulative short circuits
lasted long enough to melt the seven strands of
the #4 AWG AAAC and one strand of the seven
larger #3/0 streetlight conductor'. This caused the
west section of the #4 conductor to fall into the
puddle and remain energized.

c.  When the still-energized west section of the #4
conductor fell into the puddle, the current path
extended from the conductor through water,
through the ground back to the grounding rod
(Figure 13) at the base of the concrete trans-
former pole. From there, the current flowed up
the solid copper #6 AWG bare conductor to the
neutral of the streetlight transformer. The imped-
ance of the circuit was high enough (and the cur-
rent low enough) so as to prevent the transformer
6K fuse from operating on a 480V and less than
a 225A fault.

Effect of current on the human body
a. The brothers entered the puddle and approached
the unseen conductor lying in about 3 to 4 inches

Figure 13

Ground rod at the base of the transformer pole.
of water. The voltage between their feet, also
known as “step potential,” was of an approxi-
mate magnitude to exceed 85VAC. The imped-
ance between wet foot to foot based on the L.E.C.
Standard 479-1-1994 (Figure 14) is indicated to
be 100% of the wet hand to foot impedance of
850 ohms (for 50% of population) at about 500V
(Figure 15).

Loss of muscle control occurs at approximately 10
milliamps of current, causing the individual to fall. In this
case, the brothers fell forward. In both male’s cases, the
current entered the body and traveled through the heart,
with the majority of current exiting through the feet. With
the mother falling backward, the current entered the feet
and exited from the head. In all cases, electrocution oc-
curred.

b. Electrocution occurs if a current greater than ap-
proximately S0mA passes through the heart for

Touch voltigs
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5% of the population 50 % of the popelation 35 % of the population |
-1 1175 217 4 160
56 1900 2000 Iems
i L LR =2 3
100 Lo ] 1678 2 950
125 S0 1550 28TS
150 B5G 1 400 230
78 825 155 2175
200 BoQ 1378 2 050
225 L 1225 1 B0
400 Too L -] 12375
Lo L>4] aLa 1180
700 &73 g 1050
1 000 575 TS 1 050
Ayymptote vales {15 ] ) 1060
Santenal impecance
MNOTE 1 Some messyremnents indeste thai B fotsl body impedence lor the current pats hand 1o foot s sompehat
bower than for & cunenl path hand 1o hand (10 '% o 30 %)
NOTE 2 For living persons the wvaluss of 7 comeapond A3 & Surstion of cuvesl Sow of sbout 0.1 5 For keager
durations 7y values may decrease (aboul 10 % S0 70 %) and afier complete ruplure of B siin 7; appeoaches the
internal body impedance 7,
NOTE 3 For the standard valus of the waltage 230 V (setweri-system IN - Y3000 V) @ may ba stsumad Sl the
wvalues of the totsl body impedance are the same as for & iouch vollspe of 225 V.
NOTE 4 Visluss of Z; are rounded 18 25 0

Figure 14
Total body impedances Z. for a current path hand to hand a.c.
50/60 Hz, for large surface areas of contact in water-wet conditions.
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around 1 second or more. This causes ventricu-
lar fibrillation, leading to death®. The deceased
individuals spent a prolonged amount of time,
exceeding 1 second, with the current flowing
through their hearts.

Conclusion

The lack of clearance between the streetlight conduc-
tor and the Ficus tree allowed the tree branches to lift
the streetlight conductor into the grounded neutral when
wind occurred. The responsibility of maintaining the
vegetation to conductor clearance rests with the utility
as per the NESC and Public Service Commission. Persis-
tent wind (over time) resulted in repetitive short circuits
severing the streetlight conductor, causing it to break and
fall into the puddle.

It continued to remain energized, in part, due to the
impedance presented by the return-current path. The
deceased’s legs muscles were subjected to currents that
caused loss of muscle control. Thus, the individuals col-
lapsed and were electrocuted in the puddle with lethal
currents flowing from head to foot. Cause of death was
determined to be electrocution, according to the coro-
ner’s report. The utility did not give a reason as to why
trimming was not done. In conclusion, to prevent further
electrocutions from occurring, it is crucial to maintain
tree trimming standards in preventing vegetation contact
with powerlines.

The author wishes to thank his colleague Steve Paniri,
PEng., for his assistance in this forensic analysis.
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