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length. The center of the 28.2 lbm (12.8 kilograms) 6-in.  
(15.2 millimeter) diameter steel cylinder had been rough 
drilled, and a boring bar was engaging the distal end of the 
cantilevered workpiece to machine this inner hole to its 
final dimension. 

Given the light fixation, the boring tool cut was overly 
aggressive, and, during turning, the secured end of the 
steel cylinder opposite the boring bar was pried out of the 
chuck jaws. Contact impressions strongly suggested that 
the workpiece interacted with one or more of the chuck 
jaws upon detachment, which increased the magnitude of 
the workpiece’s translational kinetic energy. 

The only surviving exterior photograph of the door 
and window immediately post-accident is a low-resolution 
black and white scan (Figure 1). The construction of the 
window was a composite using two different materials. The 
inner pane nearest the workpiece was made of tempered 
common window glass (silica-soda-lime), which provided 
scratch resistance to the metal chips and was inert to the 
cutting fluid. This inner pane was separated from the outer 
pane by a modest air gap. The outer pane on the machin-
ist side was made of a kinetic energy absorbing polymer; 
this outer pane provided the substantive impact protec-
tion. Figure 1 shows the polymer exterior window panel 

Forensic Analysis of a  
CNC Lathe Window Guard Failure
By Stephen A. Batzer, PhD, PE, DFE (NAFE 677F)

Abstract
An analysis of an industrial lathe accident is presented in this paper. During operation, the rotating chuck 

lost its grip upon the cylindrical workpiece. The detached workpiece impacted the inside of the lathe cabinet, 
rebounded, struck the composite viewing window, and penetrated it. While observing the machining process 
through the window, the machinist was struck in the chest by the workpiece. He fell backward, suffering a 
severe traumatic brain injury when the back of his head impacted the concrete floor. The forensic analysis 
incorporated an event reconstruction to include an estimate of the ejection angle, velocity, and kinetic energy 
of the workpiece, the impact energy capacity of the window, and a failure analysis of the window and its frame. 
A kinetic energy analysis was performed by destructive testing of door/window replicas and high-speed vid-
eography. Impact testing of exemplar workpieces against alternative design highly impact-resistant windows 
was also performed.

Keywords
Lathe, machine guarding, window failure, forensic engineering, hazard analysis

Introduction
This accident occurred at a small family-owned ma-

chining job shop. To improve the shop’s efficiency, the 
owner/lead machinist had purchased a new computer 
numerically controlled (CNC) lathe. The machine was 
equipped with a steel cabinet that captured chips and fluid 
during operation and discharged these waste products us-
ing a mechanical conveyor that emptied into an adjacent 
container. The cabinet was equipped with a sliding sheet 
metal door that featured a viewing window to allow ob-
servation of the process. This door and window acted as 
a guard. A representative of the retailer had delivered the 
machine, set it up, and trained the purchaser on-site in safe 
and efficient usage practices over the course of nearly two 
days just prior to the incident.

The machine measured 12 feet (ft) in length, 5 ft in 
width, and could turn materials up to 23.6 inches (in.) in 
length. During the initial job of the first day of production 
use, a heavy workpiece exited the CNC lathe through the 
window guard, impacting and severely injuring the ma-
chinist. The reason for the detachment of the cylindrical 
workpiece from the chuck jaws was not in dispute. The 
hydraulic jaws were only lightly engaged against the outer 
convex axial periphery of the steel workpiece — with the 
three jaws each engaging less than 10% of the workpiece 

Stephen A. Batzer, PhD, PE, 8383 M-113 E, Fife Lake MI, (479) 466-7435, batzer@batzerengineering.com
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bowed outward with a hinge-like crease in the center, and 
the workpiece chuck is visible at the lower center of the 
window. The angled red arrow in Figure 1 is included to 
show that the surviving polymer window pane is slightly 
bigger in width and height as compared to the overlap-
ping viewing aperture. The vertical green arrow of Figure 
1 shows the position of the workpiece chuck. The horizon-
tal blue arrow of Figure 1 indicates where the workpiece 
grazed the inner steel door window frame and dented the 
sheet metal. A higher quality color image of the damaged 
door and window assembly is shown in Figure 2 with the 
door detached from the lathe enclosure. This photograph 
shows the door’s interior side. The horizontal blue arrow 
shows the witness mark of the workpiece against the now-
bent inner window frame, which  corresponds to the arrow 
shown in Figure 1. The cylindrical workpiece grazed and 
damaged the steel window periphery as it struck the win-
dow substantially off window center. 

Accident Details and Initial Analysis
The lathe was powered by a 18.6 kilowatt (kW) 25-hp 

motor, which could drive the spindle to a maximum 3,500 
rpm. The spindle was rated to hold a 62-kg (137-lb) work-
piece. The three jaw chuck, which held the workpiece, was of  
254 mm (10-in.) diameter and designed to safely grip a 
230 mm (9-in.) diameter workpiece. The chuck was rated 
to 4,600 rpm. Jaws that were constructed from annealed 
steel were installed on the chuck at the time of the inci-
dent. A stop was machined into the jaws and documented 
the modest depth of workpiece fixation — ~10 mm (0.40 
in.) of the overall ~90 mm (3.5-in.) length. The chuck ro-
tated counter-clockwise when viewed from the direction 
of the chuck face back toward the spindle and motor.

Figure 2
Interior side photograph of the detached door guard showing  

the interior-side tempered glass fragments of the shattered inner  
window pane and the witness mark damage against the steel frame.

The relevant portion of the door guard consisted of 
two offset steel panels that framed the observation window 
— each sheet being 2.3 mm (0.090 in.) thick. The layered 
window assembly consisted of a 5.0-mm tempered glass 
inboard surface for abrasion and chemical resistance, then 
a 5.5-mm air gap, and finally a 4.5-mm polycarbonate out-
board panel used for impact energy absorption. The total 
window thickness was 15 mm (0.59 in.). The unmounted 
pane measured 532 mm x 452 mm (20.9 in. x 17.8 in.). The 
daylight opening was reduced by 15 mm per edge through 
frame overlap (equal to the composite thickness). The 
opening also featured modestly radiused corners (see Fig-
ures 2 and 3). The modest edge overlap of the steel frame 
to the composite window suggests why the polycarbonate 
pane was pulled out of its frame and plastically deformed 
rather than being fractured and directly penetrated.

The incident occurred during the first week of unsuper-
vised operation. The workpiece was a steel cylinder 15.2 
centimeters (cm) or 6.0 in. in diameter, approximately 8.9 
cm (3.5 in.) in length, with an axially drilled through hole 
2.26 cm (0.891 in.) in diameter. This hole was being finish 
bored to its final dimension with a 0.25 mm/rev (0.010-in./
rev) feed rate. The only witness to the accident was the ma-
chinist/owner who had programmed the lathe and loaded 
the workpiece. Due to his traumatic injuries, he was per-
manently incapable of being queried regarding details of 
the incident. 

The machine code was downloaded, and the spindle 
speed was indicated to be at 1,945 rpm plus an additional 
20% manual override (totaling 2,234 rpm). As the work-
piece left the chuck, it is believed to have interacted with 
the rotating jaws — somewhat like an automated base-
ball pitching machine — as the workpiece had no linear 

Figure 1
Exterior photograph of the mounted lathe door with the  

outward-side polymer window pane bent and folded outward.
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Figure 4
Schematic of the cylindrical workpiece path  

showing three separate impacts (not to scale).

• Unbored cylinder mass, Mo = π*(0.5*15.2 
cm)2*8.9 cm*0.0079 kg/cm3 = 12.8 kg (28.2 lbm)

velocity at the time of detachment. This added transla-
tional kinetic energy to the workpiece, which struck the 
interior of the glass in the plane at an angle ~30° off-
perpendicular — making its flight more or less parallel to 
the shop floor. See the geometry of the window and door 
in Figure 1 (in which the chuck is visible at the lower 
center of the window). 

After fracture of the tempered glass inner pane and 
displacement of the outer polycarbonate pane, the ener-
getic workpiece struck the operator in the chest and was 
redirected to the ceiling some 3.5 meters (m) — ~10 ft 
—  above the point of the operator’s chest. The workpiece 
superficially damaged a perforated metal ceiling panel 
and then fell back to the concrete floor. The operator fell 
and struck the back of his head against this same concrete 
floor, which caused substantially more severe injuries than 
did the workpiece impact to his chest (Figure 4).

It is not believed that the rotational kinetic energy 
consequentially increased the severity of the impact to the 
observation window and, hence, the operator. All energy 
calculations are per Vector Mechanics for Engineers1.

• Angular velocity, ω = 2,234 rpm*2π/60 = 234 rad/s.

Figure 3
Diagram of the subject composite guard window.
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• Lost through-hole mass, MI = -π*(0.5*2.26 
cm)2*8.9 cm*0.0079 kg/cm3 = -0.28 kg (-0.62 
lbm)

• Rotational moment of inertia of workpiece = I = 
½(MoRo

2 – MIRI
2) = ½[12.8 kg*(0.076 m)2 – 0.28 

kg*(0.013 m)2] = 0.037 kg-m2 (0.88 lbm-ft2)

• Rotational Kinetic Energy = 0.5*I*ω2 = 0.5*0.037 
kg-m2 * (234 rad/s)2 = 1,013 J (747 ft-lbf)

• Initial translational velocity at loss of fixation = 0 

• Maximum Calculated Translational Kinetic En-
ergy = 0.5*mv2 = 0.5*(12.8 kg – 0.28 kg)*(0.127 
m * 234 rad/s)2 = 5,530 J (4,080 ft-lb)

As is shown, the calculated maximum translational 
kinetic energy of the detached workpiece from chuck jaw 
interaction was a multiple more than five times the cal-
culated rotational kinetic energy. The amount of energy 
absorbed by the window and surrounding door was un-
known.

Based upon the post-accident evidence, representa-
tives of the machine tool manufacturer estimated that the 
accident workpiece impacted the window with 3,062 to 
5,580 joules (J) — 2,260 to 4,118 ft-lbs — of translational 
kinetic energy. This was a multiple of the amount of ener-
gy absorption capacity of the window guard that they had 
previously calculated prior to selling the lathe — 1,450 J 
(1,064 ft-lb). This estimated window energy capacity as-
sumed that a relatively low mass chuck jaw had detached 
and struck the window both centered and perpendicular.

Two mechanical engineers made independent es-
timates of the kinetic energy of the workpiece but only 
post-ejection. These estimates took into account the en-
ergy absorbed at impact to the machinist, travel to the 
workshop ceiling, and then damage to the ceiling. These 
two estimates — 440 J and 613 J (325 ft-lb and 450 ft-
lb) — would be in addition to the energy absorbed by the 
window guard and door at impact. These engineers made 
no independent calculations regarding the impact kinetic 
energy absorption of the window based upon its construc-
tion, mostly in light of the offset nature of the strike that 
detached the window. 

It was decided to estimate the workpiece to window 
impact energy based upon destructive testing accurately 
replicating the workpiece size and impact point, and then 

adding the estimate of the kinetic energy after exit from 
the window guard to estimate the overall impact kinetic 
energy of the workpiece against the inner window pane 
and frame.

Initial Destructive Testing
A number of test door guards matching the relevant 

construction details of the accident door were fabricated 
in order to economically facilitate a series of impact tests. 
These construction details included the sheet metal thick-
ness, window aperture dimensions and corner radii, tem-
pered glass and polycarbonate thickness and area, and fas-
teners. The test doors were given a gray powder coat paint 
application for a visual match.

A series of impacts of workpieces at varying velocity 
was coupled with post-test analysis to estimate the sub-
ject window’s generic impact resistance to the accident 
workpiece and trajectory at the documented impact loca-
tion. After impact analysis was complete, “reasonable al-
ternative design” door guards, featuring windows having 
greater impact resistance, were also tested to proof test the 
proposition that a more impact-resistant window guard 
would have adequately retained the accident workpiece 
and prevented the catastrophic injury.

Testing was conducted at a major contract research 
laboratory in a rural setting that had a large pneumatic 
launching device. This machine was principally used to 
launch euthanized chickens at prototype aircraft wind-
shields for impact-resistance validation. The launcher con-
sisted of a breech loading smooth bore rectangular barrel 
that was attached to a large air reservoir separated from 
the barrel by a quick-opening valve. Rectangular sabots 
(thrust transmitting projectile carriers) were constructed 
from glued up layers of expanded polystyrene to provide a 
seal between the workpieces and the barrel. 

One difference between the testing and the accident 
was that no consequential rotation was imparted to the 
workpieces. A second difference was that solid workpiec-
es were used without drilled through holes, making them 
~2% heavier than the accident workpieces. Considering 
that the solid test workpieces were only modestly heavier 
— and also that the bored hole did not interact with the 
window during the accident — the geometric differences 
were not considered to be consequential. Each cylindri-
cal steel workpiece was marked on the face nearest the 
digital image recording equipment with an “X” to indi-
cate the workpiece center. Launches were recorded using 
a high-speed video camera oriented perpendicular to the 
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projectile path and centered on the impact point. Since this 
testing featured 12.8 kg workpieces being launched at an 
initial velocity of ~30 m/s, all personnel were situated at a 
remote location during launch. 

Two photographs of Test 1, with the first exemplar 
workpiece leaving the pneumatic launcher, are shown in 
Figure 5. The steel cylinder is moving in free flight from 
left to right horizontally and is called out with a red arrow 
in the top photograph. The test door is mounted on a test 
stand such that the projectile will only modestly impact the 
right edge of the window frame, accurately simulating the 
accident. The test door is inclined such that the relative an-
gle of impact, ~28° from perpendicular, is identical to that 
documented with the accident lathe. The “X” inscribed on 
the right side of the projectile for frame-by-frame distance 
determination is also visible in the top photograph. The 
rectangular detail at left (blue arrow) is a “stripper,” which 
is a barrel end trap that captures the polystyrene sabot after 
it and the projectile have exited in tandem from the rect-
angular barrel’s muzzle. The four white vertical lines on 
the ruler centered above the stripper (four green arrows) 

act as a length reference to facilitate workpiece positional 
analysis, frame by frame, post-test. These white reference 
lines are 1 ft (0.30 m) apart. The background behind the 
test stand and the mounted door also contains a reference 
dimension grid with 1-ft square offsets.

A plywood sheet was located behind the impacted test 
door assembly (shown at the right side of each photograph 
of Figure 5 with the grain of the wood visible). This wood 
provided a somewhat neutral visual background for post-
test photographs. A photograph of the first tested door post-
impact is shown in Figure 6. Notice the impact damage at 
the right side of the steel window frame. The projectile 
shattered the near side tempered glass and then punctured 
the far side polycarbonate. In each of the four initial tests, 
the tempered glass and polycarbonate fractured. In none 
of the four initial tests did the polycarbonate window flex 
and peripherally detach as did the polymer window in the 
subject incident, which may have been a consequence of 
the orientation of the test projectile being different than 
that of the unknown impact inclination angle of the inci-
dent workpiece. Results of the first four tests conducted 

Figure 5
Test 1 — the projectile between the launcher and the inclined test door (top); post window penetration (bottom).
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are summarized in Figure 7.

The data from impact Tests 1 – 4 are plotted in Figure 
8, which also gives a least-squares curve fit of the data de-
termined by the Excel software. The equation in the inset 
gives the calculated linear relationship between the work-
piece impact kinetic energy and the workpiece exit kinetic 
energy. As the data set is small (limited to four empirical 

data points), no R2 goodness of fit value has been provided. 

Using the developed equation KEEXIT = 0.600* 
KEIMPACT – 146 J and the estimated range of workpiece 
post-guard penetration kinetic energy (440 J to 613 J), the 
estimates for workpiece impact kinetic energy are 977 to 
1,265 J. This range of estimated workpiece impact severity 
is significantly less than the estimates of the machine tool 
manufacturer’s engineers: 3,062 to 5,580 J. Further, the 
testing-based estimate of window guard energy capacity 
using the most severe of the two impact estimates (1,265 
J) gives an estimated window energy absorption of 652 J. 
This is also less than the analysis of the manufacturer’s de-
signers, which was a 1,450 J capacity, albeit using a differ-
ent impact scenario. Any estimated window guard energy 
capacity developed by this destructive testing necessarily 
overstates the capacity of the transparent window panes 
alone compared to impacts against both the window and 
the steel frame.

Relevant Viewing Portal Construction Standards
As this door was sold within the domestic market, U.S. 

laws and regulations were applicable. However, no fed-
eral governmental safety regulation existed at the time of 
sale for energy absorption of the window/door combina-
tion. Two American National Standards Institute (ANSI) 

Figure 6
Test 1 — photograph of the door from the inclined impact side,  

post-test, showing impact damage similar to that shown in Figure 2.

Test Mass  
kb / lbs

V-Impact 
m/s / ft/s

V-Exit  
m/s / ft/s

KE-Impact J / 
ft-lbs

KE-Exit  
J / ft-lbs

Absorbed KE  
J / ft-lbs

T1 12.8 / 28.2 29.8 / 97.8 22.6 / 74.2 5686 / 4194 3270 / 2412 2416 / 1782
T2 12.8 / 28.1 21.3 / 69.9 15.7 / 51.5 2901 / 2140 1576 / 1162 1325 / 978
T3 12.8 / 28.1 15.8 / 51.8 12.0 / 39.2 1596 / 1177 921 / 679 675 / 498
T4 12.8 / 28.1 15.0 / 49.1 9.9 / 32.6 1442 / 1064 628 / 463 814 / 601

Figure 7
Initial impact testing.

standards were applicable, though not governing. The first, 
ANSI B11.19-2003, “Performance Criteria for Safeguard-
ing,”2 states under Paragraph 7.1 Design and Construction: 

• 7.1.1. Material used in the construction of guards 
shall be of such design and strength as to protect 
individuals from identified hazards.

A second standard, ANSI B11.22-2002, “Safety Re-
quirements for Turning Centers and Automatic, Numeri-
cally Controlled Turning Machines,”3 contains the follow-
ing text relative to the subject CNC lathe guard:

• 6.23 Ejected Parts or Fluids 
Figure 8

Tests 1 – 4 plotted along with a linear curve-fit relationship.
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Persons shall be protected against ejected parts 
by shields of sufficient strength (including means 
of fixing to the machine/floor) to contain these 
parts… These could include things such as 
broken tools, work material, machine parts and 
coolant. 

• 6.24 Viewing Windows 
When safety guards are equipped with viewing 
windows, which are also intended to contain 
ejected parts, consideration shall be given to the 
selection of materials and the method of their 
installation.

While these two ANSI standards were informative, 
they were but aspirational in that neither detailed a proto-
col for the validation of the minimum level of impact re-
sistance. 

The subject CNC lathe was also sold in western Eu-
rope. In this market, specific regulatory requirements ex-
isted for impact energy resistance of viewing windows. 
Specifically, regulation EN 12415, “Safety Of Machine 
Tools - Small Numerically Controlled Turning Machines 
And Turning Centres,” 2001 edition4, was applicable. 
Note: The EN 12415 standard has since been withdrawn 
and replaced by the ISO 23125:2010 standard, “Machine 
Tools-Safety-Turning Machines5.” This ISO standard had 
not been written at the time of the lathe’s manufacture 
(2006) or the accident (2007). Further, the initial 2010 
edition has been superseded by the 2015 revision6. The 
energy requirements are very nearly identical between 
the ISO standard and the EN standard upon which it was 
based. 

Table B.2 of EN 12415 is entitled, “Resistance Classes 
of Windows.” For the subject lathe, the diameter of the 
chuck exceeded 250 mm by 4 mm, making it a “C” class 
machine. The peripheral speed developed at the rated 
3,500 rpm was 46.5 m/s; this placed it in the C2 class as 
the peripheral velocity exceeded 40 m/s. A window guard 
for this machine size was required to resist a 2.5 kg im-
pactor at 63 m/s, an impact of 4,960 J (3,658 ft-lbs). The 
relevant table from the EN 12415 standard is reprinted in 
Figure 9. The tests are conducted using a cylindrical hard-
ened steel projectile with a pyramidal leading endform 
that has been truncated, giving it a square and flat impact 
surface. In Figure 9, the dimension “a” represents the side 
length of the square.

Note that the table giving resistance classes for the 
various windows for machine tools is unchanged except 
for the borderline between B and C class guard windows 
between the EN 12415 standard and the ISO 23125 stan-
dard of 2010, which replaced it. The ISO standard ex-
panded the B class window category “from 130 up to 250 
mm” turning diameter maximum to “from 130 mm up to 
<260 mm.” The subject workpiece chuck, being 10 in. in 
diameter, would require a C2-class window under the EN 
standard, but only a B2-class window under the supersed-
ing ISO standard. 

A 2.5 kg impactor is substantially lighter than was the 
12.8 kg accident workpiece. However, the case-specific 
destructive initial destructive testing strongly suggested 
that the window pane sold in the unregulated Ameri-
can market would not be able to withstand the required  
4,960 J impact of a 2.5 kg impactor as the window was 
defeated by three impacts of lesser energy — the least of 

Turning  
Diameter (mm) 
From        Up To

Circumferential 
Velocity  
v (m/s)

Projectile 
Size ϕ x a 

(mm x mm)

Projectile  
Mass  
(kg)

Impact  
Velocity  
v (ms/s)

Impact  
Energy  

(J)

Resistance 
Class

                  130
25 
40 
63

30 x 19 0.625
32 
50 
80

320 
781 
2000

A1 
A2 
A3

130        250
40 
50 
63

40 x 25 1.25
50 
63 
80

1562 
2480 
4000

B1 
B2 
B3

    250
40 
50 
63

50 x 30 2.5
50 
63 
80

3124 
4960 
8000

C1 
C2 
C3

Figure 9
Impact resistance classes per European Standard EN 12415 as of 20064.
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which was 1,442 J. Note also that in each of the initial 
tests, some portion of the impact energy was absorbed 
by the window frame, rather than the tempered glass and 
polycarbonate panes alone. 

The unregulated American market lathe window used 
a 4.5-mm-thick polycarbonate window pane for energy 
absorption. The regulated European market lathe win-
dow used a 12-mm-thick polycarbonate window pane for 
energy absorption. The EN 12415 standard, along with 
the superseding ISO 23125 standard, provided a table of 
polycarbonate window thicknesses for which 6 mm is the 
listed minimum (Figure 10). Note that for the C2 class 
window, 10 mm of polycarbonate was minimal, while for 
the B2 class window, 8 mm sufficed.

The development of the EN 12415 and the successor 
ISO 23125 standards were based upon the seminal work 
of Mewes and Trapp7 who used a pneumatic gun similar 
to that used in the current study to launch a standard pro-
jectile at a number of different guard materials, including 
polycarbonate, several sheet steel alloys, and the alumi-
num alloy AlMg3. Inspection of Figure 10 shows that 
both kinetic energy and projectile mass are relevant to 
polycarbonate window penetration performance; a projec-
tile of greater mass and — hence greater cross sectional 
area — requires more kinetic energy to penetrate a given 
polycarbonate window. For example, a 6-mm polycarbon-
ate window will pass the B1 requirement as it can absorb 
a 1562 J impact by a 1.25 kg standard projectile, but that 
same window cannot absorb a lesser 781 J impact by a 
0.625 kg standard projectile. Similar comparisons can be 
made for the 8-mm polycarbonate window (B2 at 2480 J 
= Pass; A3 at 2000 J = Fail) and the 10 mm polycarbonate 
window (C2 at 4960 J Pass; B3 at 4000 J = Fail).

The previous work by Mewes cannot be used to di-
rectly analyze the subject accident and window capacity, 
as no 4.5 mm polycarbonate window is listed, and the ac-
cident workpiece at 12.8 kg was somewhat more than five 
times as massive as the largest standard projectile used by 
Mewes. Further, these validation tests did not have the im-
pactor graze the window frame. 

The substantial increase in absorbed kinetic energy 
of the test windows in this study, as a result of increased 
projectile velocity (tests T4 → T1), strongly suggests that 
the window frame was a significant absorber of impact en-
ergy. This is supported by earlier work of Mewes8, which 
showed the relative insensitivity of polycarbonate energy 
absorption to impact velocity. This can be attributed to the 
brittle nature of polycarbonate, which, while energy ab-
sorbing, does not deform in a similar fashion to low car-
bon steel for which the balance of the door/window guard 
was manufactured. Thus, the substantial increase in win-
dow guard energy absorption with increasing workpiece 
impact velocity can be attributed to the steel construction 
of the window frame rather than the polycarbonate glazing 
that was penetrated. One further relevant observation is 
that when Mewes conducted his testing, he used a 25-mm 
(1-in.) frame to viewing panel overlap, rather than the 15-
mm (0.6-in.) overlap design of the accident lathe window.

Alternative Design Validation Testing
Two additional tests were performed to validate al-

ternative design windows given two different workpiece 
impact scenarios. Test 5 used a 12-mm polycarbonate 
window replicating the construction of the window that 
was sold on the European market. The frame engage-
ment of this test window was also extended from 15 
mm to 25 mm to diminish the probability of a peripheral  

 
PC  

Thickness  
(mm)

 
 

A1 
320

 
 

A2 
781

 
 

A3 
2000

 
 

B1 
1562

 
 

B2 
2480

 
 

B3 
4000

 
 

C1 
3124

 
 

C2 
4960

 
 

C3 
8000

6 • - - • - - - - -
8 • • - • • - • - -
10 • • • • • - • • -
12 • • • • • • • • -
15 • • • • • • • • •
19 • • • • • • • • •

Figure 10
Impact resistance classes per European Standard EN 12415 as of 20064.

Impact Resistance Classes of Machine Tool Safety Windows Energy Capacity Requirements (J)

• Passes requirements of the applicable impact class                - Insufficient to satisfy requirement of the applicable impact class



FORENSIC ANALYSIS OF A CNC LATHE WINDOW GUARD FAILURE PAGE 9

pullout. Test 5 was conducted to determine if this window 
design would have adequately retained the workpiece in 
the subject accident. The workpiece was launched at a ve-
locity of 15.0 m/s (49.1 ft/s) to achieve an impact kinetic  
energy of 1,439 J (1,061 ft-lb), more than 10% greater 
than the larger of the two estimates of impact kinetic en-
ergy provided by the plaintiff’s engineers (1,265 J = 933 
ft-lb). At impact, the tempered glass shattered, but the 
polycarbonate window held — and the workpiece was 
retained.

Test 6 was of a hypothetical “maximum protection” 
window designed to see if a redesigned window could 
retain the subject workpiece given an impact energy in 
excess of the highest impact energy estimated for the 

subject accident by any party. This alternative design 
used thicker steel for the exterior door panel and a lattice 
work of steel across the viewing pane. Lattice work sub-
divides the daylight opening of the window into a grid 
and is called “muntin bars” in glazier jargon. In this case, 
the muntin bars were intended to absorb impact energy 
in tandem with the polycarbonate window. The Test 6 
workpiece (weighing 12.8 kg) was launched at a velocity 
of 30.7 m/s (49.1 fps), which developed over four times 
the kinetic energy estimated for the subject accident. The 
test was successful in that the door and window were 
heavily damaged, but the workpiece was retained.

Photographs of Tests 5 and 6 are presented in Figures 
11 and 12. In Figure 11, the workpiece is highlighted with 

Figure 11
Test 5 – European market CNC lathe window using 12-mm polycarbonate pane.

Figure 12
Test 6 – “Maximum Protection” CNC lathe window using muntin bars at exterior surface.
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a green arrow showing rebound. In this test (and this test 
only), the workpiece missed the frame edge and interacted 
only with the window proper, ensuring that no energy was 
dissipated by frame deformation. The test details of Tests 
5 and 6 are recorded in Figure 13.

Results and Conclusions
It has frequently been observed in mechanical design 

that adequate component strength is necessary but other-
wise uninteresting. That is, a factor of safety in excess of a 
consensus standard and justifiably adequate level does not 
provide any incremental safety benefit, and “more strong 
than strong enough” is not any more beneficial than is 
“strong enough” in a practical sense. 

For the analyzed accident, inadequate window guard 
strength was incorporated into the studied U.S. domestic 
market CNC lathe, and this inadequate window strength 
was a cause of the injury incurred by the operator. Had the 
stronger European market window utilizing 12-mm-thick 
polycarbonate been used instead of the weaker domestic 
market 4.5-mm polycarbonate window, then the accident 
would still have caused the door/window guard assembly 
to be severely damaged and in need of replacement. How-
ever, that is likely all that would have happened — no op-
erator injury would have been incurred.
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Test Mass  
kb / lbs

V-Impact 
m/s / ft/s

V-Exit  KE-Impact J / 
ft-lbs

KE-Exit  Comments

T5 12.8 / 28.1 15.0 / 49.1 0 1439 / 1061 0 12 mm polycarbonate

T6 12.8 / 28.2 30.7 / 100.6 0 6033 / 4450 0
12 mm polycarbonate 

+ 4.2 mm steel construction 
+ window muntin bars

Figure 13
Validation impact testing.
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diagnosis, therapy, or sequelae (except for a brief intro-
duction to a diagnostic method that relates to how cur-
rent flows in human tissue and informs the reader on one 
mechanism of shock injury). The general term “shock” is 
used in place of “electrocution,” since shock injuries may 
or may not be fatal — the common implication is that an 
electrocution is a fatal shock injury. 

Using the scientific method, a forensic analyst should 
strive to complete the following steps3:

1. Gather data on all the parties and circuits that 
need to be analyzed, including actions taken by 
parties, photographs, interviews, measurements, 
pertinent standards in effect that impact electri-
cal safety, history of the circuits, documentation 
on their installation, any alterations, and injuries 
sustained. Gather this information as early in the 

Methodology and Tools for Forensic  
Engineering Analysis of Electrical Shocks
By Chris Korinek, PE, DFE (NAFE 716S)

Abstract
Forensic engineering analyses (FEA) of electrical shock incidents are challenging because many factors 

need to be considered to understand how and why the incident happened. The goal is to determine how and 
why the victim’s body became part of an electrical circuit that caused the shock injury. To do this, the engineer 
needs to determine, if possible, all of the connected portions that combined to make the complete circuit at the 
time of the shock, including the energized and non-energized conductors. Then, failures (defects) of compo-
nents and violations from standards by parties involved with manufacturing, installing, inspecting, operating, 
and servicing the electrical circuits/systems involved need to be determined and their relation to the cause 
(failure-modes) evaluated1. There will often be multiple circuits in the vicinity of the shock victim, some of 
which are pertinent to the shock and others that are not. These circuits need to be analyzed and non-pertinent 
circuits ruled out. When the pertinent circuit is determined, all the conductive elements and connections that 
form the (often three-dimensional) circuit should be identified. This includes service conductors, branch con-
ductors, cords, portable devices, victims with their specific circumstances and conditions, their clothes, any 
moisture, tools, vehicles, and nearby materials, such as soil and vegetation. This paper outlines the scientific 
methodology and tools, logical decision analyses, and procedures for performing a shock analysis and pro-
vides specific examples based on actual investigations.

Keywords
Electrical shock injury, leakage current, resistance and impedance, insulation, stray voltage, electrophysiology, 

grounded conductor, grounding conductor, electrolyte, ground fault circuit interrupter

Background and Terms
This paper will focus on the forensic engineering in-

vestigations of electrical injuries involving an individual 
becoming part of an electrical circuit versus injuries due to 
flash, fire, or lightning. In the United States, there are ap-
proximately 1,000 deaths per year as a result of electrical 
injuries. Of these, approximately 400 are due to high-volt-
age electrical injuries, while lightning causes 50 to 300. 
There are also at least 30,000 shock incidents per year that 
are non-fatal. Each year, approximately 5% of all burn unit 
admissions in the United States occur as a result of elec-
trical injuries. Approximately 20% of all electrical inju-
ries occur in children. The incidence is highest in toddlers 
and adolescents. In adults, these injuries occur mostly in 
occupational settings and are the fourth-leading cause of 
workplace-related traumatic death, whereas, in children, 
electrical injuries occur most often at home2. This paper 
will focus on the electrical causes — not the pathology, 

Chris Korinek, PE, N144 W6466 Pioneer Rd., Cedarburg, WI 53012, (262) 377-4434, Chris@synergyforensicengineering.com
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investigation as possible because memories fade. 
The results from the data-gathering step will im-
pact how scene and lab examination protocols 
are planned and performed. 

2. Rule-in or rule-out circuits regarding causality, 
based upon scientific hypothesis testing.

3. Determine how and why any stray electrical cur-
rent occurred and the path of the stray current 
that caused the electrical shock. Often multiple 
failures occur to cause the electrical hazard to be 
present. All of these necessary failures should be 
identified and their relation to the shock hazard 
discussed. 

4. Evaluate if the results are consistent with the vic-
tim’s condition and activities before and at the 
time of the accident.

5. Determine what human actions may have vio-
lated one or more standards that were causative 
to the electrical shock. An example of a party not 
meeting a standard is an electrician not installing 
a grounding and bonding conductor for a pool 
pump that is explicitly required in the installation 
manual and the electrical code requirements per 
the local inspector. 

The following basic terms, which are often referred to 
without the adjective “electrical”4, are important as they 
have precise meanings and are consistent with the terms of 
art used in the electrical codes, standards, and trades.

Electrical charge: An excess or deficiency of electrons 
in a body5. Charged particles can be electrons (sub-atomic) 
or ions (atomic)6. Charge has units of Coulombs.

Conductors and insulators: Conductors permit the 
passage of charge through them; insulators do not6. The 
passage or lack of passage of charge is not perfect in the 
sense of 100 or zero percent passage. All materials allow 
some (large to minute amounts of) passage of charge — 
this will be discussed further in the section on resistance 
and impedance. Many conductors are metallic wires, but 
uninsulated metal enclosures that can pass charge in an ab-
normal situation after an insulation breakdown occurs are 
also important conductors in a system that guards against 
shock injury.

Voltage: A measure of the electrical potential difference 

between two points7. Voltage has units of volts (V).

Electrical current: The current in a conductor is mea-
sured in amperes (A) and is a measure of the rate of motion 
of charge carriers in the conductor. Current is important in 
that it is related to conductor heating and determines the 
required size of the conductor, whereas voltage determines 
the insulation required for the conductor. The continuous 
current rating (ampacity) for a conductor depends on the 
temperature rise permitted for the conductor and its insula-
tion because heat in a conductor is related to the square of 
the current in the conductor7. Direct current (DC) is a flow 
of charge in one direction only from a constant voltage 
source. Alternating current (AC) is charge flowing in al-
ternating directions due to a voltage source that alternates 
from positive to negative voltage at a frequency of typi-
cally 50 or 60 cycles per second or hertz (Hz).

Electric circuit: An interconnection of electrical ele-
ments linked together in a closed path so that an electric 
current may flow continuously8.

Electrical resistance and impedance: The resistance 
of a given circuit, measured in ohms (symbol Ω), is used 
to determine the current in a circuit for a given voltage 
difference across elements of the circuit7. Impedance con-
sists of resistive, capacitive, and inductive components8. 
Appliance electrical insulation resistance is typically mil-
lions of ohms (MegΩ) and only allows minimal leakage 
current. For example, only 1.2 micro-amp (0.0000012A) 
flows through 100 MΩ (100,000,000 Ω) resistance when 
exposed to a voltage of 120V. Load resistances typically 
have much lower resistance, and the human body has a 
range of resistance of approximately 500 to many 1,000s 
of ohms, depending on the voltage, frequency, path of the 
current, time, and the condition or presence of the skin9. 
Tissues (such as blood, muscles, and nerves), moisture, 
and earth can also be conductors in a circuit path — and 
have their different impedances affect the flow of cur-
rent4,9,10.

Ground: The earth4. The earth is presumed to be at a 
potential of zero volts when it is not conducting current. 

Grounded (or grounding): Connected (or connecting) 
to ground or a conductive body that extends the ground 
connection4.

Grounded conductor: A system or circuit conductor 
(designed to carry current under normal operating con-
ditions) that is intentionally grounded4. An example is a 
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neutral conductor that can be at a potential greater than 
zero volts due to a voltage gradient while it carries cur-
rent.

Grounding electrode (GE): A conducting object 
through which a direct connection to earth is established4. 
Common grounding electrodes include copper ground 
rods, metal water pipes, or building steel.

Grounding electrode conductor (GEC): A conduc-
tor used to connect the system grounded conductor or the 
equipment to a grounding electrode or to a point on the 
grounding electrode system4. 

Equipment grounding conductor (EGC): A conductive 
path(s) that is part of an effective ground-fault current path 
and connects normally non-current-carrying metal parts of 
equipment together and to the system grounded conductor 
or to the grounding electrode conductor or both4.

Bonded (or bonding): Connected (or connecting) to 
establish electrical continuity or conductivity4. 

Main bonding jumper (MJB): The connection between 
the grounded circuit conductor and the equipment ground-
ing conductor or the supply-side bonding jumper (or both) 
at the service4.

Ungrounded: Not connected to ground or to a conduc-
tive body that extends the ground connection4. An example 
of an ungrounded conductor is one that is at full voltage 
for use in a device, such as 120VAC, 240VAC, 480VAC, 
and is often called a “hot” or “energized” conductor.

Ground fault: An unintentional, electrically conduc-
tive connection between an ungrounded conductor of an 
electrical circuit and the normally non-current-carrying 
conductors, metallic enclosures, metallic raceways, metal-
lic equipment, or earth4.

Load: The device designed to use electrical energy to 
perform a desired purpose. 

Stray voltage and stray (or leakage) current: Terms 
that will be used interchangeably and refer to undesired 
electrical potential and current flow that can cause a shock.

Figure 1 illustrates a ground fault in a load fed from 
a source transformer through a service circuit breaker11. 
Numbers, letters, and arrows were added to the IAEI dia-
gram by this author. Normally, current flows to the load 

through the insulated energized conductors (“hot” and red 
arrows), flows through the load, and then flows safely back 
to the service/source through insulated grounded conduc-
tors (neutrals for 120VAC). 

A correctly installed system keeps connections G1 and 
G2 as close to zero volts as possible as these are connected 
directly to earth ground. If there are separate EGC and 
grounded/neutral lugs, the main bonding jumper (MJB) 
connects the service EGC lug to the grounded/neutral 
lugs in the service panel to keep them at zero potential 
(G2). Problematically, a ground fault is shown where fault 
current flows, as shown by the purple arrows and lines, 
through the EGC, which is the conduit between the load 
and service enclosures, including bonding connections 
(A). Once this fault current reaches the area of the bonded 
service lug (G2), it can return to the source grounded con-
nection at (G1) through three paths simultaneously:

1. Through the grounded conductor (neutral wire), as 
shown with the thick blue arrows (reference #1).

2. Through the bonded enclosures and conduit 
through bonding B connections, as shown with 
the thick green arrows (reference #2).

3. Through the earth ground loop as shown with the 
thick orange arrows (reference #3).

Normally, most fault current should flow through paths 
#1 and #2 as path #3 has the relatively high-impedance 
earth as part of the conductive path. The result of fault cur-
rent flow through #1 and #2 is normally a short-duration 

Figure 1
A ground fault and the resulting current paths11.
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• A ground-fault circuit interrupter (GFCI or GFI) 
is an active device that measures the imbalance 
(leakage current) between the grounded and un-
grounded conductors and will trip off if this im-
balance reaches a nominal level of 5 milliamps 
(mA) or 0.005A.

• An arc-fault circuit interrupter (AFCI) or a residu-
al current device (RCD) works in a similar way as 
a GFCI, but these devices trip at a nominal imbal-
ance level of 30 mA (0.030 A) due to an abnormal 
current waveform.

• A double-insulated device has two independent 
insulation systems and no accessible grounded 
metal to become energized.

• A low-voltage device is one that operates at or less 
than 30VAC.

Normally, when electrical insulation is new and func-
tioning well, its impedance can be thought of as infinitely 
high; however, it always has a finite quantity of impedance. 
When the insulation becomes degraded, its impedance can 
decrease to levels that may cause an electrical hazard. 

Degradation due to surface contamination, moisture 
absorption, charring, dimensional and internal changes, 
and biological alterations may occur and cause the imped-
ance to be reduced. Note the resistance drawn between the 
ungrounded and the EGC in Figure 3. This causes unde-
sired current to flow. New plastic insulation for a 120VAC 
appliance cord may start out at an impedance of 100 MegΩ 
and only allow leakage current to ground of 1.2 micro-
amps (0.0012 mA). If this impedance drops to 24 kiloohms  
(24 kΩ), the leakage current increases to 5 mA, which is the 

Figure 2
Shock through person in contact with an enclosure11. 

Figure 3
Schematic of current flowing through a desired path (black and  
yellow conductors) and an undesired path (green conductors).

overcurrent that trips an overcurrent device (OCPD), such 
as a fuse or circuit breaker so that no permanent damage 
occurs to the conductors or insulation systems — and the 
shock injury hazard is very short in duration. However, in 
a situation where there is no EGC between the service and 
the load and/or no bonding connections (A), the load en-
closure may remain at 120VAC or a voltage substantially 
higher than a safe level. The load may or may not still be 
operating. The dangerous situation is further depicted as 
the shock hazard in Figure 2. 

People Protection
The following devices and systems help protect users 

from shock hazards4,12:

• A proper grounding network (made from the 
grounding and bonding components discussed 
above) forms a reservoir of zero potential materi-
als. This is designed to allow stray current to be 
passively diverted away from vulnerable persons 
and cause active devices to operate and further de-
crease the probability of a shock injury.

• An OCPD is an active device that deenergizes a 
circuit after it senses overcurrent, commonly at 
or more than 120% of the current rating of the 
device. Refer to the trip curve for a particular 
OCPD as the trip time varies with the percentage 
of overcurrent. The OCPD can protect the wiring 
from overheating as well as persons from becom-
ing part of the circuit if the circuit is de-energized 
prior to a person contacting the damaged device. 
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leakage current level that should trip a GFCI. If there is no 
GFCI and the impedance drops to zero ohms, a person con-
tacting the energized conductor will be the only impedance 
holding back the current from flowing. If a person contacts 
this energized conductor with no insulation, it is possible 
that the person may only add 500 to 1,000 Ω of impedance 
to this circuit, respectively, and the leakage current could 
reach 240 to 120 mA, which is above the level that can be 
fatal. The leakage current can normally be analyzed inde-
pendently from the desired electrical current load (10A in 
this example) as seen in Figure 3.

If the conductor insulation inside an enclosure fails, 
the conductor contacts an accessible metal surface, and 
energizes the metal surface, the current path to ground 
can be through a person during a shock event, as shown 
in Figure 211.

How Electricity Affects the Human Body
Figure 4 shows how the body responds to increas-

ing AC current7. The data shows the non-injurious per-
ception at 1.0 mA through serious cardiac arrhythmia at  
60 mA and other more serious conditions as the current 
increases. There are some differences between the effects 
on males versus females. Based upon this data, the trip 
levels for GFCIs were set at 5 mA, above the perception 
threshold and below the let-go currents (both considered 
safe levels). 

The results of studies by Charles Dalziel in Figure 5 
show the different effects of electricity on the human body 
(men and women) for DC and AC9. It was found that, 
on average, the human body can tolerate DC current at a 
higher level than AC current, and males can tolerate higher 
currents than females.

 Figure 6 shows valuable relationships between im-
balance trip current verses shock duration for a typical 
GFCI, electrocution threshold, let-go thresholds for adults, 

and body resistances for 120VAC shock scenarios13. High-
lights of red, yellow, and blue were added by this author 
for clarification and perspective. The black curves show 
the approximate GFCI performances for zero load and an 
imbalance with a load of 15A. There are also data points 
shown. Note that the vertical axis represents shock current, 
and the horizontal axis shows shock duration or trip time in 
log scales. From the graph, note the following:

• GFCIs have short trip times at high-current im-
balances and longer trip times at low-current 
imbalances, but all are generally well under 0.1 
second. 

• All GFCIs trips shown are at an imbalance cur-
rent of 4 mA and above. Below 3 mA, the GFCI 
will not trip.

• The yellow region represents the region where a 
GFCI will trip to safely deenergize a circuit.

• The maximum current of 240 mA level corre-
sponds to a minimum body resistance of 500 Ω 
at 120VAC; other current levels are shown for the 
corresponding body resistances.

• The red line shows the locus of points for elec-
trocution for adults, which corresponds to severe 
injury or death.

• The region where a GFCI will trip is outside the 
threshold for electrocution for adults.

• The blue line represents the let-go threshold for 
men, which can be inside the trip region; how-
ever, the trip time for this let-go phenomena will 
be less than 0.1 seconds.

Figure 4
Thresholds for effects of commercial electrical power.

Figure 5
Thesholds for effects of DC and AC for men and women.

Table 3.3 Thresholds for effects of commercial electrical power
 Response                                                                         Threshold current*
 Perception                                                                           1.0 mA (M)
                                                                                             0.5 mA (F)
 Let-go                                                                               16 mA (M)
                                                                                           11 mA (F)
 Cardiac Arrhythmia                                                          60 mA
              Ventricular fibrillation                                       100 mA
 Disruption of skeletal muscle membranes                   1500 mA [20]
 Notes: 
 * Assumes current path in the upper extremity. 
 (M) Males, (F) Females

Direct Current         60-HZ Current 
(mA)                   (mA rms)

Effect Men Women Men Women
No sensation on hand 1 0.6 0.4 0.3

Slight tingling. Perception threshold 5.2 3.5 1.1 0.7
Shock — not painful and  
muscular control not lost 9 6 1.8 1.2

Painful shock — painful but  
muscular control not lost 62 41 9 6

Painful shock — let-go threshold 76 51 16.0 10.5
Painful and severe shock — muscular 

contractions, breathing difficult 90 60 23 15

* From Dalziel, IEEE Trans. Bio. Med. Eng. 1956. 5:44-62.
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While it is interesting to know the effect of current on 
the human body, the exact value of the current at the time 
of the shock may not be known. There may be methods 
available to approximate the current for some shock sce-
narios, one of which will be discussed later in this paper. 
What is often more readily available is the voltage for the 
ungrounded conductors that often can stay constant for a 
given current draw. If the shock current exceeds the avail-
able current, the voltage may drop — this may need to 
be factored into the analysis. For all further discussions 
in this paper, it is assumed that the voltage stays constant 
during a shock incident13. 

Conditions for obtaining experimental data for human 
exposure to voltage included intact skin, wet hands and 
feet, low current densities, and maximum current while 
still allowing the test subject to let go. In addition, Dalziel 
reported that the lowest fatal shock voltage known was at 
46V. Some examples of standards that refer to safe voltag-
es are Underwriters Laboratory (UL) 1310 (Class II Power 
units) that mentions 30VAC and 60VDC as safe and UL 
1838, “Low Voltage Landscape Lighting Systems,” which 
refers to 15VAC and 30VDC as safe. 

Figure 6
Imbalance trip current vs. shock duration for a typical GFCI, electrocution  

threshold, let-go thresholds for adults13. Colored lines were added by the author.

Factors in the severity of a shock include:
1) Current available

2) Voltage source 
a)  Amplitude (at start of and during shock) 
b)  Waveform (AC or DC) 
c)  Frequency of voltage source

3) Impedance/resistance 
a)  Skin impedance/resistance 
      i)  Intact or open 
      ii)  Surface area of contact 
      iii)  Function of voltage (the higher the  
             voltage, the lower the impedance) 
b)  Body structures impedance/resistance 
c)  Path of current through the body and whether 
this path includes the heart 
d)  Remainder of current path outside the body

4) Current exposure time

When current flows through a metal conductor and then 
to the human body, the mode of conduction often changes 
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from electronic (the flow of electrons) to ionic (the flow of 
ions). At the metal to skin contact point, the current flow 
undergoes an electrochemical reaction from electronic to 
ionic current flow that can generate rapid heating. The re-
action rate is dependent on the voltage drop at this contact 
and can generate toxic chemical byproducts. All current 
flow through liquids is ionic in nature. By itself, saline so-
lution has only resistive impedance; however, other tissues 
can have resistive and capacitive impedances that influ-
ence the magnitude and path of current flow through the 
tissues. Figure 7 illustrates these concepts7. 

Three main injury mechanisms for shocks include:

1. Arcing due to a dialectric breakdown in the current 
path — consists of ionized current flow through 
superheated air, which is highly conductive. Of-
ten, a bright flash of light is observed. There are 
approximately 300V required for a minimum gap 
to initiate the arc. After the arc is established, the 
arc continues with lower voltage across the gap. 
A metal to skin contact at 10 kilovolts (kV) can 
vaporize skin at 1,000ºC and cause 10 to 20 A to 
flow through the body7.

2. Pure resistive or Joule heating — proportional to 
the square of the voltage for a given impedance7. 

3. Electroporation due to cell membranes rupturing 
— the cells break open like soap bubbles with a 
pin. If the cell membranes rupture, the cells then 
most likely die. The cells function as capacitors 

with their impedance being an inverse function 
with frequency7.

Electrical Impedance Spectroscopy 
A diagnosis method called electrical impedance spec-

troscopy (EIS) evaluates the viability of burn tissue by mea-
suring the capacitive impedance of tissue cells. It also gives 
insights as to how current flows in tissues due to resistive 
and capacitive (reactive) impedances. Measurements of the 
real and reactive impedances are made during a frequency 
sweep to determine if the cells have been ruptured. 

Figure 8 shows a healthy tissue impedance plot (red 

Figure 7
Effects of electrochemical conversion at the  

body surface during an electrical shock.

Figure 8
Healthy tissue impedance EIS plot.



PAGE 18 JUNE 2023

curve) and its equivalent circuits in the colored boxes7. 
Lee’s diagram was rearranged by this author for clarifica-
tion and illustration of the frequency sweep concept, and 
colored highlights were added. As the frequency of the 
voltage changes from zero Hz (black) to the relaxation fre-
quency (green) and then to a maximum frequency (blue), 
the plot would follow a circular curve, indicating if the 
cell walls were intact and acting like capacitors. From this 
diagram, it is seen that cells can conduct more current at 
higher frequencies because the impedances are lower at 
higher frequencies. 

Figure 9 shows four plots, ranging from healthy 
(largest plot), partially damaged, and severely damaged, 
tissue (smallest plot)7. Colored dots and a dotted line were 
added to illustrate the change of the relaxation frequency 
impedances in healthy and damaged tissue. The resis-
tive and reactive impedances for the zero, relaxation, and 
maximum frequencies all decrease with increasing tissue 
damage. Lee was able to correlate the quantities of these 
impedances to the probabilities of tissue necrosis toward 
the goal of identifying and removing this damage during 
the minimum number of surgical procedures. From this 
diagram, it is seen how damaged tissue can carry more 
current than healthy tissue as the impedance is lowered 
when the tissue is damaged.

Methods and Tools 
Effective methods and tools for analyzing shock inci-

dents include the following:

• Keep safety first to make sure another shock  
injury does not occur. Utilize safety methods, 
such as lockout/tagout (LOTO), to deenergize 
circuits and wear appropriate personal protective 

equipment (PPE) during analysis14,15. 

• Perform as much non-destructive data taking and 
analysis while the circuit is deenergized. 

• Take additional precautions when energizing 
equipment that may be shorted to ground without 
tripping a protective device, and announce these 
precautions to all in the area. Be aware that ener-
gizing circuits may be destructive in nature.

• Use the appropriate meter in the appropriate man-
ner for checking electrical parameters, and be 
aware of the limitations of the measurement de-
vices. Read and understand the operation manuals 
for all meters and equipment used. In one case, 
an electrician attempted to measure ground con-
tinuity by obtaining a zero-voltage measurement 
between two exposed metal surfaces. If there was 
a continuous ground, there would be no voltage 
between the two exposed metal surfaces; howev-
er, just because there is no voltage does not mean 
that there is continuity. The electrician concluded 
that there was ground continuity, but this turned 
out to be erroneous. This error contributed to the 
potential for a future shock injury. In this case, a 
resistance measurement would have been the cor-
rect method to measure ground continuity.

• Measure insulation resistance when appropriate. 
A 12VDC powered multimeter can measure low 
resistances well but may not measure a more real-
istic resistance when the device is powered. Using 
a megger at 500 or 1,000VDC to non-destructive-
ly check the resistance of a device may be a more 
realistic value of the insulation resistance at the 
full operating voltage. Refer to the UL standard 
for the device hipot testing requirement and the 
operation manual for the megger used16.

• The analyst may use safety devices such as a 
GFCI, AFCI, or RCD during measurements while 
full voltage is applied to a circuit under evaluation 
to both assist in evaluating the level of leakage 
current present and to protect the persons per-
forming the tests.

Different Shock Scenarios
Shock current paths and the impedances involved can 

vary between incidents requiring all possible paths to be 
evaluated individually. Certain shock paths are simpler 

Figure 9
Comparison of healthy to damaged tissue  

impedance frequency plots for an EIS evaluation.
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with fewer impedances in series with the victim’s body 
(i.e., if a victim’s two wet hands had grasped two metal-
lic surfaces involved with the current path). In this case, 
the voltage between the metal surfaces can be measured. 
In parallel with the voltage reading, the current through a 
known impedance can be measured. This may inform the 
investigator as to the possible current through the victim, 
if the impedance is similar to the victim’s impedance and 
if all other impedances in the circuit have remained con-
stant since the shock incident. If the victim’s hands were 
wet or their skin impedance were compromised, an im-
pedance of 1,000 Ω may be in the range of the impedance 
of the victim’s body. This current reading would then 
also take into account other (often hidden) impedances in 
the complete path in series with the victim. It also helps 
determine if the total impedance present was low enough 
to allow a dangerous current to flow through the victim’s 
body, given the available voltage source. An example of 
a more complex path with additional impedances may be 
a person swimming in a pool and not touching any metal 
surfaces. Current flows through the pool water, and an 
electric field exists. Early testing by Dalziel with dogs 
was done with this shock path to determine when the 
dogs would exhibit loss of muscle control13.

To simulate the type of shock path with a person having 
body parts immersed in water but not touching any metal, 
a simple lab test was performed. This test setup is shown in 
Figure 10. Various 120VAC voltage sources were placed 
into a plastic pan with a grounded copper pipe on the other 
side of the pan, approximately 14 inches (in.) apart. The 
voltage source and pipe were covered with tap water. Wires 

were placed into the water with the bare ends being 11 in. 
apart as shown by the yellow and white squares. 

Voltage readings were taken between the ends of the 
wires. Red arrows were drawn onto this test setup figure 
to indicate an instantaneous electric field from an alternat-
ing current voltage source to a grounded metal object. The 
yellow diamond is an inch and a half from the power strip. 
The white diamond is an inch and a half from the ground-
ed copper tube. Current measurements were not made, but 
it is expected that additional electrolytes in the water, such 
as salt, would decrease the overall impedance of the circuit 
and increase the current flow through the 1.5 in. of water 
on either of the two gaps between the ends of the wires and 
the metallic conductors as shown by the white arrows. The 
gap on the left is seen between the yellow square and the 
ungrounded conductors inside the RPT, and the gap on the 
right is seen between the white square and the grounding 
clamp.

The following devices were placed into the water for 
testing in the same position:

• A relocatable power tap (RPT) or power strip with 
plastic enclosure or case with EGC. This allows 
for three current paths: ungrounded conductor to 
EGC, ungrounded conductor to grounded conduc-
tor, and ungrounded conductor to grounded cop-
per pipe.

• An RPT with a metal case with EGC. This allows 
for four current paths: ungrounded conductor to 
EGC on inside of RPT, ungrounded conductor to 
EGC on exterior of RPT, ungrounded conductor 
to grounded conductor, and ungrounded conduc-
tor to grounded copper pipe.

• A double-insulated hair dryer with a plastic case 
and no EGC. This allows for two current paths: 
ungrounded conductor to grounded conductor, and 
ungrounded conductor to grounded copper pipe.

• An RPT with a metal case with no internal EGC 
(to simulate it being plugged into a cheater plug 
with no ground connection to the receptacle). This 
allows for three current paths: ungrounded con-
ductor to EGC, ungrounded conductor to ground-
ed, and ungrounded conductor to grounded cop-
per pipe.

• An RPT with a plastic case (with EGC) and 

Figure 10
Test arrangement to measure voltage  
drop in water due to an electric field.
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cord plugged into the RPT with only the bare  
un-grounded wire exposed. This allows for three 
current paths, ungrounded conductor to EGC, 
ungrounded conductor to grounded conductor, 
and ungrounded conductor to grounded copper 
pipe.

• A RPT with a metal case with no internal EGC 
and the metal case energized. This allows for only 
one current path, the ungrounded conductor to the 
grounded copper pipe.

The first three devices (1, 2, and 3) with no defects 
were placed into the water. These voltage drop readings 
in the water are shown as the blue bars on the graph in 
Figure 11. The red line in this graph is at 30VAC, which is 
the AC voltage generally deemed safe. The other three de-
vices with defects (4, 5, and 6) were placed into the water; 
these voltage drop readings in the water can be seen as the 
red bars on the graph.

This test illustrates that, especially for defective de-
vices and applications, a dangerous shock at a dangerous 
voltage is possible even if a person is not touching one 
or more metal surfaces. Many of the results in this chart 
(red-colored bars) are near and above the maximum safe 
level of voltages discussed earlier. A takeaway from this 
test is that there is a greater chance of a dangerous shock if 
certain defects are present. This is especially true for those 
that allow an energized conductor to be closer to a person 

than when the defect is not present and if there is a lack 
of an EGC. A proper EGC can act to collect stray current 
because it is often near the energized conductors. If the 
EGC encloses the energized conductor or it is between a 
person and the energized conductor — even more personal 
protection is afforded to a person outside the enclosure. 

Standards
A standard is defined as “a model accepted as correct 

by custom, consent, or authority or a criterion for mea-
suring acceptability, quality, or accuracy’1. Some common 
standards for various parties involved (including electri-
cians, forensic engineers, and other experts) are used to 
judge the actions of the party involved prior to, during, 
and/or after an electrical shock incident. The pertinent 
standard is the document that was in effect at the time of 
the party’s involvement, including, but not limited to:

• Manuals, labels, and instructions provided by the 
manufacturer and used by installers, inspectors, 
operators, servicers, etc.

• Written company policies for various companies 
involved, such as utilities, manufacturers, etc.

• Construction and performance standards such as 
the NEC and International Electrical, Mechani-
cal, and Building Codes (IEC, IMC, IBC), writ-
ten by standard bodies and used by architects, 
designers, installers, inspectors, etc.

Figure 11
Voltage measurements in water due to an electrical field.
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• National Electric Safety Code (NESC), writ-
ten by the Institute of Electrical and Electronics  
Engineers (IEEE) for utilities and subcontractors 
to design, construct, inspect, and service electri-
cal distribution and transmission equipment.

• National Fire Protection Association (NFPA) 
70E, Standard for Electrical Safety in the Work-
place used by safety and maintenance personnel, 
manufacturers, installers, inspectors, servicers, 
etc.

• Independent testing agencies such as UL, Cana-
dian Standards Association (CSA), and Intertek 
(ETL), for manufacturers, installers, inspectors, 
etc.

• Standards-writing bodies such as American Na-
tional Standards Institute (ANSI), American So-
ciety of Materials (ASM), for manufacturers, in-
stallers, inspectors, etc.

• Decisions by local authorities having jurisdiction 
(AHJs).

• Federal, state, and local codes that draw upon 
other standards with alterations as decided upon 
by federal, state, and local legislators and AHJs.

• Associations for specific industries for designers, 
manufacturers, installers, inspectors, servicers, 
etc. One example is the Association for the Ad-
vancement of Medical Instrumentation (AAMI) 
medical device standards.

• Trade association training programs and texts for 
trades workers, such as electricians.

• Textbooks for a particular discipline for use in ap-
plying basic principles to solving specific prob-
lems.

One pertinent example is for determining whether an 
electrical device was properly grounded and bonded dur-
ing installation. The installation manual may give specific 
instructions on how to ground and bond the device. If not, 
the question of whether installation meets “Code” can be 
determined by consulting the local AHJ to determine if 
they have adopted the same version of the NEC (possibly 
with alterations) as the state or if they have different altera-
tions of a local variety. Again, the standard to be used in 

judging the installation is what was in effect at the time of 
installation.

Case Study
The author’s firm along with another firm were hired 

to investigate a tragic incident on behalf of the estate of a 
man who was a guest at a residential pool party who was 
fatally electrocuted while jumping a fence after exiting the 
pool to get a ball. The homeowner’s insurance carrier also 
hired a forensic engineer. The death certificate stated the 
cause of death was anoxic encephalopathy due to cardiac 
arrest due to ventricular fibrillation due to electrocution. 
In other words, electrocution caused his heart to go into an 
abnormal rhythm, which led to cardiac arrest and then to 
brain death due to lack of oxygen. 

The layout of the pool is shown in Figure 12 (a Google 
Earth image from before the incident). The electrical sys-
tem for the pool is fed by the circuits in the pool house, 
and there is a chain link fence that surrounds the pool and 
deck. Electrical circuits in the immediate vicinity of the 
pool include in-pool lights, a string of lights hung on the 
fence that was powered from an extension cord, a light 
pole approximately 23 in. west of the chain link fence, and 
a receptacle on the southern corner of the fence.

The initial basic facts given prior to the scene visit 
were as follows. The man exited the pool to retrieve a ball 
and was in the process of climbing over a metal fence when 
he stopped moving and lost consciousness. The fence had 
always been next to the pool — since no one ever received 

Figure 12
Pool layout.
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a shock from the fence, it was mentioned by a member of 
the investigation group that it may be difficult or impos-
sible to determine how this fence became energized. In 
the initial discussion, the author made a special point to 
not form presumptions, but to search for the source of the 
unwanted voltage and the ground path back to the source 
and let the scientific method determine the conclusions. 

The police department had done interviews of the pool 
party attendees; these interviews yielded valuable details 
as to what happened as the man exited the pool and at-
tempted to get over the fence. They also included the de-
tails that when he became stuck with one leg on either side 
of the fence, slid down the side of the fence, one person 
said his hands were stuck grabbing the fence, and another 
said he grabbed onto the light pole and received a shock 
from the pole. There was a short video of the pool party 
taken before the shock incident that showed the string 
lights operating. There were no thunderstorms in the area 
on the day of the incident.

There was an initial non-destructive scene exam, and 
the premises was surveyed as to the electrical system in the 
home and the visible items in the vicinity of the pool. The 
author found many potential electrical problems with the 
pool electrical systems, such as a lack of GFCIs, lack of 
grounding, multiple corroded conduits and exposed wires, 
rodent damage, etc. However, it was unknown which were 
causal to the injury. 

The author found a hole in the lawn where there were 
individual visibly exposed wires (with colored insulation) 
as 7 in. of the underground conduit had disintegrated due 
to corrosion as seen in the white ellipse in Figure 13. Plus, 
there were many unanswered questions about the detailed 
actions of the man and other site anomalies, which caused 
the team to only do a non-destructive brief broad survey 
of the electrical characteristics over a large physical area. 

There were many circuits and structures underground 
that could have been involved with the shock scenario. 
Since the forensic engineers were not allowed to energize 
any circuits at the pool, they could not detect stray voltage 
or current.

Figure 14 shows the state of the electrical pool con-
trols inside the pool house that had a doorway, but no door. 
Damage found included corroded enclosures, corroded 
and disintegrated conduits (one is shown inside the yel-
low rectangles), multiple cords, and rodent damage. The 
individual visibly exposed wires (with colored insulation) 
in the yellow rectangle in Figure 14 were similar to the 
wires that were visible in the hole in the lawn in the white 
ellipse in Figure 13. 

Since one of the team’s major investigation goals for 
the second scene exam was to determine what conductive 
materials were contacted by any of the extremities or body 
part — and to then determine the voltages of each of these 
body contact points — the author was interested in any 
recent electrical work, repairs, or problems, the motions 
of the man, the reasons for these motions, and what wit-
nesses observed during these motions, what devices were 
energized and/or operating at the time of the shock, and 
why there was a hole in the lawn. Another goal was to 
discover pertinent information by examination of above-
ground circuits and structures with a minimum excavation 
of any underground circuits and structures, such as feed-
ers, lights, or grounding and bonding conductors. 

After some discussion, it was thought by some that 
the team should use discretion and not ask questions early 
in the investigation because certain people could become 

Figure 13
Pool layout and hole in lawn (see white ellipse).

Figure 14
Pool house electrical controls.
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upset, and there might not be answers forthcoming. None-
theless, a list of 25 questions was drawn up and submit-
ted to the homeowners. To the forensic engineering team’s  
surprise, answers to most of the questions were forthcom-
ing. The author learned the history of the home, that there 
were no recent changes or previous problems or shocks, 
that all lights were turned on and operating, the receptacle 
was not used, the man had climbed the fence near the light 
pole, the reason for the hole in the lawn, and that the city 
inspector turned off circuit breakers in the basement after 
the incident. 

The homeowners were aware that there had been a 
pool pipe leak that had eroded the ground and caused the 
hole in the lawn. The leak had been recently repaired, and 
the hole in the lawn not been filled in. This information 
greatly allowed the author to focus the investigation on the 
area of the fence and light pole, even though other circuits 
were documented and tested as well. Prior to the second 
scene exam, the author also asked for permission to exca-
vate, as little as necessary. After some initial pushback, the 
team was given approval to excavate with discretion. 

During the second scene exam, the team was able 
to energize the pool circuits and measure a stray volt-
age of 102VAC from the light pole to the fence. To char-
acterize the remaining circuit, a resistor of impedance of  
1,000 Ω (in the ballpark of a wet body experiencing an elec-
tric shock) was wired in series with a multimeter to mea-
sure the current through the resistance. A current of 102 mA 
flowed through the 1,000-Ω resistor connected to the light 
pole and fence, indicating that the total impedance of the 

circuit was only 1,000 Ω, and the impedance of the under-
ground portions of the circuit was negligible. No other elec-
trical anomalies were found in the general area of the fence 
and light pole. After the measurements were taken, the local 
area was minimally excavated, underground circuits docu-
mented, the light pole cut down, and the wires internal to the 
light pole were examined. 

Figure 15 illustrates two photos that show a portion of 
the internal wiring for the light pole that had splices with 
electrical tape for insulation. It was found that a bare cop-
per wire had worn through the tape (as seen in the yellow 
circles), and the copper wire was able to touch the inside 
of the light pole to energize the metallic light pole with 
102VAC. 

After the voltage between and current through the 
light pole and the fence was measured, the power to the 
light pole was turned off, and a test was performed to de-
termine if an EGC was present, would the circuit breaker 
trip or the fault clear. A #12 AWG  copper wire was affixed 
to the light pole and the grounding electrode conductor at 
the pool house. When the power was reapplied to the light 
pole, a brief current of 11.4A AC was recorded. The circuit 
breaker did not trip, but the fault cleared itself;  the light 
pole was found to be not energized after this test. The au-
thor’s conclusions included:

1. The causes of the electrocution in this incident 
were both of the following conditions occurring 
simultaneously: 
a.  A failure in the electrical system of the light 

Figure 15
Internal wiring for the light pole with a bare copper wire protruding through a worn hole in electrical tape.
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pole circuits such that stray voltage and current 
occur, resulting in the light pole becoming en-
ergized. This failure was a lack of insulation on 
the electrical conductors such that an energized 
copper wire came into contact with the inside of 
the metallic light pole, allowing stray voltage and 
current to enter the light pole. 
b.  A failure in the electrical system of the light 
pole circuits caused the energized light pole to 
persist and not be terminated immediately. This 
failure was the absence of an intact and continu-
ous underground conduit, acting as an EGC, 
which would have allowed the fault current to 
flow and cause the circuit breaker to trip or the 
fault to open, thereby deenergizing the light pole.

2. The electrocution occurred when portions of the 
victim’s wet body simultaneously touched the en-
ergized light pole and the chain link fence. When 
this occurred, a closed circuit was formed such 
that the energized light pole caused electrical cur-
rent to flow through his body to ground — this 
electrical current caused the electrocution. Based 
on the information available, one hand touched 
the light pole, and one hand, his torso, and legs 
touched the chain link fence.

3. The abnormalities and damage to the light pole 
conduit and wire in the hole in the lawn and the 
conduit in the pool house, detailed in this report, 
were conditions of disrepair and lack of main-
tenance of the pool electrical system that were 
visible to the homeowner.

4. The abnormalities and damage posed hazards 
to persons in the yard in the vicinity of the pool 
house and west edge of the pool: 
a.  Physical protection of the individual wires 
had been lost due to the missing metallic conduit 
in the pool house and in the hole in the ground 
on the west edge of the pool. Any damage to the 
individual wire insulation would have allowed 
voltage and current leakage into materials or 
persons in the vicinity of these wires. 
b.  The path for stray voltage and current to 
return to the grounding network, which performs 
a critical safety function, had been lost due to the 
conduit being missing, disintegrated, or corroded.

5. The lack of a conduit and the exposed wires in 
the hole in the ground near the light pole and 

fence existed prior to the electrocution, had been 
caused by a leak of pool water, and should have 
been repaired by a licensed electrician to the 
NEC in effect at the time.

6. If repairs and maintenance had been performed 
by a licensed electrician and the circuit brought 
up to the NEC, an EGC would have been in-
stalled. A proper intact and continuous EGC 
could have been accomplished by a properly 
installed metallic conduit, a ground wire, or both.

7. This electrocution would not have occurred if 
there had been a proper and continuous EGC 
for the pool light. Having proper EGCs would 
have caused the circuit breaker to trip or a fault 
to open if a ground fault to an exposed metal 
surface in the vicinity of the pool had occurred 
(such as at the light pole). This was borne out by 
the test that was run when an EGC was installed, 
and the light pole energized with the result being 
that the fault cleared itself without the circuit 
breaker tripping. Not having an EGC meant that 
the circuit breaker would not trip, or the ground 
fault would not be opened, leaving an extremely 
dangerous condition to persist.

8. The conditions of disrepair and lack of mainte-
nance inside the pool house, lack of GFCIs for 
the pool pump, pool receptacle, and string lights 
and the use of the string lights too close to the 
pool should have been noticed and repaired as 
they were safety hazards that could have been a 
cause of an injury. 

9. The danger of electrocution from the short circuit 
inside the light pole would have been eliminated 
by a proper intact and continuous EGC for the 
light pole. The discontinuity in the conduit (light 
pole EGC) was visible to the homeowner.

10. On the date of loss, the local township and 
the state statutes required the light pole to be 
grounded per [redacted], following NEC 2017 
and all editions of NEC from 1947 to 2017. The 
State statues required all repairs to the light pole 
to have proper grounding to the State Electrical 
Code in effect at the time of the repair.

11. The measured current of 102 mA AC through the 
1,000-Ω resistor indicates that the total impedance 
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in the remaining portions of the completed circuit, 
necessary for current to flow, were negligible. 
The electrocution is consistent with a current at or 
near 102 mA AC. 

12. It is the author’s opinion that the electrocution 
would have been prevented had the electrical 
system and structures around the pool been prop-
erly maintained and repaired.

For clarity’s sake, Figure 16 shows two diagrams of 
the pertinent pool circuit components. The left-hand dia-
gram shows the circuits as they should have existed under 
prevailing codes and standards such that a short circuit to 
the light pole could be carried to ground by continuous-
ly connected conduits as EGCs. The right-hand diagram 
shows the pool circuits as they were in the incident where 
the conduits were not continuous, eliminating this as a cur-
rent path and creating the causal hazard. 

The case was settled at mediation.

Overview
To summarize:

1. Keep safety first.

2. Strive to determine the truth as to what occurred 
and why regarding the incident.

3. Be proactive as to what is needed for a thorough 
investigation, not only reactive to information 
already available.

4. Perform non-destructive testing first; then con-
sider destructive testing after notification of all 
interested parties.

5. Analyze applying the scientific principles and 
engineering methodologies. 
a.  Develop incident scenarios based upon the 
supplied data/information, reports, photos, ex-
aminations, statements, depos.  
b.  Limit the forensic engineering analysis to the 
expertise of the engineer. 
c.  Gather data (detailed and thorough as often 
alterations have been made to make the scene 
safer). 
d.  Analyze data (evaluate data with respect to 
protection schemes present and defeated, pat-
terns, circuits, time lines, consistency of injuries 
to shock possibilities, etc.). 
e.  Synthesize all possible hypotheses and the 
corresponding postulates. 
f.  Verify and validate (V&V) the hypotheses 
to determine the scenario and cause(s) of the 
incident. 
g.  Select the final (highest probability) hypoth-
esis.

6. Develop conclusions as to whether certain 
standards were or were not met by the parties 
involved.

Conclusions
The scientific method can be used to identify the (of-

ten three-dimensional) complete circuit of current flow 

Figure 16
Two diagrams — reasonably safe circuits on the left; hazardous circuits on the right.
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through the body of a shock victim. This paper lays out 
the fundamentals of shock analyses addressing the basics 
and vernacular of electrical faults, the effects of electricity 
on the human body, and the various ways electrical energy 
flows and causes tissue damage. Furthermore, it discusses 
the need to identify the pertinent standards (material to the 
cause of the shock incident) that were in effect and not met 
by specific parties. 

This forensic engineering analysis can be challenging 
as equipment is often altered after the incident, conditions 
(e.g., the presence of moisture) may have changed since the 
incident, witnesses may be injured, killed, or have psycho-
logical trauma, memories fade quickly, and there are often 
other multiple circuits in the general or immediate area of 
the shock incident that need to be ruled out. Purposeful 
and proactive planning should be done as early as pos-
sible with the investigation team to gather the maximum 
amount of data as early as possible that can inform how 
the examinations are carried out. To maximize efficien-
cies, protocols can be written, distributed, and discussed 
amongst all interested parties to accomplish the goals of 
the investigation utilizing the site and lab resources and 
time available.
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Forensic Examination of Post-Fire  
Damaged Electrical Conductors  
by Using X-Ray Radiographs
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Abstract
Structural fires globally have a catastrophic impact on loss of life, property damage, and socioeconomic 

factors. Forensic scientists, engineers, and/or fire investigators — often working together as fire investigation 
practitioners — are commonly tasked with determining both the area of fire origin and its cause. During the 
course of a fire investigation, a fire investigation practitioner may implement an origin determination meth-
odology termed “arc mapping” or an “arc survey.” The correct application of an arc survey as a fire origin 
determination method is dependent on the fire investigation practitioner’s ability to distinguish and charac-
terize features observed on post-fire damage electrical wiring and equipment. Experiments were conducted 
to generate a dataset of post-fire damaged electrical conductor artifacts. Generated artifacts were visually 
examined, compared, and characterized by X-ray examination. The research results produced a validated, 
novel, non-destructive methodology for utilizing X-ray imagery to reliably distinguish and characterize elec-
trical conductor damage features for forensic investigations. 

Keywords
Arc mapping, arc survey, arc, artifact, bead, conductors, electrical, fire, fire investigation, forensic engineering,  

science, origin and cause investigation, microstructure, porosity, X-ray, radiograph, computed tomography, NDT

Introduction and Background
Structural fires globally have a catastrophic impact on 

loss of life, personal injury, property damage, and socio-
economic factors (Figure 1). Forensic scientists, forensic 
engineers, and fire investigators (fire investigation practi-
tioners), often working together as a team, are commonly 
tasked with determining both the area of fire origin and its 
cause. The National Fire Protection Association (NFPA) 
921, “Guide for Fire and Explosion Investigations,” 2021 
edition1 is currently recognized as an industry guide for 
fire and explosion investigations. 

According to NFPA 921, the cause of a fire is identified 
after the fire origin has been determined by utilizing data 
collected from one or more of the recognized origin deter-
mination methods. During the course of a fire investigation, 
fire investigation practitioners may implement an electrical 
origin determination methodology called “arc mapping,” 
which is a term defined by NFPA 921 as “Identifying and 
documenting a fire pattern derived from the identification 
of arc sites used to aid in determining the area of fire origin 
or spread”1. The proper application of arc mapping — or 

Mark J. Svare, PhD, PE, PO Box 517, Anoka, MN, (763) 238-6980, mark@msd2010.com

Figure 1
Structure fire.

more recently called an “arc survey” — requires the quali-
fied fire investigation practitioner to conduct an electrical 
system survey, identify features of electrical fault damage, 
and evaluate the derived electrical data.

mailto:mark@msd2010.com
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Currently, the fire investigation practitioner utilizes 
subjective observations to attempt to identify features of 
damage observed on electrical conductors and conducting 
surfaces. X-ray imagery, a non-destructive testing (NDT) 
method, has been reliably utilized within manufacturing 
and medical industries for more than a century. X-ray im-
agery utilized in fire investigations can assist the fire inves-
tigation practitioner in characterizing features of post-fire 
damaged electrical wiring and equipment, thereby further 
assisting the fire investigation practitioner to more reliably 
analyze post-fire damaged artifacts and provide further un-
derpinning evidence supporting an electrical system-based 
origin determination methodology. 

Fire Investigation and Arc Mapping (Arc Survey)
Examination of post-fire damage to electrical wiring 

and equipment within buildings provides fire investigation 
practitioners with data that can assist in both fire origin 
and cause determination. NFPA 921 describes the origin 
of a fire as one of the most important hypotheses that a 
fire investigation practitioner develops and tests during the 
investigation1. It further outlines the means of coordinat-
ing data gathered from one or more of the three recog-
nized origin determination methods: witness information, 
fire patterns, and fire dynamics1. The data collected dur-
ing the fire origin determination phase of the investigation 
becomes the foundation of the fire investigation, which 
leads to understanding a fire, its sequence of events, origin 
determination, hypothesis development and testing, and 
determination of the cause of the fire. Noting the location 
of arc sites at the fire scene was first introduced to the fire 
investigation community within NFPA 921, 2001 edition2. 
Subsequently, the terms “arc surveys” and “arc mapping” 
were added within later editions of NFPA 921 — 2004 and 
2008, respectively3,4.

Electrical Arcing: Cause or Victim 
An effort to reliably develop a methodology to dis-

tinguish between arcing events that cause a fire versus 
arcing events that are a victim of a fire actually began in 
the 1970s. Numerous researchers conducted experiments 
attempting to develop methodologies to distinguish the 
differences between causal and victim arc damage ob-
served on post-fire damaged electrical conductors. How-
ever, some researchers concluded that they could not find 
much promise with any of the methods that were pro-
posed for distinguishing between “cause” and “victim” 
beads — and that reliable distinctions between “cause” 
and “victim” beads were yet to be discovered5. There-
fore, it is commonly accepted within the forensic investi-
gation community that a reliable methodology has yet to 
be developed to distinguish the difference between causal 
arc sites (fire starting) and victim (fire attacked) arc sites.

Up until the 1980s, fire investigators had attempted 
to answer a “cause” question before answering the criti-
cal “origin” question. A reversal of this frame of thinking 
was (and still is) required. Once this mindset changed, 
then the effectiveness of an electrically based fire inves-
tigative methodology like arc mapping (otherwise known 
as an arc survey) for origin determination became the fo-
cus.

Electrical Arcing and Fire Investigation
The first electrical arcing research was conducted 

by Davy in 18126. Electrical arcing research continued 
through the 20th century, in part, by Ayrton, Lee, Mat-
thews, and Gammon7-10. This resulted in the development 
of electrical safety standards such as IEEE 1584, “Guide 
for Performing Arc-Flash Hazard Calculations,” and 
NFPA 70E, “Standard for Electrical Safety in the Work-
place”11. However, electrical research related to evaluating 
the electrical system for fire origin determinations was not 
theorized until the 1950s12 and later examined in the 1980s 
by Delplace & Vos13 and Rothschild14. 

Several pioneers are recognized for empirical re-
search, testing, and the development of training programs 
for utilizing the electrical system for origin determina-
tions15-17. The reliability of arc mapping methodology was 
subsequently reviewed by both Babrauskas and Icove18,19. 
Each had questioned the application and reliability of fire 
investigators to perform the arc mapping methodology. 
McPherson also forensically examined, applied, and ana-
lyzed a systematic approach to investigating residential 
(domestic) fire scenes by utilizing the arc mapping (arc 
survey) or arc fault circuit analysis methodologies20.

Safety Note:
Electricity can be a dangerous occupational haz-
ard. Forensic investigation practitioners may work 
in areas where this hazard exists. Prior to work, 
determine site-specific or foreseeable safety haz-
ards, understand your employer’s health and safety 
program, and  review safety documents related to 
workplace hazards. National Fire Protection Asso-
ciation’s NFPA 70E, “Standard for Electrical Safety 
in the Workplace,” which addresses safety-related 
work practices, can help reduce the risk of electri-
cally related workplace injuries11.
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Reliability of any methodology as an origin determi-
nation method is dependent on the skill, knowledge, edu-
cation, training, and experience of the person applying it. 
To successfully undertake any electrical fault analysis, one 
must be qualified and competent in the areas of electri-
cal safety and electrical systems that are under investiga-
tion (residential, commercial, industrial, agricultural, and 
transportation vehicles). Additionally, one must be able to 
perform a systematic and scientific approach to accurately 
analyze data related to damage observed on electrical wir-
ing and equipment. These damage sites are generally iden-
tified in the form of arc melting (arc melt site), fire melting 
(fire melt site), alloy melting (alloying site), and mechani-
cal damage (mechanical damage site). 

Electrical Investigations 
Fundamentally, the electrical investigation begins 

with an electrical survey, which can be defined as a sys-
tematic approach of examining, documenting, and analyz-
ing the electrical distribution system, wiring, and equip-
ment. Electrical fault evaluations, in their fundamental 
form, consist of identifying how electrical circuits were 
installed and protected at the scene as well. Subsequently, 
this method involves identifying boundaries of faulted and 
non-faulted electrical circuits/equipment and analyzing 
the electrical system/electrical faults to determine or de-
fine a spatial relationship, sequence of events, and/or con-
duct hypothesis testing.

Power electrical engineers have been reliably evalu-
ating and performing electrical transmission and distribu-
tion fault evaluations for more than a century21. Today, 
skilled and trained power electrical engineers and electri-
cians perform short-circuit evaluations and analysis based 
on accepted electrical industry methods22-24.

Examples of electrical equipment examined during an 
electrical survey and arcing fault evaluation may include 
(in part): electrical service equipment, electrical distribu-
tion panels (Figure 2), overcurrent protective devices, 
electrical feeders, branch circuits, appliances, luminaires, 
wiring, cables (Figure 3), and cords. 

Therefore, the identification of electrical damage (or 
lack thereof) generated from a fire can lead the fire in-
vestigation practitioner to determine a bounded area(s). 
Independent of the constantly changing or time unstable 
generation of fire patterns, the area of fire origin defined 
by physical electrical evidence is time stable. The electri-
cal system, an unbiased witness to the fire, responds to the 
event. For example, heat and flames of a fire impinging 
on an electrically energized 120VAC, electrical code com-
pliant  electrical circuit will respond and provide physical 
evidence for the fire investigation practitioner to discover 
and evaluate — thereby, generating a timeline or sequence 
of events(s) data, based on the electrical system response. 
It is paramount that the fire investigation practitioner is 
able to systematically and reliably distinguish character-
istic features observed on post-fire electrical conductor 
damage. 

Post-Fire Electrical Conductor  
Damage Characteristics
Arc Melt Site 

When the heat of the fire is sufficient to compromise the 
electrical insulation of an electrically energized (with suf-
ficient available fault current) non-metallic cable, a fault or 
short circuit (arcing melting event) often occurs between the 
energized and/or earth (grounded or grounding) conductors. 
The arc melt site features are formed from an electrical arcing 
event and subjectively identified by localized electrical arc-
ing damage, generally identified on electrical conductors and 
equipment in the form of beads and/or notches (Figure 4). 

They may exhibit, in part, a smooth surface appear-
ance, distinct lines of demarcation, internal uniform  

Figure 3
Non-metallic electrical cabling (UK and North America).

B

Figure 2
(A) North American electrical panel  
and (B) UK electrical consumer unit.

A
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Figure 5
Example of electrical conductor fire melting damage26.

Figure 6
Examples of electrical conductor fire melting  
damage (alloying). Fire melting copper and  

aluminum (A) and fire melting copper and zinc fire (B)26.

A

B

porosity between the different surface textures as well 
as obliteration of manufactured tool markings within 
the damage site. Conductor manufactured tool markings 
should be observed outside the damage site. However, 
they can be obscured by post-event oxidation and/or 
damage. In his research, Carey classified nine different 
categories of electrical arc melt site damage17,25. Further-
more, arc melt sites are generated by electricity — not 
by fire.

Fire Melt Site
Fire melt site features will generally form during fire 

and heat attack that exceeds the melting temperature of 
electrically conductive materials, such as aluminum, zinc, 
copper, or steel. Conductor melt sites (recognized as fire-
melting damage) are generally identified in the form of 
gross melting and/or globule features (Figure 5). They 
may exhibit, in part, a non-uniform surface and shape, 
no clear lines of demarcation at the damage site, irregular 
melting features in and around the damage site, manufac-
tured tool markings melted away from the damage site, 
and non-uniform porosity within the damage site.

Alloying Site (Subset of Fire Melting)
Alloying sites (mixed metal) are generally recognized 

as a fire-melting feature that occurs by the mixing or al-
loying of dissimilar materials at elevated temperatures, 
causing melting at the damage site. The effect may occur 
due to electrical equipment, components, and wiring of 
different materials (such as copper, aluminum, lead, tin, 
and zinc) coming in contact during the course of a fire. 
Alloying sites may exhibit features similar in appearance 
to fire melt sites. The alloying site may have a brass and/
or silver color appearance (Figure 6). Alloying sites are 
commonly mischaracterized as eutectic melting.

Mechanical Damage Site
Mechanical damage sites are generally recognized by 

fractured, impact, cracked, cut, sheared, stretched, or other 
damage from a mechanical action at the damage site (Fig-
ure 7). Mechanical damage can occur prior to the incident 
event or due to the excavation process involved in a scene 
investigation. Examples of this type of damage include: 
gouging/scraping of wires during installation or subsequent 
construction tasks; structural collapse causing conductors 
to stretch or break; or cutting by a tool. 

Figure 7
Example of electrical conductor mechanical damage26.

Figure 4
Example of electrical conductor arc melting damage26.
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Figure 8
(A) Example of SEM arc melt surface features  

and (B) internal arc melt microstructure29.

Figure 9
(A) Example of SEM fire melt surface features  

and (B) internal fire melt microstructure29.

Subjective Methods of Characterizing Damage
Traditional methods of identifying electrical con-

ductor or equipment damage sites at the fire scene have 
included, in part, visual and/or light microscopy surface 
analysis examination. NFPA 921 provides classic exam-
ples of the above types of damage sites that may be ob-
served while performing the arc mapping methodology at 
the fire scene1. The Bureau of Alcohol, Tobacco, Firearms 
and Explosives (ATF) Fire Research Laboratory issued a 
technical bulletin in 2012, describing visual characteris-
tics of arc melting and fire melting on copper conductors 
that may visually assist the forensic fire investigation prac-
titioner in identifying damage sites while performing an 
electrical survey and arc mapping methodology27. Novak, 
together with nine other subject matter consultants, pub-
lished “A Review of the Long-Standing Science Behind 
Arc Melting Identification”28.

Skilled, trained, qualified, and competent forensic fire 
practitioners should be able to reliably recognize and dis-
tinguish the difference between electrical arc melting and 
fire melting at the fire scene. If the damage site is visually 
examined — and the damage type identification is disput-
ed or otherwise identified as undetermined — additional 

examination and analysis can be performed by imple-
menting advanced methods. Additional examinations may 
involve laboratory analysis utilizing a scanning electron 
microscope (SEM) and/or by dissecting and examining 
the interior of the damage site to perform internal micro-
structure analysis (Figure 8 and Figure 9). 

Buc researched and developed a laboratory examina-
tion methodology to characterize the damage site by grind-
ing or cutting the arc site open and examining the internal 
structure30. Buc’s research further distinguished the differ-
ence between arc melt and fire melt sites by examining the 
interior features of the damage site for microstructure, po-
rosity, and internal lines of demarcation. Murray advanced 
metallurgical techniques for fire investigation. Murray’s 
findings were, in part: “As to the electrical damage, they 
revealed distinct characteristics. More precisely, macro-
scopically, damage was confined to a localized area, where 
the surrounding material showed the same condition than 
initially. Due to the fact that short-circuit phenomenon 
transfers to the metal an important amount of energy very 

A

A

B B
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Figure 10
(A) Fuses and circuit breakers and (B) X-ray digital  

radiograph of fuses and circuit breakers26.

quickly, liquification and thus re-solidification are state 
changings that occurred very fast”31. 

If, during the electrical survey and fault evaluation, 
the fire investigation practitioners question the reliability 
of a damage site identification, they should identify the 
damage site as undetermined. Doing so will allow for ex-
panding the size of the fire origin boundary as defined by 
the electrical system, thus leading to a fire origin hypothe-
sis that is better defined and leads to a more reliable result.

Arc Mapping and X-Ray Techniques
Errors in fire origin determination may occur if the 

data collected is determined to be unreliable. Examples 
of unreliable eyewitness information, misinterpretation of 
fire patterns, and misapplication of fire dynamic principles 
can lead the fire investigation practitioner to inaccurately 
determine the area of fire origin and cause. Arc mapping 
has been challenged as an unreliable fire origin determina-
tion methodology18. Recent research has called into ques-
tion whether arc melt sites or fire melt sites observed on 
post-fire damaged electrical conductors can be reliably 
distinguished from one another32. 

It was reported that “it is not possible to distinguish 
between the beads formed on energized and non-energized 
wiring exposed to various thermal insults”32. There are in-
stances where visual, non-destructive examinations of the 
damage sites may limit the ability of the forensic fire prac-
titioner to accurately identify the type of damage found 
on the electrical wiring or equipment. Subsequent blind 
testing had revealed that experienced metallurgists can re-
liably distinguish between an arc melt site and fire melt 
site features by utilizing destructive means33. However, 
neither NDT method nor protocol exists for distinguishing 
damage features observed on post-fire damaged electrical 
conductors. 

X-Ray Radiographs and  
Computed Tomography (CT)

X-ray radiographs have been generally accepted and 
utilized by the professional welding industry for NDT ex-
aminations for almost 100 years. The American Society 
of Mechanical Engineers (ASME) provides guidelines for 
employers to establish certification programs for the quali-
fication of NDT personnel. 

The X-ray system is generally made up of a radia-
tion source and imaging film or digital plate. Radiation 
from the source passes through an object or specimen, 
resulting in a captured two-dimensional image, known as 

a radiograph. Most objects have an X-ray density, which 
will determine the ability of X-rays to pass through the 
material to the film or imaging plate. 

Examination of radiographs taken for forensic exami-
nations may reveal wiring, components, and parts that are 
not visible to the naked eye. For instance, by examining 
a radiograph of an electrical appliance, the forensic fire 
practitioner may determine if the device was “ON” or 
“OFF” or if wiring or component parts were damaged, 
out of place, or missing (Figure 10). Hansen agreed that 
X-ray analysis of electrical conduits can be helpful when 
attempting to document where electric arcs have occurred 
in relation to the fire origin area34. However, Goodson re-
ported that X-ray radiographs may have limitations (e.g., 
if an object has multiple components overlapping and/or 
at different levels of depth, the radiograph may not reveal 
a clear image)35. Partial or complete disassembly of the 
object may be required to acquire a clear X-ray radiograph 
image.

X-ray imagery can be performed with either portable 
or fixed equipment (Figure 11). The resultant X-ray radio-
graph imagery is determined by the density of materials 
under examination. 

X-ray radiographs can reveal internal features and 
structure (such as porosity) that are represented by vary-
ing gray scale values. For example, 10-bit grayscale, com-
monly utilized in digital radiograph (DR), ranges from one 

A

B
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During the operation of a CT, the radiation source or 
object is rotated, thereby allowing each incremental image 
to be recorded by the detector. The data elements collected 
can be reconstructed to provide a three-dimensional im-
age. The constructed image can be examined in all three 
dimensions externally and internally by stepping through 
or slicing through the object image. Goodson discussed 
additional history and theory of CT for fire investigation 
purposes in his research paper titled “The Application of 
CT X-Ray Analysis of Electrical Components”35. There-
fore, can X-ray technology be utilized for distinguishing 
damage features observed on post-fire damaged electrical 
conductors? 

Methodology:
Part 1 – Generation of Datasets of Known  
Damage Full-Scale and Scaled Experiments 

This empirical research represents a novel method of 
utilizing X-ray imagery to distinguish electrical conduc-
tor damage features. Post-fire electrical specimen sam-
ples were generated by field and laboratory experiments. 
North American copper #14 AWG (1.6 mm) non-metallic 
(NM) cabling and United Kingdom (UK) copper, 1.0 mm² 
and 2.5 mm², NM “Twin & Earth” cabling were utilized. 
Each cable type was utilized for repeated experiments. 
Specimens were generated by impinging heat and flame 
on energized and non-energized cabling as well as gener-
ating mechanical damage specimens. Both full-scale and 
scaled field experiments were performed as follows. 

Series One Experiments
A total of 63 full-scale compartment fires were con-

ducted at the United States’ Federal Law Enforcement, 
ATF fire training center (FLETC) located in Brunswick, 

Figure 11
(A) Portable X-ray digital system and  

(B) fixed X-ray micro-focus CT26.

A

B

to 1,024 different shades of gray/pixels. The human eye 
can detect 900 varying shades of gray/pixels. Generally, 
monochrome monitors only support 256 different shades 
of gray/pixels36. 

The shades of gray tests were developed to evalu-
ate the ability to differentiate between shades of gray as 
required by American Society of Mechanical Engineers 
ASME V/SNT-TC-1A. Figure 12 is a graphic example of 
255 different shades of gray/pixels. Grayscale charts for 
visual comparisons are commonly available between 0 
and 10 — where 0 is black and 10 is equal to white. 

Advanced adaption of the two-dimensional X-ray ra-
diograph was in the modern invention of CT, commonly 
utilizing a micro-focus, X-ray radiation source, rotating 
pedestal or stand and radiation detector, and generat-
ing a computerized three-dimensional representation of 
a scanned object. A 16-bit grayscale (commonly utilized 
in CT) ranges from 1 to 65,535 different shades of gray/
pixels. 

Figure 12
Graphic example of 255 shades of gray/pixels. 
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Georgia (Figure 13). The electrical distribution system 
under these tests was a 120/240VAC, single-phase, 15A 
electrical circuit. The available fault current at the point of 
fire impingement was calculated to be 210.9A. 

Six #14 AWG (1.6 mm) diameter, NM copper electri-
cal circuits (four energized at 120VAC, overcurrent pro-
tected at 15A and two non-energized electrical circuits) 
were installed at the ceiling level of each compartment. A 
fire was independently initiated by ATF personnel within 
each compartment. Each fire was allowed to develop based 
on controlled compartment fuel and ventilation character-
istics that were determined by the ATF training parameters. 

In total, 87.3% of the full-scale experiments went to 
post-flashover conditions. Electrical data in the form of 
voltage and short-circuit fault currents were recorded for 
future analysis. Although fire had reached post flashover 
conditions, only artifacts of arc melting were generated 
during the full-scale, FLETC burn cell experiments. How-
ever, additional arc melting, fire melting, and mechanical 
damaged artifacts were generated during a series of scaled 
fire impingement and non-fire experiments.

Series Two Experiments
No artifacts of fire melting were generated during 

the full-scale, FLETC burn cell experiments. As a result, 
two full-scale wooden compartments were constructed in 
Covington, Louisiana. Both Gulf Coast Fire Investigation 
and Fire Investigation Group personnel assisted with the 
construction, ignition, and collection of artifacts generated 
within these compartments. Non-energized electrical cir-
cuits were installed within the two burn cells. North Amer-

Figure 13
(A) Full-scale compartment fire testing at FLETC, (B) interior view of fire, and 

(C) post-flashover fire extending outside of compartment26.

A B C

ican copper #14 AWG (1.6 mm) non-metallic (NM) cop-
per cabling and United Kingdom (UK) copper, 1.0 mm² 
(1.1 mm) and 2.5 mm² (1.7 mm), “Twin & Earth” cabling 
were installed. Each compartment fire was allowed to burn 
until complete destruction of the compartment. Since no 
melting in these experiments could have been due to arc 
melting, a total of 60 non-energized electrical conductor 
artifacts were selected from the resultant dataset to be rep-
resentative of fire melt sites.

Series Three Experiments
The third set of experiments was conducted at MSD 

Engineering laboratory located in Crystal Lake, Illinois. 
The purpose of these experiments was to perform scaled 
tests to generate electrical artifacts using a newly devel-
oped electrical testing apparatus that was designed and 
constructed to facilitate testing of electrical equipment and 
wiring under varying electrical, fire, and installation con-
figurations. This newly designed test platform, called the 
Mark I – Arc Research Chamber (MARC – USPTO patent 
pending), included onboard flame/heat sources and instru-
mentation that can record voltage, current, temperature, 
heat flux data, and electrical fault current data. 

A total of 42 scaled tests were undertaken. In each 
case, UK 1.0 mm2 (1.1 mm), UK 2.5 mm2 (1.7 mm) “Twin 
& Earth,” and North American #14 AWG (1.6 mm) NM 
copper cables were electrically connected to appropriately 
sized single-pole, overcurrent protection devices (OCPD) 
(6, 20 and 15A, respectively) and energized using an as-
sociated system voltage (UK “Twin & Earth” - 230VAC 
and North American NM 1.6 mm - 120VAC) that had suf-
ficient electrical fault current to generate an arcing fault. 
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The arc artifacts generated using the MARC test platform 
were validated in terms of their characteristics and mor-
phology against the artifacts generated under known con-
ditions in the full-scale series one (arc melting) and series 
two (fire melting) fire tests. These experiments provided 
the opportunity to repetitively generate the arc and fire 
melt artifacts required for practitioner surveys and human 
factor research26. 

Carey Experiments
A total of 106 arc melting artifacts generated through 

Carey’s research17 were also incorporated into the overall 
project dataset. These samples were generated using UK ca-
bles installed within full-scale compartments under real fire 
conditions. The inclusion of these samples enabled a direct 
comparison between the UK and North American samples to 
be made in terms of characterization of damage. 

Part 2 — Examination and  
Analysis of Electrical Artifacts

The artifacts generated through the three series of ex-
periments were examined and analyzed in several stages 
by numerous forensic engineers and technicians employed 
by both Materials Evaluation and Engineering (MEE) and 
MSD Engineering (MSD). Each artifact was documented 
based on the location, date of generation, and date of re-
covery. All artifacts were independently coded. 

Samples were initially examined and cleaned, re-
moving loose debris. When required, melted and charred 
insulation material was carefully removed. A Nikon, X-
Tek XT H 225 DR & CT scanner was used for examining 
specimens. Key features of the X-ray machine included (in 
part): a 225 KV, micro focus X-ray source with 3µm focal 
spot size and a Varian Amorphous Si detector array that had 
3 X 10^6 individual pixels. This detector allows for high-
performance image acquisition and volume processing. 
The CT had the capability of performing 3,600 scans per 
360 degrees of specimen rotation. The Nikon micro focus 
X-ray source and movable turntable was able to provide an 
X-ray image in real time. This allowed for in-motion im-
aging as well as specimen magnification. The micro focus 
radiation source and stage also allowed it to be operated as 
an X-ray microscope. Specimens (in part) were examined, 
measured, compared, and contrasted between known elec-
trical conductor damage at the University of Dundee, Scot-
land, United Kingdom and Avonix Imaging, Maple Grove, 
Minnesota. 

Samples were mounted on the turntable located within 
the enclosure of the CT. Specimens could then be rotated 

360 degrees about the axis of the turntable. Based, in part, 
on specimen size and density, DR & CT imagery was col-
lected at 190KV. CT was conducted at 1,200 scans per 360 
degrees of revolution. Additionally, DR real time imagery 
was captured utilizing varying levels of magnification.

NDT — X-Ray Examination
Thermal imagery, ultrasonic testing, and X-ray meth-

odologies were considered. Initial X-ray examination re-
vealed the most promise for damage site identification. X-
ray examination of North American #14 AWG (1.6 mm) 
and United Kingdom (UK) copper, 1.0 mm² (1.1 mm) and 
2.5 mm² (1.7 mm), “Twin and Earth” cabling revealed dis-
tinguishable features when compared to known artifacts 
or phantoms. Localized melting features, clear lines of de-
marcation, and uniform porosity were observed within an 
arc melt site (Figure 14). 

In Buc’s analysis of arc melt sites, Buc described this 
feature as a persistent porosity within the arc site30. In con-
trast, fire melt sites revealed irregular melted globules or 
balls with non-uniform or non-persistent porosity (Fig-
ure 15). Mechanical damage sites revealed sharp lines of 
mechanical damage demarcation and no porosity (Figure 
16). These experiments were repeated with the same iden-
tifiable, distinguishing features. 

Figure 14
(A) Arc melting surface features and (B) X-ray digital radiograph26.

A

B
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Examination of the imagery acquired by NDT, utiliz-
ing both DR and CT for different types of damage sites, 
revealed distinguishable and measurable external and 
internal features. Currently, metallurgists use destructive 
methods to cut open and examine internal features to dis-
tinguish the difference between arc melting and fire melt-
ing. X-ray examination of damage sites along electrical 
conductors revealed measurable features from localized or 
non-localized melting along a specimen length. Internal 
features (in the form of porosity) were also clearly defin-
able. Porosity was uniformly observed at arc melt sites 
(beads). However, porosity (if present) within the dis-
placed mass was non-persistent and non-uniform within 
fire melt sites (globules).

Arc melting, fire melting, and mechanical damaged 
post-fire damaged electrical conductor’s artifacts were 
examined and compared to a 0 to 10 grayscale chart. 
Comparison analysis revealed observable and measurable 
grayscale features within damaged areas of subject electri-
cal conductors. Based on the collected data on a grayscale 
index of 0 to 10 (where 0 is black and 10 is white), arc melt 
sites had a mean grayscale index of 5.948 with a standard 

deviation of 0.793; fire melt sites had a mean grayscale 
index of 2.25 with a standard deviation of 0.439; and me-
chanical damaged or non-damaged electrical conductors 
had a grayscale index of 2 with a standard deviation of 0 
(Figure 17). 

Characterization of Sample Artifacts
The following dataset table and figures (Figure 18 

and Figure 19) represent an example of post-fire damaged 
electrical conductors with X-ray radiographs. X-ray imag-
ery and grayscale analysis assisted in validating charac-
teristic features of arc melting, fire melting, and mechani-
cal damage sites observed on the tested post-fire damaged 
electrical conductors.

Figure 15
(A) Fire melting surface features and (B) X-ray digital radiograph26.

A

B

Figure 16
(A) Mechanical damage surface features  

and (B) X-ray digital radiograph26.

A

B

Figure 17
Grayscale chart (0-10), courtesy of MJ Svare.
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Figure 18
Sample set C1-C10 with corresponding 

X-ray radiograph26.

Surveys and Human Factors
Quantitative data was collected by surveying 912 participants within the fire 

investigation community to assess their ability to correctly identify arc-melting, 
fire-melting, and mechanical artifacts by applying arc fault data in a scenario-based 
context. Two surveys testing the participants’ observations were administered. 

Survey one participants were provided with post-fire damaged electrical con-
ductor samples for visual observation without any additional data. The overall re-
sults revealed a mean examination score of 57% of distinguishing features observed 
on post-fire damaged conductors. 

The ability to accurately identify conductor damage is a key step in any electri-
cal evaluation, including the arc mapping methodology. The inability of participants 
to correctly identify damage on post-fire damaged electrical conductors indicated a 
knowledge gap within the fire investigation profession.

Survey two participants were provided with an additional one-hour training 
session on how to visibly identify and distinguish the different damage features 
of arc melted, fire melted, and mechanical damaged post-fire damaged electrical 
conductors, including through the interpretation of X-ray radiographs of the arti-
facts. Their ability to correctly identify the damage features observed on post-fire 
damaged conductors increased from an initial mean examination score of 45.6% to 
a mean score of 78.6% as a result of the training. Statistical evaluation further cor-
related that additional training had a significant positive effect in the participants’ 
abilities to correctly attribute the damage observed.

Summary and Conclusions 
When undertaking a fire investigation, a fire investigation practitioner may 

implement a similar electrical investigation methodology called arc mapping (or, 
more recently, termed an arc survey). The correct application of an electrical sys-
tem-based origin determination methodology is dependent, in part, on the foren-
sic investigation practitioner’s ability to distinguish features observed on damaged 
electrical wiring and equipment.

Currently, fire investigation practitioners rely upon subjective visual observa-
tions to distinguish the difference between arc melting, fire melting, and mechanical 
features on post-fire damaged electrical conductors.

This empirical research represents a validated, novel, non-destructive methodology 

Survey Sample 
Identifier

Wire Type Damage 
Type

Damage 
Size (mm)

Notes on 
Damage

Gray Scale 
Identifier

Corresponding 
Wire Identifier

C-1 UK 1.0 mm² ND — No damage 2 NC 54
C-2 UK 1.0 mm² MD — Mechanical 2 NC 19
C-3 UK 2.5 mm² AM 3.44 Arc melt 5 NC 21
C-4 UK 1.0 mm² FM *>4.44 Fire melt 2 MS 12
C-5 UK 1.0 mm² AM 2.76 Arc melt 7 NC 54
C-6 UK 2.5 mm² MD — Mechanical 2 MS 13
C-7 UK 1.0 mm² FM *>10.37 Fire melt 2 MS 14
C-8 UK 2.5 mm² AM 2.84 Arc melt 7 NC 48
C-9 UK 2.5 mm² AM 2.70 Arc melt 7 NC 98

C-10 UK 2.5 mm² FM *>6.96 Fire melt 2 MS 15

Figure 18
Example grayscale dataset (* = melted open)26.
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for utilizing X-ray imagery and grayscale analysis to reliably 
distinguish characteristic conductor damage features ob-
served on the tested post-fire damaged electrical conductors 
of the same size. Application of quantitative measurement of 
characteristic conductor damage features would further in-
crease characterization reliability. However, additional test-
ing may be required for different conductor sizes, materials, 
and fault current conditions. 

Research Note: All FLETC full-scale experiments 
were performed in conjunction with ongoing ATF training 
programs; all research expenses for FLETC, Louisiana, 
Minnesota, Illinois, and United Kingdom location experi-
ments and testing were funded by researcher Dr. Mark J. 
Svare, PE.
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Introduction and Background
Electrical engineers have been researching electric-

ity, electrical systems, arcing faults, and arc flash for more 
than 100 years1,2. Within the last 60 years, researchers have 
rigorously tested and published extensively on electrical 
distribution faults and arc flash analysis3-14. Power electri-
cal engineers are aware of the hazards and risks associated 
with electrical arcing. They conduct electrical analyses as 
well as analytical and experimental studies to ensure proper 
overcurrent protection and coordination for safeguarding 
person(s) and property. Currently, both the electrical and 
fire investigation industries rely upon subjective observa-
tions to distinguish features of electrical damage in the 
form of arc melting, fire melting, or mechanical damage. 

Low-Voltage Electrical Faults (<600VAC)
Location of a fault in the system/circuit, voltage, cur-

rent, impedance, and duration of the event determines 
the electric arc plasma energy. These electrical variables 
can be derived from short-circuit calculations and evalua-
tions15-18 (Figure 1). Unlike a low-energy spark generated 
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Damaged Electrical Conductors by  
Quantitative Measurement
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Figure 1
Example: one-line electrical diagram  

utilized for short-circuit (fault) evaluations.

from static discharge, such as the capacitive discharge by 
touching a doorknob, the electrical energy released from 
a low-impedance electrical distribution system fault can 
lead to an arcing event that transfers significant amounts 
of electrical energy to surrounding materials. Additionally, 
variables (such as arc gap, arc location, impacted material 
properties, and exposure time) all factor into the resultant 
melting, burning, or vaporizing of the impacted material(s) 
within the area of origin of the electrical arcing fault. 

mailto:mark@msd2010.com
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Generally, low-voltage (<600VAC) arcs can result 
from a direct short circuit. Below 350VAC, an electric arc 
at one atmosphere will not jump an air gap greater than 
50 µm19. Additionally, “below 350VAC, single-phase, si-
nusoidal electrical circuits will generally self-extinguish 
an arc at the 0VAC crossing point”7. Therefore, “the time 
dependent arcing event only generates a finite amount of 
energy to cause localized damage to electrical equipment 
and wiring”20.

Electrical Distribution and Fire Investigation
Low-voltage (<600VAC) electrical distribution con-

ductor damage is often observable. For example, storm-
damaged electrical conductors resulting in an electrical 
arcing fault on an electrical distribution system are com-
monly located, identified, and repaired by qualified and 
competent electrical workers. 

According to NFPA 921 and NFPA 1033, qualified 
and trained fire investigators should (as part of their fire 
investigation practice) be able to recognize and distinguish 
the differences between fire damage patterns, electrical 
damage patterns, and mechanical damage features at the 
fire scene by applying arc mapping (arc survey) for fire or-
igin and cause determinations21,22. The observable electri-
cal artifact of the arcing fault (arc melt site) is in the form 
of physical evidence of localized melting of the electrical 
equipment or wiring. 

Characteristic features of arcing damage include bead-
ing, notching, welding, or severing of the conductors. 
There may also be molten spatter or residue of vaporized 
metal immediately adjacent to the area of the arcing event. 
This may pose an effect on adjacent conductors or surfaces 
of other materials in close proximity23-26. A recent survey 
conducted of 317 participants revealed that investigators 
could reliably identify and characterize mechanical dam-
age. However, survey participants had low probability 
overall (45.61%) of visually distinguishing the differences 
between arc-melting and fire-melting features27. 

Electrical Arcing and Metallurgy
From the time of initiation of the electrical arc until 

extinguishment, the arc transfers electrical energy to sur-
rounding materials. The transfer of energy may include 
all three heat transfer mechanisms of radiation, convec-
tion, and conduction. The transfer of energy in the form of 
heat causes impacted materials to increase in temperature, 
which, in turn, may lead to melting, burning, or vaporiza-
tion of the materials. 

Depending on the thermal energy generated by the 
electric arc, impacted materials (including metals such as 
steel, copper, aluminum, zinc, silver, gold, and tin) may 
undergo phase changes from a solid to a liquid, gas (va-
por), and/or plasma. The phase change will depend upon 
the specific physical properties of the material. After the 
arc is extinguished, vaporized and melted materials will be 
quenched by the surrounding material and revert to a solid 
form. The solidification of the melted materials provides 
characteristic physical evidence (morphology) of the elec-
trical event. The arc-melting data can provide important 
physical evidence related to how and where the electrical 
artifact was generated. 

Phase Transition Properties of Copper
Copper materials are commonly utilized for electri-

cal equipment and wiring. The heat required to raise the 
temperature of one gram of copper by one degree Celsius 
(known as the specific heat) is 0.386 J/g °C19. Additional 
phase transition properties of copper are listed in Figure 2.

Where: T(C°) = 5/9 x [T(F°) - 32]

1 kJ/kg = 0.4299 Btu/lb = 0.23884 kcal/kg

Copper has loosely bound electrons that are able to 
easily transfer or conduct heat and electricity compared to 
other materials3. Alexander and Street described how the 
“pure copper metal is ductile and can be easily worked, 
rolled, and pressed into a variety of shapes”28. “Copper is 
easily alloyed with other metals, such as tin, aluminium, 
or zinc, affecting the electrical conductivity. For example, 
the addition of 10% aluminium doubles copper’s physical 
strength but reduces the electrical conductivity of copper 
by one sixth”28. 

Substance Melting 
Point °C

Latent Heat of 
Melting (kJ/kg)

Heat Capacity 
Cp,m(J/mol C°)

Boiling Point —  
Vaporization  

Temperature °C

Latent Heat of  
Evaporation (kJ/kg)

Copper 1083 207 24.7 2595 4730
Figure 2

Phase transition properties of copper19.
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Within a fire scene, post-fire damaged electrical con-
ductors may have characteristic damage features in the 
form of mechanical, fire melting, or arc melting. These 
have different morphology characteristics and are gener-
ally observable visually or with low magnification. There 
are instances where damage features may require special-
ized equipment and/or techniques to evaluate. The follow-
ing damage types are generally recognized to describe ob-
servable damage features observed on post-fire damaged 
electrical wires21,26,29, 30. 

Mechanical Damage Sites
Mechanical damage sites are generally recognized 

by fracture, impact, cracks, cuts, shearing, stretching, or 
other damage from a mechanical action at the damage site. 
Mechanical damage can occur prior to the incident event, 
during the progression of the event or due to the excava-
tion process involved in a scene investigation. Examples 
include gouging/scraping of wires during installation or 
subsequent construction tasks, structural collapse (causing 
conductors to stretch or break), or cutting by a tool. 

Fire Melt Sites
Fire melt sites generally occur during heat or fire at-

tack that exceeds the melting temperature of conductor 
materials, such as aluminum, zinc, or copper. Conductor 
melt sites identified as fire-melting damage features are 
recognized in the form of gross melting, globules, and/
or balls. They may exhibit, in part, a non-uniform surface 
and shape, no clear lines of demarcation at the damage 
site, irregular melting in and around the damage site, and 
multiple or widespread areas of damage. Conductor manu-
factured tool markings (i.e., drawing lines) are generally 
melted at and away from the damage site, and no porosity 
or non-uniform porosity will be within the damage site.

Alloying Sites 
Alloying sites, a subset of fire melting, are gener-

ally recognized by the mixing or alloying of dissimilar 
materials from elevated temperatures at the damage site. 
Electrical equipment uses many different materials that 
may alloy together, such as copper, aluminum, lead, tin, 
and zinc. Buc reported that alloying is a fire-melt feature 
that may exhibit features similar to an arc site; however, 
it is generally accepted that alloying of copper with other 
common materials, such as aluminum and zinc, exhibit 
visible features that are, respectively, silver and bronze 
in color and visually distinguishable from arc melt sites 
consisting of only copper materials31. 

This type of damage site has been inaccurately broadly 

identified as eutectic melting; however, “eutectic” is a spe-
cific metallurgical term that commonly applies to specific 
alloy systems and concentrations where the melting point 
of the mixture is lower than either of the involved materi-
als individually. Thus, some mixtures (e.g., Cu-Al) exhibit 
eutectic behavior, but others (e.g., Cu-Zn) do not. “Alloy-
ing” encompasses any mixture of dissimilar metallic mate-
rials; therefore, it is a more appropriate general term.

Arc Melt Sites
When the heat of the fire is sufficient to compromise the 

electrical insulation of electrically energized (with sufficient 
available fault current) conductors, a fault or short circuit 
(arcing melting event) often occurs between the energized 
and/or earth (grounded or grounding) conductors. 

The arcing event generates an arc-melt site(s) that can 
be identified by localized electrical arcing damage features 
that are generally identified on electrical wiring and equip-
ment in the form of beads and/or notches. They may ex-
hibit (in part) a smooth surface appearance, distinct lines 
of demarcation, internal uniform porosity between the 
different surface textures as well as obliteration of manu-
factured tool markings within the damage site. Conduc-
tor manufactured tool markings may be observed outside 
the damage site in some cases, but can also be obscured 
by post-event oxidation or damage. Furthermore, arc-melt 
sites are generated by electricity — not by fire. 

Carbon Tracking
Carbon tracking, also known as arcing through char, 

is a subset of arc melting wherein electrical current can 
flow through a carbonized semi-conductive path. Suffi-
cient electrical voltage and available current across the 
carbonized path may cause electrical current to flow 
between the carbonized materials and conductors. The 
carbon is formed from otherwise insulating materials by 

Safety Note:
Electricity can be a dangerous occupational haz-
ard. Forensic investigation practitioners may work 
in areas where this hazard exists. Prior to work, 
determine site-specific or foreseeable safety haz-
ards, understand your employer’s health and safety 
program, and  review safety documents related to 
workplace hazards. National Fire Protection Asso-
ciation’s NFPA 70E, “Standard for Electrical Safety 
in the Workplace,” which addresses safety-related 
work practices, can help reduce the risk of electri-
cally related workplace injuries20.
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Figure 3
(A) Full-scale compartment fire testing at FLETC, (B) interior view of fire, and (C) post-flashover fire extending outside of compartment.

A B C

impinged heat and flame.

Notable Fire Investigation Related Arc Melting 
and Fire Melting Research

Carey and Nic Daeid were able to visibly differenti-
ate between arcing damage as a result of short circuit and 
arcing through char. They conducted 39 full-scale, electri-
cally energized compartment fire test experiments. These 
tests enabled them to characterize nine types of post-fire, 
conductor arc-melt damage features that included com-
binations of arcing through char, severed ends, beading, 
notches and welding. No samples of fire melt were gener-
ated during their experiments29. 

Murray advanced metallurgical techniques for fire 
investigation. Murray’s findings were, in part: “Electri-
cal damage due to arcing revealed distinct characteristics. 
More precisely, macroscopically, damage was confined to 
a localized area, where the surrounding material showed 
the same condition than initially. Due to the fact that short-
circuit phenomenon transfers to the metal an important 
amount of energy very quickly, liquification and thus re-
solidification are state changing that occurred very fast”32. 

In 2012, Hussain’s research called into question 
whether arc melt sites and fire melt sites could be reliably 
distinguished from one another. Hussain (as well as Roby 
and McCallister) reported that in their view, “it is not pos-
sible to distinguish between the beads formed on ener-
gized and non-energized wires exposed to various thermal 
insults”33,34. Note: Hussain’s research (and that of Roby 
and McCallister) present the same research/data but under 
different authorship. 

In contrast to other researchers, Buc researched and 
developed a laboratory examination method to character-

ize the damage site31,35, distinguishing the difference be-
tween arc melt and fire melt sites by examining the interior 
of the damage site for microstructure, porosity, and inter-
nal lines of demarcation. However, no quantifiable (mea-
surable) research has been undertaken to distinguish be-
tween arc-melt and fire-melt features observed on post-fire 
damaged electrical copper conductors of 1.0 mm² to 2.5 
mm². Thus, the following experiments were undertaken to 
generate electrical artifacts for study.

Methodology:
Part 1 – Generation of Datasets of Known  
Damage Full-Scale and Scaled Experiments

Post-fire electrical conductor arc melting, fire melt-
ing, mechanical damage, and non-damaged site speci-
mens were generated within both laboratory and field 
experiment settings. North American copper #14 AWG 
(1.6 mm) non-metallic (NM) cabling and United Kingdom 
(UK) “Twin & Earth” type copper, 1.0 mm² and 2.5 mm², 
NM (where CD is the electrical conductor diameter) were 
used. Each cable type was used for repeated experiments as 
follows:

Series One Experiments
A total of 63 full-scale compartment fires were conduct-

ed at the United States Federal Law Enforcement (FLETC) 
ATF fire training center in Brunswick, Georgia (Figure 3). 

The electrical distribution system under these tests, 
represented in a one-line diagram (Figure 4), included 
120/240VAC, single-phase, 15A electrical circuits. The 
available fault current at the point of fire impingement was 
calculated to be 210.9A. Six #14 AWG (1.6 mm), NM, cop-
per electrical circuits (four energized at 120VAC, overcurrent 
protected at 15A and two non-energized electrical circuits) 
were installed at the ceiling level of each compartment. 
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A fire was independently initiated by ATF person-
nel within each compartment. Each fire was allowed to 
develop based on controlled compartment fuel and ven-
tilation characteristics that were determined by the ATF 
training parameters. A total of 87.3% of the full-scale 
experiments went to post-flashover conditions. Electrical 
data in the form of voltage and short-circuit fault cur-
rents were recorded for future analysis. Although fires 
had reached post flashover conditions, only artifacts of 
arc melting were generated during the full-scale, FLETC 
burn cell experiments. However, additional arc melting, 
fire melting, and mechanical damaged artifacts were 
generated during a series of scaled fire impingement and 
non-fire experiments.

Series Two Experiments 
No artifacts of fire melting were generated during 

the full-scale, FLETC burn cell experiments. As a result, 
two full-scale wooden compartments were constructed in 

Covington, Louisiana. Both Gulf Coast Fire Investigation 
and Fire Investigation Group personnel assisted with the 
construction, ignition, and collection of artifacts generated 
within these compartments. 

Non-energized electrical circuits were installed with-
in the two burn cells. North American copper #14 AWG 
(1.6 mm) non-metallic (NM) copper cabling and United 
Kingdom (UK) copper, 1.0 mm² (1.1 mm) and 2.5 mm² 
(1.7 mm), “Twin & Earth” cabling were installed. Each 
compartment fire was allowed to burn until complete de-
struction of the compartment. Since no melting in these 
experiments could have been due to arc melting, 60 non-
energized electrical conductor artifacts with melting were 
selected from the resultant dataset to be representative of 
fire melt sites.

Series Three Experiments
The third set of experiments was conducted at MSD 

Engineering laboratory in Crystal Lake, Illinois. The pur-
pose of these experiments was to perform scaled tests 
to generate electrical artifacts using a newly developed 
electrical testing apparatus, which was designed and  
constructed to facilitate testing of electrical equipment and 
wiring under varying electrical, fire, and installation con-
figurations. This newly designed test platform, called the 
Mark I – Arc Research Chamber (MARC – USPTO patent 
pending), included onboard flame/heat sources and instru-
mentation that can record voltage, current, temperature, 
heat flux data, and electrical fault current data. 

In total, 42 scaled tests were undertaken. In each case, 
UK 1.0 mm2 (1.1 mm), UK 2.5 mm2 (1.7 mm) “Twin & 
Earth” and North American #14 AWG (1.6 mm) NM cop-
per cables were electrically connected to appropriately 
sized single-pole, overcurrent protection devices (6A, 
20A, and 15A, respectively) and energized using an asso-
ciated system voltage (UK “Twin & Earth” 230VAC and 
North American - 120VAC) that had sufficient electrical 
fault current to generate an arcing fault. The arc artifacts 
generated using the MARC test platform were validated 
in terms of their characteristics and morphology against 
the artifacts generated under known conditions in the full-
scale series one (arc melt) and series two (fire melt) tests. 
These experiments provided the opportunity to repetitive-
ly generate the arc and fire melt artifacts required for prac-
titioner surveys and human factor research27. 

Carey Experiments
In total, 106 arc melting artifacts generated through 

Carey’s research28 were also provided for incorporation 

Figure 4
Electrical one-line diagram for FLETC experiments.

FLETC Experiments — One-Line Diagram  
and Calculated Fault Current
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into the overall project dataset. These samples were gener-
ated using UK cables installed within full-scale compart-
ments under real fire conditions. The inclusion of these 
samples enabled a direct comparison between the UK and 
North American samples to be made in terms of character-
ization of damage29. 

Part 2 — Examination and  
Analysis of Electrical Artifacts

The artifacts generated through the three series of ex-
periments were examined and analyzed in multiple stages 
by several forensic engineers/technicians employed by 
both Materials Evaluation and Engineering (MEE) and 
MSD Engineering (MSD). Each artifact was documented 
based on the location, date of generation, and date of re-
covery. All artifacts were independently coded. Samples 
were initially examined and cleaned, removing loose de-
bris. When required, melted and charred insulation mate-
rial was carefully removed. (Figure 5).

Each artifact was sectioned from the lengths of electri-
cal cabling and examined using low power light microsco-
py where various visible features were characterized and 
compared to arc melt and fire melt images found within 
both ATF technical bulletin and NFPA 92130,36. While vi-
sual examination revealed a difference in features between 
arc melt and fire melt, no protocol for the morphological 
examination of arc and melt damage has been published to 
date. The authors have developed a systematic methodol-
ogy for the comparisons of post-fire features observed on 
fire-damaged electrical wiring37:

Arc-melted and fire-melted artifacts were exam-
ined. Measurements were made using calibrated or vali-
dated handheld calipers, magnifying instrument(s), or 
light microscopy utilizing optical or digital Keyence 
microscope(s), as noted in Figure 6.

Each artifact was examined visually and/or with a mi-
croscope, and images were collected. The length of each area 
of displaced copper (in the form of beads, notches, globules, 
or other features indicating melting of the copper conductor) 
was documented. The maximum displacement was measured 
and recorded (Figure 7 and Figure 8). In cases where melted 
copper artifacts were grossly melted, melted open or discon-
tinuous, a displaced material measurement of 50 mm was 
recorded for each artifact. Artifacts that exhibited multiple 
melt sites separated by greater than 100 mm were considered 
separate independent melting events.

Results and Discussion
In total, 721 artifacts were generated and categorized 

into 476 samples of electrical arc melting, 102 samples of 
fire melting, and 143 samples of fire-impinged, mechanical 
damage, or non-melted electrical conductors. Normalized 
diameter measurements of the displaced melted copper for 
both arc melt and fire melt artifacts were determined. The 
data revealed quantifiable and statistically significant Chi-
squared, (p = <0.00001) differences between the measur-
able damage features and their comparison to the conduc-
tor diameters for arc melt sites and fire melt sites for all 
three cable types studied.

Arc Melt Sites
Localized melting features, clear lines of demarcation, 

and uniform porosity were observed within arc melt sites. 
Electrical arc-melt features generated had melted copper 

Figure 5
Post experiment examination of electrical artifacts.  

(A) post-fire damaged cable examination; (B) post-fire  
damaged collection and packaging of damage sites27.

Figure 6
Examination equipment utilized for artifact examination.  

(A) portable microscopes for field light microscopy; (B) laboratory  
or bench optical light microscope; (C) digital light microscope  

for microscopy and measurements (calibrated); (D) digital  
caliper (top) and measurement gauges (bottom)27.
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displacement of less than or equal to four times the sub-
ject conductor diameter (0<AM≤4CD). Arc melting scat-
ter plots and normalized graphs for solid North American 

Figure 7
Representative samples of series one – FLETC arc-melted artifacts27.

Artifact  
ID

Wire  
ID

Conductor  
Diameter (mm)

Max Arc Melt 
Size (mm)

Artifact

FLETC 
150515

Cell 5 Wire 2 1.6 4.01  
 
 
 
 
 
 
 
 

FLETC 
150515

Cell 3 Wire 1 1.6 2.53  
 
 
 
 
 
 
 
 
 

FLETC 
150515

Cell 1 Wire 3 1.6 2.37  
 
 
 
 
 
 
 
 

(NM) 1.6 mm, (UK) 1.0 mm² and (UK) 2.5 mm² copper 
conductors are presented in Figures 9 through 12. 
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Artifact  
ID

Wire  
ID

Conductor  
Diameter (mm)

Max Fire 
Melt Size 

(mm)

Artifact

Louisiana 2 2 1.6 17  
 
 
 
 
 
 
 
 

Louisiana 2 3 1.6 32  
 
 
 
 
 
 
 
 
 

Louisiana 2 4 1.6 >50  
 
 
 
 
 
 
 

Figure 8
Representative sample of series two - Louisiana (LA) fire melt artifacts27.

Fire Melt Sites
In all cases, the generated fire melt sites had measur-

able melting features greater than four times the conductor 
diameter (FM>4CD). The sites exhibited melting, spheri-
cal balls (globules). Non-uniform or non-persistent poros-
ity was observed within the mixed gas flame generated 

globules and/or spherical ball fire melt sites. 

Fire melt scatter plots and normalized graphs for 1.6 
mm conductors are presented in Figures 13 and 14. The 
data analysis and findings for both 1.0 mm² and 2.5 mm² 
(UK) copper conductors were similar to the NM 1.6 mm 
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Figure 14
Normalized curve of 1.6 mm fire melt size distribution. The vertical 
line represents the location of 4X the 1.6 mm conductor diameter27.

Figure 9
Scatter plot for Series One 1.6 mm arc melt size distribution. The

vertical line represents the location of 4X the conductor diameter27.

Figure 11
Distribution of the arc melt size generated on 1.0 mm² and the Carey 

samples (NC UK fire arc) size distribution. The vertical line  
represents the location of 4X the 1.0 mm² conductor diameter27.

Figure 10
Distribution of the Series One arc melt size generated  
on 1.6 mm conductors. The vertical line represents the  

location of 4X the 1.6 mm conductor diameter27.

Figure 12
Distribution of the Series Two arc melt size generated  
on 2.5 mm² and the Carey samples (NC UK fire arc)  

size distribution. The vertical line represents the  
location of 4X the 2.5 mm² conductor diameter27.

Figure 13
Scatter plot for 1.6 mm fire melt size distribution. The vertical line 

represents the location of 4X the conductor diameter27.

copper conductor results. 

Additional Metallurgical Examination Techniques
The previously discussed methodology of quantifying 

displacement of melting observed on a post-fire damaged 

electrical conductor provided high confidence in charac-
terizing conductor melt sites by visual examination and 
quantitative measurement. This provides investigators 
with the ability to field deploy the methodology for char-
acterizing electrical conductor melt sites. However, in in-
stances of uncertainty with respect to whether an artifact 
is an arc melt or fire melt, further examination utilizing 
non-destructive X-ray examination35 or destructive metal-
lurgical techniques (such as metallography) can provide 
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increased confidence and additional data to assist in the 
damage feature characterization.

To better understand the usefulness of many metallur-
gical techniques like metallography, a fundamental under-
standing of the structural configuration (grain structure) of 
metallic materials (in this case, specifically focusing on 
copper) is required.

The atoms in a solid copper material are arranged in an 
orderly structure, known as a face-centered cubic (FCC) 
lattice. Most commercial applications of copper (conduc-
tor) wire are polycrystalline materials. This means that the 
bulk wire material is comprised by discrete zones of the 
FCC lattice structure in various orientations (Figure 15). 
These zones are called grains, and their size/shape col-
lectively constitute the material’s “grain structure.” Grain 
structure is one of the most useful aspects of character-
izing melted conductors because the grain structure can 
change drastically due to the effects of various types of 
thermal exposure. 

As copper materials cool from a liquid state (random-
ized atomic structure), the material will begin solidifying 
at many nucleation sites simultaneously37. Each nucleation 
site is the origination point of a single grain; these grains 
continue to grow until they either run into another grain, 
or all of the liquid material is solidified37. These solidified 
grains have a characteristic dendritic morphology, but be-
come altered through further processing of the wire during 
subsequent manufacturing. The room-temperature grain 
structure of a typical copper conductor consists of very 
small grains. Levinson reported that the grains of cop-
per become elongated during the manufacturing process 

of drawing copper into wire38. Copper wire for electri-
cal purposes is commonly supplied in the annealed con-
dition, which has a fine, equiaxed (i.e., non-elongated) 
grain structure. A representative example of the typical 
microstructure for a commercially available copper wire 
is shown in Figure 16.

Thus, through fundamental principles of metallurgy 
and direct observation of the specimens created during the 
course of the research presented herein, differences from 
this baseline structure observed in field specimens can be 
correlated to the thermal exposure condition for the sub-
ject conductor(s).

Conductor Characterization  
by Scanning Electron Microscopy

Characterization of a conductor surface by scanning 
electron microscopy (SEM) is typically non-destructive 
and a simple first step in a more comprehensive evalu-
ation of a suspected arc site (Figure 17). As discussed 
previously, since an electrical arc is an extremely short-

Figure 15
(A and B) schematic representation of a copper grain structure and (C) a typical  

micrograph of an actual grain structure for a copper material.

A B C

Figure 16
Typical material microstructure for a copper  

conductor as-manufactured (longitudinal section view)27.
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duration but very high-temperature event32, the bulk wire 
material adjacent to the melted material does not experi-
ence sufficient heating to alter the grain structure, and the 
boundary between melted and resolidified material will be 
very sharply delineated. Examination by SEM can aid in 
characterizing the transition between resolidified material 
and the original conductor surface in very small regions 
that may not be as easily resolved by light microscopy.

In some cases — particularly after a fire and subse-
quent artifact extraction — the surface features in a sus-
pected arc site may be more adequately characterized as 
mechanical damage or corrosion/oxidation. SEM exami-
nation is also useful in characterizing these features and 
can aid in distinguishing between the microscopic surface 
features that result from melting and re-solidification and 
surface features that result from mechanical damage, cor-
rosion, or foreign material contamination.

A common companion technique to SEM is a method 
for elemental analysis known as energy dispersive x-ray 
spectroscopy (EDS), which is capable of identifying the 
elements comprising specimen surface features as small 
as a few microns.

As an example, one condition that can result in local-
ized melting of copper conductors is alloying with lower-
melting-point materials. As discussed previously, an alloy 
is a mixture of different metallic elements, and the melt-
ing point of alloys can be vastly different from the melting 
point of either material individually39. For some metals, 
such as aluminum, lead, or tin, the melting point of a mix-
ture with copper can be well below the temperatures sus-

tained during a fire event36,39. Thus, melting can occur at 
conditions where the copper would normally be expected 
to be intact. EDS analysis is very useful for identifying 
elements (or the lack of elements) that could be respon-
sible for melting due to alloying or the source of arcing to 
materials other than copper.

If surface level evaluations by SEM/EDS are still in-
conclusive, additional metallographic examination can be 
conducted to aid in further characterizing the damage.

Conductor Characterization  
by Metallographic Examination

Metallographic examination is a widely accepted and 
standardized method for characterizing the grain structure 

Figure 17
(A) and (B) SEM images of conductors showing boundaries between melted and non-melted regions.

A B

Figure 18
Light micrograph of a metallographically prepared  

specimen showing localized columnar grains, internal porosity,  
and a sharp boundary between the resolidified material  

and unaffected bulk material grain structure27.
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of a material40. However, due to its destructive nature, 
it should be the last step in the characterization process. 
Since metallographic specimen preparation involves pre-
paring a cross section through the conductor material to be 
studied, a primary benefit is that the internal structure of 
the material can be characterized. Once a metallographic 
section is prepared, the surface is chemically etched to re-
veal the grain structure and examined by light microscopy 
and/or SEM/EDS (Figure 18).

As discussed previously, melted and resolidified mate-
rial will typically have a dendritic or columnar structure 
(unless there has been sufficient subsequent heating to re-
crystallize the material). Again, a clearly delineated bound-
ary between the resolidified material and the bulk material 
and/or a lack of other indications of high temperature ex-
posure for the damaged conductor is strong evidence of an 
extremely localized and rapid heating event (e.g., an elec-
trical arc). 

Resolidified material from an electrical arcing event 
is also characterized by a high concentration of porosity31. 
Levinson described how the “grain structure in copper 
changes when copper wire is heated through the melting 
point as well as the subsequent formation of copper oxide 
and the development of porosity”38. Therefore, localized 
electrical arcing affects copper grain structure, the forma-
tion of copper oxide, and the formation of porosity. 

Levinson38 and Gray41 both reported that porosity was 
present, creating a “Swiss cheese” effect on the copper 
wire surface due to arc melting. However, surface-level 
examinations, such as those conducted by light micros-
copy or SEM, may not reveal internal porosity that is eas-
ily observed in a properly prepared metallographic sec-
tion. Levinson theorized that “the porosity effect would 
be found if the wire was melted by the fire, the resistance 
effect of a gross overcurrent, or by arcing”38. Levinson fur-
ther theorized that this “porosity was a result of partial en-
trapment of gas pockets liberated from the copper wire”38. 
Gray observed the effects of porosity within electrically 
arced conductor samples by utilizing an SEM41. Present 
empirical research continues to corroborate the findings of 
porosity within the resolidified material of an electrical arc 
melt site.

Converse to the characteristics of electrical arcing, 
conditions can also be observed that indicate more wide-
spread, longer-term degradation due to high-temperature 
exposure. A gradual transition from a melted and resolidi-
fied zone to the bulk wire material grain structure indicates 

non-localized heating that can be expected from the heat 
of a fire. Somewhat localized or gross changes in the fine-
grained texture of the bulk material (e.g., grain growth) 
indicate prolonged exposure to elevated temperatures 
(Figure 19). The specific features observed, as well as 
their location, orientation, and/or coincidence with other 
artifacts, can be used to make a more conclusive determi-
nation of the conditions that resulted in the damage to the 
conductor.

Summary and Conclusions
During the course of their work, forensic electrical 

power engineers and electrician practitioners may apply 
electrical engineering and scientific principles to forensic 
investigations by performing electrical surveys and electri-
cal fault evaluations. A fire investigation practitioner may 
implement a similar electrical investigation methodology 
called “arc mapping” or more recently termed an “arc sur-
vey.” The correct application of either of these method-
ologies is dependent, in part, on the forensic investigation 
practitioner’s ability to distinguish features observed on 
damaged electrical wiring and equipment.

Currently, practitioners rely upon subjective visual 
observations to distinguish the difference between arc 
melting, fire melting, and mechanical features on post-fire 
damaged electrical conductors. The experiments under-
taken as part of this research generated an underpinning 
dataset of electrical conductors that exhibit arc melt, fire 
melt, and mechanical damage features. Examination and 
analysis of the data generated from this research resulted 

Figure 19
Light micrograph of a metallographically prepared  

specimen showing an irregular conductor profile, non-uniform  
melting, a more gradual transition between melted material and  

the bulk structure as well as a widespread enlarged grain structure27.
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in findings for tested conductors, in part:

• Post-fire damaged electrical conductor melting 
features in the form of arc melting and fire melt-
ing can be reliably distinguished from each other. 

• Under fire conditions, arc melt sites were only 
observed on electrically energized electrical cir-
cuits, and arc melt sites were only located within 
the area of origin. 

• Physical evidence in the form of both fire patterns 
from the effects of fire and electrical patterns in 
the form of arc melt sites were observable, dis-
tinguishable, and quantifiable throughout these 
experiments. 

• Electrical arc melting features generated from 
these experiments had melted copper displace-
ment of less than or equal to four times the subject 
conductor diameter (0<AM≤4CD). Fire melt fea-
tures had a copper displacement greater than four 
times the subject conductor diameter (FM>4CD). 
This was a validated and repeatable characteristic 
across the dataset at 95% for both full-scaled and 
scaled experiments. 

• The experiments revealed, in part, that NM  
1.6 mm (#14 AWG) North American (U.S.) ca-
bles responded to fire in a similar manner as ex-
periments conducted on UK 1.0 mm² and UK 2.5 
mm² cabling experiments27.

• Electrical experiments did not result in malfunc-
tion, damage upstream, or uncoordinated opera-
tion of overcurrent protective device(s) (OCPDs) 
that were electrically upstream from the OCPD 
protecting the circuit under test.

• Power electrical engineers and electricians can 
apply short-circuit/electrical fault analysis pro-
cedures during a fire investigation(s) whereby an 
electrical analysis of a one-line diagram in con-
junction with arc fault analysis or arc survey may 
define a region of investigation interest, area of 
origin, and point of origin.

• Examination of non-energized electrical cabling 
recovered from the FLETC experiments had no 
observable melting. 

• Adaptation of metallurgical techniques and 
methods, such as SEM, EDS, and microstructure 
analysis, further underpinned the ability to dis-
tinguish the different features of arc melting and 
fire melting. 

This empirical research represents a validated novel 
methodology using quantified measurement to reliably 
distinguish the difference between arc melt and fire melt 
sites observed on the tested post-fire damaged electrical 
conductors of the same size. However, additional testing 
may be required for different conductor sizes, materials, 
and fault current conditions. 
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Application of Matchmoving for Forensic 
Video Analysis with Recorded Event Data
By Richard M. Ziernicki, PhD, PE, DFE (NAFE 308F) and Ricky Nguyen, PE, DFE (NAFE 1223M)

Abstract
A fatal collision involving a pedestrian struck by a public train at a rail station located in a major U.S. 

metropolitan city was investigated. The train was equipped with an event data recorder that recorded valuable 
empirical data related to the collision, such as the train speed, braking, and acceleration inputs. However, the 
original digital version of the data was not available to analyze, and only a single screenshot of the data in an 
analog graph format was available. The subject train was equipped with multiple video cameras at various 
vantage points that recorded video footage of the collision. Using the process of “matchmoving” — and with 
the assistance of three-dimensional LiDAR scanning of the station and train — video footage was analyzed 
to spatially determine the location of the train in three-dimensional space. The process of matchmoving is an 
established scientific process used to calibrate a virtual camera to “match” the movement and optic proper-
ties of the real-world camera that captured the video. Further analysis was performed to determine the train’s 
kinematics (such as its speed and deceleration rates) leading up to the collision. The accuracy of the match-
moving analysis was then verified with the available event data.

Keywords
Train, pedestrian, matchmoving, LiDAR, 3D high-definition scanning, event data recorder, photogrammetry, ac-

cident reconstruction, forensic engineering

Introduction
Around midnight, a pedestrian on the passenger load-

ing platform at a public rail station was waiting alone for a 
train to board. Due to medical issues, the pedestrian inad-
vertently fell onto the train tracks. The pedestrian laid on 
the tracks with minor movements from his arm for several 
minutes before a train arrived at the station, running over 
him. As a result of this collision, the pedestrian suffered 
fatal injuries. In deposition testimony, the train operator 
stated that during his arrival to the train station, he had 
observed a foreign object on the train track, but he was 
unable to tell this was a pedestrian until he got closer. He 
then testified that once he realized there was a pedestrian 
on the train tracks, he applied the emergency brakes to at-
tempt to stop the train in an effort to avoid colliding with 
the pedestrian.

The train was equipped with an event data recorder 
(also commonly referred to as a “black box”), which re-
corded valuable digital data related to the incident, includ-
ing the train’s speed, acceleration, and brake application. 
However, the data in its original format was no longer 

Richard M. Ziernicki, PhD, PE, 7185 S. Tucson Way, Centennial, CO 80112, (303) 925-1900, rziernicki@knottlab.com

available at the time of the investigation. The data was 
limited to a single screenshot of an analog graph. Further-
more, the screenshot of the graph had more than 10 min-
utes of data compressed and printed onto a single 8.5-inch 
(in.) by 11-in. PDF document (Figure 1).

The train was also equipped with several video cam-
eras that recorded footage at the time of the incident, one 
of which was located at the train’s front car recording a 
forward view from the train (approximately from the 
viewpoint of the train operator). The camera recorded 
video footage at a rate of 5 frames per second (fps) and 
showed the train approaching the train station. As the train 
entered the station, a foreign object (determined to be the 
pedestrian who had fallen on the train tracks) could be ob-
served. The footage then showed the train colliding with 
the pedestrian before coming to a complete stop (Figures 
2, 3, 4, and 5).

The train operator testified that his training as well as 
his employer’s written policy required him to avoid collid-
ing with any foreign object on the train tracks. He further 

mailto:rziernicki@knottlab.comavailable
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testified that the policy was put in place so that train opera-
tors do not assume the object could just be trash or debris 
— that it could actually be a dangerous object or a person 
instead.  

Figure 3
Another screenshot from the footage recorded from the front camera 
of the train at the time of the incident, showing the train approach-

ing the station’s passenger loading platform. The magenta arrow was 
added to show the position of the pedestrian lying on the train tracks.

Figure 2
A screenshot from the footage recorded from the  

front camera of the train at the time of the incident,  
showing the train approaching the station.

Figure 1
The original screenshot of the graphs that were generated from data recorded by the train’s event data recorder at the time of  

the incident. The graph data traces include the train’s speed profile (purple curve), the train’s acceleration/service brake input position  
(dark green curve and light green bar) and the application of the train’s emergency brakes (blue bar) as a function of time in minutes.

The attorneys representing the estate of the pedestrian 
on the track theorized that the train operator should have 
been able to apply the emergency brakes sooner, avoid-
ing the collision. However, the attorneys representing the 
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Figure 4
Another screenshot from the footage recorded from the front camera of 
the train at the time of the incident, showing the pedestrian lying on the 
train tracks. This was the last frame in which the pedestrian was visible 

before the train collided with him. The magenta arrow was added to 
show the position of the pedestrian lying on the train tracks.

Figure 5
Another screenshot from the footage recorded from the  

front camera of the train at the time of the incident, showing  
when the train came to a stop after colliding with the pedestrian.

Figure 6
Photograph of the train station where the subject  

incident occurred. The station was inspected and 3D  
laser scanned. The laser scanner is shown in the foreground.

train company and the train operator asserted the video 
and event data clearly showed that the operator did apply 
the emergency brakes in a timely manner to try and avoid 
the pedestrian — and that there was simply not enough 
time and distance to react and avoid an impact. 

The authors were tasked with an engineering inves-
tigation and analysis of the incident to determine the ki-
nematics of the train during the incident, including how 
fast the train was traveling when it entered the station, 
when the train’s service brakes and emergency brakes 

were applied, and when the emergency brakes would 
need to be engaged to avoid the impact. 

The attorneys requested engineering assistance be-
cause the point of impact was not clearly known in the 
event data. In addition, the portion of the data that was 
of interest, which was approximately a 20-second window 
leading up to the collision, made up a very small portion 
of the available graph. Furthermore, the video footage that 
showed the collision between the train and pedestrian did 
not include relevant information, such as the train’s speed 
or when its various braking systems were applied. In addi-
tion, the timestamp in the event data was offset and out of 
sync from the timestamp in the video. 

Methodology and Analysis
Inspection of the incident site and exemplar train

In conducting the forensic investigation and analysis, 
the authors inspected an exemplar train car and the subject 
train station where the collision occurred (Figure 6 and 
Figure 7). The inspection consisted of taking photographs 
and performing a high-definition three-dimensional laser 
scan of the train and the crash site with a high-definition 
3D light detection and ranging (LiDAR) scanner. More 
than 300 million data points were scanned/collected for 
the exemplar train, and more than 2 billion data points 
were scanned/collected for the crash site. 

Matchmoving Analysis of Video Footage
The photogrammetric process of matchmoving was 

performed to analyze the recorded footage from the for-
ward-facing camera mounted on the front of the train 
which documented the subject incident. The process of 
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Figure 7
A photograph of the exemplar train car  

that was inspected and 3D laser scanned.

matchmoving is an established scientific process used to 
calibrate a virtual camera to “match” the movement and 
optic properties of the real-world camera that captured the 
video. In conjunction with the established technology of 
high-definition 3D laser scanning10,12,13, the process can be 
used to virtually analyze the movement of objects (e.g., 
vehicles, pedestrians, etc.) visible in the video captured 

by moving cameras with high precision. The above pro-
cess has been peer reviewed and accepted in the foren-
sic engineering industry1,2,3. In summary, using principles 
and techniques based upon photogrammetry4,5,6,7,8,9,11, each 
frame of the video can be analyzed to determine the ob-
ject’s position, path, average speed, and average accelera-
tion between video frames.

For this investigation, a 3D point cloud model of the 
train station, passenger platform, and pedestrian bridge 
was generated based on 3D high-definition scan data col-
lected during the inspection of the train station. The point 
cloud model was used to track the train’s forward-facing 
camera through its approach to the train passenger plat-
form and impact with the pedestrian. 

The author’s firm used widely and publicly available 
software (Syntheyes) to perform the matchmoving process. 
First, two-dimensional points (or features) were identified 
and tracked through multiple frames of the video. Each fea-
ture represents a specific point on the surface of some fixed 
objects of the train station (i.e., structural columns, signs, 
passenger platform corners, etc.). Each tracked feature was 
then assigned and constrained to the feature’s correspond-
ing three-dimensional coordinates (x, y, z) as defined by the 
train platform point cloud (Figure 8).

Figure 8
Screenshot showing a sample of the three-dimensional (x, y, z) coordinate data from the train station  

point cloud model used to constrain the corresponding two-dimensional trackers.
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Using the two-dimensional trackers and their given 
three-dimensional x, y, z coordinate constraints, the soft-
ware mathematically solved for (or “calibrated”) a virtual 
camera (relative to the train platform point cloud) that em-
ulates the lens characteristics and movement of the real-
world camera used to record the footage.

With the virtually calibrated camera and the train sta-
tion point cloud model imported into the 3ds Max software 
by Autodesk, the authors were able to view the original 
footage through the virtual camera and track the position 
of the pedestrian on the tracks. This position, along with 
the movement of the camera, allowed the authors to deter-
mine the train’s movement and distance over time, as it ap-
proached the passenger platform to the point of impact and 
to the train’s resting position (Figure 9 and Figure 10). 

 Since the framerate of the video was known to be 5 

fps, the train’s average speed between each video frame 
was then determined based on the matched positions of the 
train at each frame and the frame rate of the video with the 
below calculation: 

S =  √ (ΔX)2+(ΔY)2+(ΔZ)2 
                               Δt

Where:

S = Speed of the train for that video frame

ΔX, ΔY, ΔZ = The train’s change in distance between 
the current frame and the previous frame in the three-di-
mensional space (X, Y, Z).

Δt = the elapsed time between video frames or the in-
verse of the video’s framerate. 

The speed profile of the train at the time of the incident 
was then graphed as a function of time (Figure 11).

 To verify the train’s speed profile that the authors 
determined through the matchmoving process, the speed 
profile graph from the train’s event data recorder was 
transformed by scaling and zooming in so that the time 
and speed scales were the same (Figure 12). The two inde-
pendent speed profiles were then overlaid onto each other 
so that the profiles could be compared (Figure 13). The 
comparison of the speed profiles showed the train’s speed 
(determined through matchmoving) closely matched the 
speed recorded by its event data recorder. The above 
analysis and verification with event data determines that 
the matchmoving process when used with recorded video 
footage can analyze the movement of the train with accu-
racy, resulting in a reliable method to determine the train’s 

Figure 9
The video footage (center and red box) overlaid onto  

the 3D point cloud model of the train station, showing  
how the footage matches up with reference features, such as  

the station’s structural columns, signs, passenger platform corners, 
and the barrier separating the train from the road highway.

Figure 10
Screenshot from the computer software showing the path  

(red line) of the camera (green camera icon) mounted  
on the train in the 3D point cloud model of the train  

station, determined through the process of matchmoving.

Figure 11
The train’s speed profile determined through matchmoving analysis. 

Impact with the pedestrian occurred at “time from impact” = 0 seconds.
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kinematics.

Train Braking Analysis
The train was equipped with three independent brak-

ing systems. Based on the train’s specifications provided 
by the train operating company, the following is a descrip-
tion of each of the braking systems and their maximum 
specified deceleration rates:

1. Electric brake — The train is equipped with elec-
tric motors. Depending on the position of the throt-
tle control, the polarity to the motors can provide 
acceleration or deceleration to the train. The elec-
tric brake acts as the train’s service brakes during 

normal operation and has a specified maximum 
deceleration rate of 2.8 miles per hour per second 
(or 0.13 g).

2. Friction brake — Similar to disc brakes seen on 
automobiles, the friction brake has a specified 
maximum deceleration rate of 2.5 miles per hour 
per second (or 0.11 g).

3. Track brake — Magnetically decelerating the 
train with an electromagnet that acts on the train’s 
rails, the track brake has a specified maximum 
deceleration rate of 1.0 miles per hour per second 
(or 0.046 g).

The train operator can also activate the train’s emer-
gency braking system, which simply applies all three of 
the train’s braking system simultaneously. The train op-
erating company specified the train’s maximum theoreti-
cal deceleration rate was the summation of the decelera-
tion rates for each individual braking system. Therefore, 
during emergency braking, the train’s effective specified 
maximum theoretical deceleration rate was 6.3 miles per 
hour per second (or 0.29 g).   

From the train’s speed profile determined through the 
matchmoving process, the train’s deceleration rate during 
the incident was determined with the following calculation:

a =  ΔS 
              Δt

Where:

a = acceleration of the train in a specific time frame 
(negative value is deceleration)

ΔS = the change in the train’s speed in a specific time 
frame

Δt = the elapsed time between a specific time frame

From the above analysis, the authors determined that 
as the train approached the passenger platform, the train 
decelerated at an average rate of approximately 1.81 miles 
per hour per second (or 0.082 g). Since the deceleration 
rate was about 64 percent of the specified maximum de-
celeration rate of 2.8 miles per hour per second (or 0.13 g) 
for the service brakes, the train was decelerating at a rate 
below the maximum rate that the service brakes could pro-
vide. This was consistent with the train gradually slowing 

Figure 12
The graph generated by data recorded from the train’s event data 
recorder scaled to match the speed and time scale of Figure 11  
(black boxed). The speed profile graph zoomed in to the portion  

of interest and to compare with Figure 11 (orange box).  
It should be noted that the speed profile appears distorted/blurry 

because the graph was zoomed into and scaled so that the  
time and speed scales of the speed profiles could be matched up.

Figure 13
The train’s speed profile determined through the  

matchmoving analysis (Figure 11) overlaid onto the speed  
profile generated by the train’s event data recorder (Figure 12).
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down to a planned stop at the station. 

At approximately 0.8 seconds before the train collided 
with the pedestrian, the train decelerated at a much higher 
rate until it was brought to a complete stop at approximate-
ly 3.4 seconds (or 53 feet) after impact. The deceleration 
rate in the above time frame was approximately 5.7 miles 
per hour per second (or 0.26 g), which is well above the 
maximum rate the service brakes could provide and just 
below the emergency brake’s specified maximum theoreti-
cal deceleration rate of 6.3 miles per hour per second (or 
0.29 g). Therefore, the above analysis showed the emer-
gency brakes were not engaged until approximately 0.8 
seconds before the train collided with the pedestrian — or 
when the train was approximately 26 ft from the pedes-
trian (see Figure 14). 

 As previously discussed, the train’s event data re-
corder recorded the train’s service brake and emergency 
brake application at the time of the incident. Like the speed 
profile recorded by the event data recorder, the brake in-
put data was used to verify the deceleration calculations 
above. The braking input graphs had line and bar traces 
that showed when each of the braking systems were ap-
plied as a function of time. Also like the speed profile, the 

braking input traces were overlaid onto the train’s speed 
profile determined through the matchmoving process, 
and the graphs were scaled until the time scales were the 
same (Figure 15 and Figure 16). The event data recorder  

Figure 14
The train’s speed profile determined through the matchmoving analysis with callouts showing when  

the train’s service and emergency brakes were engaged in relation to the point of impact with the pedestrian.

Figure 15
The graph generated by data recorded from the train’s event  

data recorder scaled to match the time scale of  
Figure 11 (black box). The service and emergency braking  

graph zoomed in to the portion of interest and to compare with  
Figure 11 (blue box).  The braking input traces appears  

distorted/blurry because the original graph was low resolution,  
and the graph was zoomed into and scaled so the time  

and speed scales of the speed profiles could be matched up.
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verified and confirmed the authors’ analysis, which showed 
the train’s service brakes were applied as the train ap-
proached the station, but the emergency brakes did not en-
gage until approximately 0.8 seconds before the train col-
lided with the pedestrian. 

Further analysis was performed to determine the 
points in time that the emergency brakes could be engaged 
to bring the train to a complete stop and avoid colliding 
with the pedestrian. Absent of perception-reaction time, 

the following formula was used to determine the distance 
the train would need to stop with the emergency brakes 
engaged based on a given speed: 

dbrake  =       S2 
       (2*f*g)

Where:

dbrake = the distance it takes for the train to come to a 
complete stop

S = Speed of the train at the given time

f = the train’s emergency braking deceleration rate, 0.26 

g = gravitational constant

The calculation was performed at every video frame 
to determine the distance the train would need to decel-
erate to a stop and to avoid impacting the pedestrian. 
Based on the above calculations, the authors determined 
the emergency brakes would need to engage when the 
train was at least 3.0 seconds from impact (or at least 
114 ft from the pedestrian) to avoid the impact. The train 
was traveling approximately 30 mph at this time (Figure 
17). 

Figure 17
The train’s speed profile determined through the matchmoving analysis with callouts showing when the pedestrian was first visible in the  

footage and the points in time the impact was avoidable (green) and unavoidable (red) had the emergency brakes been engaged at that time.

Figure 16
The speed profile determined through the matchmoving analysis  

(Figure 11) overlaid onto the service and emergency braking input 
traces generated by the train’s event data recorder (Figure 15). The 
train’s service brake input indicated with the dark green line and the 

application of the train’s emergency brakes indicated with the blue bar.
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The authors then overlaid the train’s speed, time to im-
pact, distance to impact, type of braking system applied, 
and whether the collision would have been avoidable 
had the emergency brakes been engaged sooner at each 
frame in the video. Below are screenshots showing when 
the emergency brakes were applied and what points in the 
footage the collision was avoidable had the emergency 
brakes been engaged sooner (Figure 18). 

Discussion and Conclusions
This paper demonstrates that using video footage from 

moving objects with sufficient visual detail for identify-
ing reference points/features, allows for the determination 
of positions, speeds, and acceleration rates of the moving 
object and stationary objects using the photogrammetric 
method of matchmoving. In addition, through verifica-
tion and confirmation with data by the train’s event data 
recorder, the paper further validates that the process of 
matchmoving is a highly accurate and reliable method-
ology in the field of accident reconstruction and forensic 
engineering. 

The above methodology is not limited to analyzing the 
kinematics of trains and pedestrians; it can be applied to 
other moving objects, such as automobiles, motorcycles, 
bicycles, aircrafts, and marine vehicles. Providing valu-
able data and information for triers of fact, this process 
can be especially useful in reconstructing accidents when 
a video of the incident is available but there is a lack of 
physical evidence or when recorded event data is limited 
or no longer available/accessible.
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prepare for their turn at welding. No other workers were 
present in the confined space.

The accident occurred while the victim’s colleague 
was welding; he did not directly observe the accident. 
While the colleague was welding, the victim was expected 
to be on fire watch and/or repositioning his lift. After com-
pleting a series of welds, the colleague noticed that the vic-
tim’s lift was not moving. Further investigation revealed 
the victim was unresponsive and appeared to be pinned 
between the lift and an overhead beam. The colleague 
lowered his lift and ran to get help.

After a brief delay in getting access to the confined 
space, other construction workers and medical respond-
ers arrived and attempted to use the base controls on the 
scissor lift to lower the platform and rescue the victim. 
Unfortunately, the lift did not lower in response to the res-
cuers’ attempts to use the base controls. The colleague got 
back in the other scissor lift, raised it to reach the victim, 
and found the victim with his head pinned between the top 
rail of the lift and an overhead beam and his hand pushing 
against the upper control console joystick. The colleague 
moved the victim’s hand off of the joystick; then he op-
erated the controls of both scissor lifts simultaneously to 
lower them to the ground. The victim died of severe crush-
ing injuries to the head. 
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Abstract
After a worker was found fatally pinned between the top rail of a scissor lift and an overhead beam, res-

cue attempts were frustrated by unresponsive lift controls. In the investigation of this fatal accident, certain 
lift controls did not function or functioned intermittently. The intermittent nature of the malfunction indicated 
that the evidence was sensitive — likely to be disturbed if the device was disassembled using typical destruc-
tive techniques. Therefore, nondestructive techniques were required. This study discusses how X-ray imaging, 
computed tomography (CT), electrical testing, and engineering analysis of the lift and control system were 
used to investigate the causes and contributing factors of this fatal accident without disturbing sensitive evi-
dence. 
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Introduction and Background
Two construction workers (the victim and his col-

league) were welding steel plates to overhead beams in 
a permit-required confined space (Figure 1). In order to 
reach the overhead beams, each worker was provided 
with a rented scissor lift. The workers were taking turns 
performing different tasks. One would weld while the 
other acted as “fire watch” and/or repositioned their lift to  
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Figure 1
Photo from the incident scene showing the subject  

scissor lift (red arrow), the other lift used in rescuing the victim,  
and the overhead beams involved in entrapping the victim.
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The authors and other investigators were tasked with 
evaluating the incident and determining how the victim 
became entrapped and why the subject lift’s base controls 
were unresponsive during rescue attempts.

Post-Accident Interview 
Investigators conducted interviews of witnesses. The 

victim’s colleague was able to describe the position of the 
victim’s body prior to freeing him from entrapment be-
tween the lift and the beam. The colleague described the 
position of the victim as if he was trying to look over the 
edge of the platform at the wheels of his scissor lift. When 
the colleague used his own lift to reach the victim, he 
found one of the victim’s hands pressing the joystick on 
the upper control console in the forward/raise direction. 
The upper control console was positioned on the top rail 
of the lift platform (Figure 2). The colleague moved the 
victim’s hand off of the controls; then he used the controls 
on both lifts simultaneously to lower them. 

The joystick is designed to either make the lift plat-
form raise/lower or the chassis move forward/backward, 
depending on the position of a selector switch. The col-
league suggested that, while investigating control mal-
functions, the victim had mistakenly attempted to move 
the lift forward — not realizing that the selector switch 
was in the raise/lower position, which resulted in the lift 
raising unexpectedly. The colleague also reported that, pri-
or to the accident, the upper lift controls would sometimes 
“hesitate” or exhibit other malfunctions. 

Figure 2
Photo from the accident scene, showing the control console of the  

subject scissor lift mounted on the top rail. The rail of a second scissor  
lift, used in an attempt to rescue the victim, is in the foreground. The 

top rail of the subject scissor lift is bent downward from the force  
exerted between the scissor lift rail, the victim, and an overhead beam.

Figure 3
Photo from inspection of the lift several months after  

the accident. The top rail was bend downward where the victim  
was entrapped between the rail and an overhead beam.

Initial Inspection and Functional 
Testing of the Subject Lift

After the incident, the subject scissor lift was removed 
from the site, stored in a warehouse, and then examined/
tested by investigators several months later. One of the 
upper rails was bent downward (Figure 3), indicating the 
contact point between the rail, the victim’s body, and the 
overhead beam. Witness testimony and maintenance re-
cords indicated that the rail was not bent until after the 
incident. The force exerted by the lift during the incident 
bent the top rail and caused the victim’s injuries. 

The incident unit was an electric-powered machine 
with a bay of four 6V batteries wired in series, which had 
to be replaced prior to testing (due to the old batteries hav-
ing run down while in storage). Replacing the batteries 
was the only modification performed prior to the func-
tional testing, which was deemed appropriate. This was 
due to the fact that the batteries were very unlikely to be a 
direct or indirect cause of the incident because the lift was 
able to raise at the time of the incident — low or defective 
batteries would have provided an inability to raise that is 
contradictory to all of the available evidence. 

The investigators began the functional testing of the 
subject lift by following the pre-start checklist provided 
in the manufacturer’s manual, which is fairly standard 
across manufacturers. This checklist was chosen because 
it is designed to notify the user of any issues with the unit 
prior to operation. During pre-start functional tests, the 
lift’s electric motor was found to have failed. The motor 
was replaced in order to complete the functional tests. The 
original motor was preserved, and later examination deter-
mined that the motor failure was due to corrosion of the 
brushes while it was in storage. At the time of the incident, 
the subject lift was able to raise with sufficient force to 
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Figure 4
Photograph of the incident scene taken shortly after the incident, 

showing the subject lift’s wheels turned to the right. 

bend the top rail and fracture the victim’s skull. The effect 
of the motor or battery failures discovered at later inspec-
tions would have made the lift unable to raise, preventing 
the incident. Thus, the condition of the motor could not 
have contributed to the incident. 

After replacing the motor, functional testing con-
tinued. Investigators found that the control console was 
unable to cause the steering wheels to steer to the right, 
but could make the wheels steer left. Swapping the sub-
ject control console for an exemplar console corrected the 
problem, narrowing the cause of the issue to the subject 
control console. The subject control panel was preserved 
for nondestructive examination. 

Investigators conducted electrical continuity tests be-
tween components of the control console and the pins in 
the console connector plug. As a result, they found a fault 
in the control for the lift to steer to the right. The steer-
ing switch itself functioned properly: it was normally open 
and connected its central pole to either the “steer right” or 
“steer left” terminals. The “steer left” terminal had normal 
electrical connectivity to a corresponding pin in the con-
nector plug. However, there was no electrical connectivity 
between the terminal steering switch’s “steer right” termi-
nal and its pin in the connector plug. This testing narrowed 
the cause of the steering malfunction to a connectivity 
fault somewhere between the control console cable and its 
connector plug. 

Photographs from the incident scene showed the sub-
ject scissor lift’s front wheels were steered to the right 
(Figure 4). At the time of the accident, the lift was able 
to steer to the right. However, during functional testing, 
the incident control box was unable to steer the wheels 
to the right. This indicated an intermittent malfunction, 
of the lift’s steering mechanism. An intermittent malfunc-
tion was consistent with the victim’s colleague referring to 
“hesitation” and other (non-specific) control malfunctions 
prior to the incident. 

As described earlier, rescuers claimed to have attempt-
ed to lower the scissor lift using the base controls, but the 
lift did not respond. Ultimately, the colleague used another 
lift to reach the victim and found him pinned against the 
control lever and platform rail with his right hand pressing 
the lever in the forward/raise position. Investigators found 
that the manufacturer of the subject lift issued a service 
bulletin approximately four years after the subject incident 
to scissor lift dealers describing a design flaw in the model 
and serial number of scissor lift involved in the incident. 

When the upper controls were held in the UP position, the 
flaw made the lower controls unable to lower the platform.  
This design defect explained why rescuers were unable to 
use the lower controls to rescue the trapped worker. 

Rescuers claimed to have attempted to use the me-
chanical emergency lowering valve to lower the platform 
when it was stuck in the raised position, but were unable 
to get the platform to come down. In functional testing, 
investigators did not find any fault or malfunction with the 
emergency lowering valve. 

As far as investigators were able to determine, the res-
cuers were unfamiliar with the lift’s emergency lowering 
procedure. Before the emergency lowering valve could be 
used, a holding valve manual override knob on the lift cyl-
inder had to be engaged. In interviews, rescuers did not 
demonstrate awareness of the holding valve manual over-
ride. Most likely, the rescuers failed to engage the hold-
ing valve manual override, which is why the emergency 
lowering valve did not cause the platform to come down. 
Rescuers did not attempt other means of lowering the plat-
form, such as relieving pressure in the cylinder. Similarly, 
after initial failed attempts to use the lower controls to 
lower the platform, rescuers did not use the lower controls; 
instead they used the upper controls to lower the platform 
and free the trapped worker. 

Investigators disagreed on how to proceed with inves-
tigation of the lack of electrical continuity found between 
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control console and the pins in the connector plug. Some 
investigators wanted to proceed with destructive disas-
sembly; others were concerned about preservation of the 
condition of the evidence and wanted to further document 
the condition of the plug and cord before risking disturb-
ing evidence. The decision was made to not disassemble 
any additional components prior to the completion of 2D 
X-ray radiographs and CT scans. 

Nondestructive examination methods were critical 
because the position of any loose or damaged conduc-
tors could be easily disturbed and raise questions about 
whether any faulty connections were the result of the dis-
assembly process. The presence of intermittent electrical 
connections was indicated by witness testimony and the 
discrepancy in steering function observed between func-
tional testing and scene photographs. However, the cause 
of the intermittent connections might be difficult to pre-
serve while disassembling the components.

Nondestructive Radiography  
of the Control Console 

Investigators performed nondestructive 2D X-ray ra-
diography of the subject scissor lift platform control con-
sole. In the 2D X-ray radiographs (Figure 5), some of the 
wires in the cable connector appeared off-center relative to 
the pins, suggesting that they were not fully inserted into 
their terminals. 

Figure 5
2D X-ray radiographs of the platform control console cable  

connector. Some of the wires appeared off-center relative to the  
pins, suggesting possible loose or detached connections. Further 

radiography was required to resolve the positions of the  
wires and identify which control functions were affected.

Investigators ordered a nondestructive 3D CT scan 
of the platform control console cable connector in order 
to better resolve the locations of the wire terminations in 
three dimensions. In the CT scans of the cable connector, 
the wires behind pins number 1 through 8 appeared to be 
fully inserted into the pin screw terminals (shown, but not 
labeled, in Figure 6 and Figure 7). However, the wires 
behind pins 10, 11, and 15 were not secured in the pin 
screw terminals at all — they were either free-floating or 
resting against the outside of the terminals (Figure 6 and 
Figure 7). Pins 12, 13, and 14 were partially withdrawn 

Figure 6
Top view of 3D CT scan of the subject platform control console cable 

connector. Numbers in red have been added to identify individual 
pins. Pins 1 through 8 (not numbered, located below pins 9 through 
16 in this view) appeared fully secured within the screw terminals. 
Pins 10 to 15 were loose and withdrawn from the screw terminals. 

Pin 9 was left empty and had no corresponding wire. 

Figure 7
Side view of a 3D CT scan of the subject platform control  

console cable connector. Numbers in red have been added to  
identify individual pins. Pins 10 through 15 exhibited varying  

degrees of being withdrawn from the screw terminals.
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from their screw terminals. Out of pins 9 through 16 of 
the cable connector, only the wires behind pins 14 and 16 
appeared fully inserted into and secured within the screw 
terminal. Pin 9 was not used (by design).

A slice of the 3D CT scan was used to measure the 
heights of the screws (i.e., how far they were tightened 
down) as shown in Figure 8. The threaded depth of the 
screw is directly correlated to clamping force of the wire 
as the screws for each wire connection were all the same 
size, and the wires were all the same gauge. The largest 
gap was the unoccupied pin 9 (measuring 3.4 mm between 
the top of the screw terminal and the bottom of the head 
of the screw). The next largest gaps were pins 15, 10, and 
11 (measuring 2.31 mm, 2.28 mm, and 2.20 mm, respec-
tively). 

The reduced clamping force in the affected screw 
terminals would have made it easier for the wire to be 
pulled out from the terminal. Additionally, pin 14 was 
still partially inserted into the terminal, even though pin 
13 and pin 15 on either side of it were more withdrawn 
from their respective terminals (Figure 8). If the sole 
cause of the withdrawal of the wires from the terminals 
was an excessive force, then one wire would not be ex-
pected to remain connected while the wires on either side 
failed. The fact that only some of the wires were with-
drawn from the terminals indicates that those wires were 
not as firmly secured as the others in the connector.

Electrical connectors are typically designed with 
“strain relief” features that provide a mechanical connec-
tion between the cable and the connector. In this case, the 
two primary forms of strain relief were the “cable gland”-
style connector that gripped the exterior of the cable as it 
entered the connector and the screw terminals that clamped 

the ends of the stranded wires in place. Cable glands (like 
those in the subject plug) grip the exterior of the cable in-
sulation and transfer stress from the insulation to the body 
of the connector plug. Screw terminals grip the ends of 
the wire, forming a mechanical link from the wire to the 
plug pins. After nondestructive radiography of the console 
plug, the cable gland connector was disassembled, reveal-
ing evidence that the cable had been pulled through the 
cable gland (Figure 9).

Some, but not all, of the wires inside the connector 
in the subject platform control console pulled out of the 
screw terminals used in the cable connector (Figure 6 
and Figure 7). The screw terminals in pins 10, 11, and 15 
had wires that withdrew completely, and pins 12, 13, and 
14 were partially withdrawn. These pins did not provide 
adequate strain relief to hold their wires in place, but the 
other screw terminals successfully retained their wires. 
Pins 10 through 15 were not properly secured to the con-
nector. If they were properly secured, then the connec-
tions between the cable and connector (the cable gland 
and the screw terminals) should have been stronger than 
the cable and its wires. When a properly secured connec-
tor fails, the cable and/or the wires fail rather than the 
strain relief. No such breakage or damage was visible in 
the 2D radiographs, CT scans, or physical inspection. 

Each wire in the platform control console cable con-
veyed a different command from the platform control con-
sole to the lift. Investigators used wiring diagrams from 
the lift’s service and maintenance manual to identify the 
platform control console functions that were associated 
with the improperly secured wires found in the platform 

Figure 8
Slice of a 3D CT scan of the subject platform control console cable 
connector with threaded depth of the screws marked. Pins 1 through 
8 had relatively tightly connected crew terminals. Pins 10 through 15 
had relatively loose screw terminals with partially or fully withdrawn 

wires. The distance labels also correspond to the pin numbers. 

Figure 9
After nondestructive radiography, the cable gland connector on  
the control console plug was disassembled. The cable exhibited  

evidence of tension on the cable, such as movement of the  
cable within the gland and a tear in the outer insulation.
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control console connector. Pins 10 through 15 in the plat-
form control console cable connector had wires that were 
not properly secured, and, as a result, were partially or 
fully withdrawn from the screw terminals connected to the 
pins (Figure 6 and Figure 7). 

The base controls were designed to override the plat-
form control console in accordance with the requirements 
of ANSI/SAIA A92.6 (2006). The subject lift’s override 
was accomplished by turning a key located at the base 
controls from a “platform control” position to a “base con-
trol” position. This would disable the platform controls 
and enable the base controls. However, due to an uncor-
rected design flaw, the platform control console was able 
to override the base controls if the platform control con-
sole joystick was in the up/forward position. 

Since the wires to pins 10 through 15 were not prop-
erly connected to the screw terminals, the connection 
through those pins was interrupted, weak, or intermittent 
during operation of the lift. This affected a variety of sig-
nals sent from the platform control console to the lift, 
including: 

• The speed with which the lift moved (raise/lower 
or forward/reverse) in response to the joystick 
(pin 12, withdrawn from terminal but still touch-
ing).

• The ability of the lift to move forward or up in re-
sponse to the joystick controls (pin 10, withdrawn 
from terminal but still touching).

• Steering to the left (pin 14, partially inserted into 
terminal).

• Steering to the right (pin 15, fully withdrawn from 
terminal and not touching).

• Steering common, + voltage (pin 11, fully with-
drawn from terminal but still touching).

Interruption of the connection on these pins would in-
terfere with the operator’s ability to control the lift from 
the platform control console and make the lift unpredict-
able and dangerous to operate. The console might work 
properly at times when the wires make contact, but mal-
function when the wires were moved and would break 
contact with the terminals. This is consistent with state-
ments that, prior to the accident, the lift controls would 
sometimes “hesitate” or malfunction. 

Due to the intermittent nature of the connections, mal-
functions could appear sporadically during inspections, 
functional tests, and use of the machine. For instance, the 
console could not steer to the right during functional testing 
because the wire to pin 15 was completely separated from 
its terminal, but the lift could still move forward because 
the wire to pin 10 was touching the terminal, even though 
it had been pulled loose. Because of the loose wires in the 
plug, important control console functions, including mov-
ing upward, movement speed, and turning right, would re-
spond unpredictably. The steering malfunction is notable 
because, according to the colleague, the victim’s body was 
positioned as if attempting to look over the edge of the plat-
form down at the wheels. The victim may have been trying 
to look at the wheels in response to a steering problem.

Intermittent connections on the joystick pulse width 
modulation (PWM) output on cable connector pin 12 
would have created a dangerous condition. PWM uses a 
series of digital pulses (i.e., a voltage that is either zero or 
maximum) that are processed in a microchip to achieve 
what is effectively an analog output (i.e., a voltage at a 
desired value between zero and maximum). The PWM 
output controlled how quickly the lift moved when either 
raising/lowering (by controlling a hydraulic proportional 
valve) or moving forward/backward (by controlling the 
drive system). An intermittent connection would interrupt 
and reconnect the signal to the speed control, causing the 
lift to move at unpredictable rates. The loose connection 
on pin 12 may have resulted in an unexpected rate of mo-
tion of the scissor lift’s up/down movement and contrib-
uted to the victim being pinned against the ceiling beam. 

These findings highlight the value of performing non-
destructive testing prior to any disassembly of components 
when their condition is both sensitive and critical to the 
investigation. Had the connector been disassembled dur-
ing the functional testing, the status of the wires prior to 
disassembly would have been suspect as it may have been 
hypothesized that they became loose during the disassem-
bly. Even if great care was taken during disassembly, the 
CT scans and 2D radiographs were valuable in document-
ing the state of the evidence — establishing that the loose 
wiring connections were present prior to disassembly. 
Nondestructive radiography was key to gathering forensic 
information while preserving the evidence. 

After radiography, the connector was subsequently 
disassembled for further inspection, and wiring diagrams 
were used to identify the controls affected by loose and 
broken connections found in the connector. After removal 
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of wires 1 through 8 from the cable terminal block by 
backing out each of the terminal screws, wires 10 through 
15 were free without applying tension to the wires or 
backing out their respective screws (Figure 10).

Biomechanical Analysis  
of Injuries in the Subject Incident

The pattern of the victim’s injuries and signs of exter-
nal trauma indicated that he sustained a significant com-
pressive force to his mandible and face1-11. The primary 
mechanism for bilateral laminar fractures in the cervical 
spine is a compressive force applied during extension12-15. 
The mechanism of injury for the victim’s multiple facial 
fractures involved blunt force trauma to the face. The 
bones of the face are more resistant to fracture in fron-
tal impacts as opposed to lateral11. The nasal bones are 
the most fragile bones of the face with reported tolerance 
levels for minor fractures as 25 to 75 pounds (lb)6,11. The 
maxilla (140 to 445 lb) and zygomatic arch (208 to 475 
lb) show greater tolerance than the nasal bones, while the 
mandible (upward of 425 lb) is capable of withstanding 
greater amounts of force11. Given the pattern of injuries 
sustained by the victim, the sustained compressive force 
was most likely directed from the front as well as upward 
and laterally toward the left side of his face — most prob-
ably in excess of 400 lb. 

Standards for Preventing Sustained 
Involuntary Operation (SIO) Accidents 

Scissor lifts like the one involved in this case are one 
kind of mobile elevating work platform (MEWP), a ma-
chine for moving workers, tools, and materials to elevated 

working positions. The accident in this case was an en-
trapment accident, where an occupant became trapped 
between the machine and another object or structure. En-
trapment accidents are one of the most common causes 
of reported fatalities involving MEWPs, along with falls 
from the platform, electrocutions, and equipment over-
turns16. 

This specific type of entrapment accident is referred 
to as sustained involuntary operation (SIO)17-19. In an SIO 
accident, the operator is pushed against the controls. The 
operator’s body engages the controls, causing the MEWP 
to move, which further entraps the operator and jams the 
controls, creating a feedback loop. Since operators are un-
able to stop the motion of the lift or to free themselves, 
SIO accidents often make rescue of the operator difficult 
and result in fatal crushing and/or suffocation injuries. 

The modern versions of standards, such as ANSI/
SAIA A92.20 and ISO 16368, require design features such 
as overload protection, control console guards, and/or in-
terlocks to interrupt the SIO feedback loop and reduce the 
likelihood and severity of SIO-type accidents20-23. How-
ever, the subject scissor lift did not have these features.

Multiple standards govern the design and safety fea-
tures included on scissor lifts, including:

• ANSI/SAIA A92 series of standards  
(USA, Scaffolds and Access Industry Association)

• ISO 16368 standard (international)

• BS EN 280-1 (Europe / UK)

• CSA B354.6 (Canada)

The ANSI/SAIA A92 standards are the primary 
American standards for MEWPs, and major recent revi-
sions include additional requirement for anti-SIO guard-
ing. Historically, the ANSI/SAIA A92 standards were pub-
lished as separate standards for different classifications of 
machine. These included ANSI/SAIA A92.3 (manually 
propelled lifts), A92.5 (boom lifts), A92.6 (self-propelled/
scissor lifts), and A92.8 (vehicle-mounted bridge inspec-
tion/maintenance lifts). However, ANSI/SAIA published 
a new suite of A92 standards that combined the standards 
for different types of machines, instead dividing them by 
topic. ANSI/SAIA A92.20 (design, safety, and testing), 
A92.22 (safe use), and A92.24 (training) were issued in 
December 2018 to replace the machine-specific ANSI/

Figure 10
After nondestructive radioagraphy, the cable terminal  

block was disassembled. The wires in terminals 1 through 8  
were removed by backing out the screws on each terminal. Upon  

backing out the screw for terminal 8, the wires in terminal 10  
through 15 slipped out of their respective terminals without  

applying tension to the wire or backing out the terminal screws.
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SAIA A92.3, A92.5, A92.6, and A92.8, which were with-
drawn in June 202020. The stated reason23 for the change 
was to combine the requirements for MEWPs with similar 
configurations/uses and to bring the ANSI/SAIA standards 
into closer agreement with existing international standards 
such as ISO 1636822. 

The subject lift was manufactured in 2013 after inter-
national ISO 16368 standard began to explicitly require 
anti-SIO guarding but before ANSI/SAIA A92.20, which 
explicitly addressed anti-SIO guarding. Pre-A92.20 re-
quirements were potentially relevant to preventing unin-
tentional activation of controls but did not explicitly ad-
dress the relevance of such guarding to prevent operator 
entrapment. ANSI/SAIA A92.6-2006, “American Nation-
al Standard For Self-Propelled Elevating Work Platforms” 
has requirements for the controls. 

The upper controls at the platform shall:

• 4.7.1(5) be protected against activation other than 
that initiated by the operator.

• 4.7.1(3) include a separate control that shall be 
continuously activated by the operator for upper 
directional controls to be operational, which can 
be released by the operator independently from 
the directional controls and render the upper con-
trols inoperative when released.

The lower controls shall:

• 4.7.2(1) override upper controls for powered 
functions. 

• 4.7.2(2) be provided for all powered functions ex-
cept drive and steering.

• 4.7.2(4) be protected against activation other than 
that by the operator.

The newer ANSI/SAIA A92.20, “Design Calcula-
tions, Safety Requirements and Test Methods for Mobile 
Elevating Work Platforms,” which replaced A92.6, has 
more explicit requirements for anti-SIO design:

• 4.7.1.2. All controls shall be designed to protect 
against inadvertent operation (any operation other 
than that intentionally initiated by the operator). 
Hand-operated controls in the platform shall be 
protected against sustained involuntary opera-

tion. This protection should either prevent further 
movement of the machine in the direction of trap-
ping or allow the operator to reverse or stop the 
trapping movement. 

• 4.7.1.3. The upper controls shall include a sepa-
rate device(s) that shall be continuously activated 
by the operator for directional controls to be op-
erational. This device(s) shall be capable of being 
released by the operator independent of the direc-
tional controls. When released, this device(s) shall 
render the directional controls inoperative.

• 4.7.3.1. The control devices shall be located on 
the work platform. Duplicate controls for all pow-
ered functions of the extending structure shall be 
provided at the base or ground level, except for 
drive or steering, and shall override control devic-
es situated on the work platform. Control devices 
shall be readily accessible to the operator. Control 
boxes not permanently attached shall have their 
normal location and orientation clearly marked. 

The subject lift was manufactured in 2013 — before 
the ANSI/SAIA A92 standards were restructured and lan-
guage was added explicitly addressing the SIO hazard. 
Thus, features that would have detected an SIO event and 
stopped or reversed motion of the lift were not yet required 
by the applicable American standard when the subject lift 
was made. However, the lift did not meet the existing 
A92.6 requirements related to inadvertent activation of the 
upper controls.

• The joystick on the upper controls extended above 
the small handle/guard (Figure 2), making it inad-
equately guarded against inadvertent activation as 
required by A92.6 Section 4.7.1(5). 

• Although the joystick did have an activation 
switch, it was integrated into the joystick grip 
rather than being a separate control. It is debatable 
whether a button on the joystick satisfies A92.6 
Section 4.7.1(3). In the incident, the victim did not 
release this control even after he was entrapped.

• Due to a flaw in the wiring design, the lower con-
trols could not override the upper controls as re-
quired by A92.6 Section 4.7.2(1), which delayed 
rescue of the victim.

The international ISO 16368:2010(E) standard was 
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published in 2010 (prior to manufacture of the subject 
lift), and includes similar requirements to ASTM A92 for 
a separate activation control and protection of controls 
from inadvertent activation (Section 4.7.1) and for lower 
controls that override upper controls (Section 4.7.3). ISO 
16368:2010(E) also requires that all signal-transmitting 
wiring be protected against damage (Section 4.11.3.2), 
which the exposed control cable of the subject lift (Figure 
2) did not meet.

ISO 16368:2010(E) has additional requirements in 
Section 4.4.1.2 relevant to SIO incidents. All MEWPs are 
required to have a load-sensing system that activates when 
it detects a load between 100 percent and 120 percent of 
the machine’s rated capacity. The system activates warn-
ing lights and an audible alarm. If the system is activated 
when the lift is raised 1 meter or 10 percent of its lift height 
(whichever is greater), then the system must prevent fur-
ther upward motion once excessive load is detected. The 
standard notes that some means of moving the lift must 
still be available in order to release a trapped person23. 
Section 4.4.1.2.1 of ANSI/SAIA A92.20 duplicates the re-
quirements for a load-sensing system from ISO 1636823. 
The subject lift did not have a load-sensing system. 

Exemplar Testing of Alternative Design
Testing of an exemplar — a machine of identical de-

sign to the subject lift — allowed investigators to probe the 
design of the machine without risk of disturbing evidence. 
Even though testing can be potentially destructive to the 
exemplar, it is nondestructive with regard to the subject 
machine. The investigators also built and tested a techno-
logically and economically feasible alternative design that 
would guard against the hazard of sustained involuntary 
operation (SIO) per the hierarchy of controls when design-
ing a new product24-27. Before designing and adapting the 
alternative solution, testing on an exemplar was required 
to characterize the hazards associated with SIO in an un-
modified exemplar scissor lift.

Investigators conducted testing of an exemplar lift 
matching the model and year of manufacture of the subject 
lift. They found that in the lowered position, the lift could 
exert in excess of 900 lb of force when raising the platform 
into contact with an overhead obstruction. Based on the 
test results at a 136.5-inch height, the lift could exert in 
excess of 2,100 lb of force when encountering an overhead 
obstruction. The increase in force was due to a change in 
the angle of the hydraulic actuators (lift cylinders) relative 
to the lift’s “scissor” lift mechanism, which increased the 
magnitude of the moment (torque) created by the actuator 

acting on the scissor mechanism. 

Because the moment is proportional to the perpendic-
ular component of force acting on a lever arm, the mag-
nitude of the moment increased as the scissor mechanism 
raised, causing the hydraulic actuators to rotate from an 
oblique angle to a more perpendicular angle with the arms 
of the scissor mechanism, increasing the resulting moment 
(torque) on the scissor arms and the total force exerted by 
the lift. The lift reached maximum force approximately  
1 second after encountering an obstruction. Figure 11 
shows the orientation of the lifting cylinder and the cyl-
inders when in the fully lowered and a partially raised po-
sition. The lifting cylinder becomes more vertical as the  
scissor lift mechanism extends. 

The forces measured in testing the exemplar violated 
relevant ANSI and ISO standards. The subject and exem-
plar had a rated capacity of 550 lb. ISO 16368:2010(E); 
4.4.1.2 requires lifts to be equipped with a “load-sensing 
system” that would activate if a force above the rated load 
and before 120 percent of the rated load is exceeded. The 
lift involved in the accident did not have such a system.

Testing of an exemplar lift revealed that the type of 
lift involved in the accident could exert dangerous levels 
of force too quickly for the operator to react and save him-
self. In order to test whether a safety device could have 
prevented the accident, investigators designed and built a 
simple anti-SIO device that triggered the lift’s emergency 
stop when a pressure sensor on the top rail was activated 
(Figure 12), motivated by the Design Order of Prece-
dence27. The device stopped the lift and reduced the force 
exerted on the overhead obstruction to 50 to 225 lb of 
force, depending on how far forward the control joystick 
was pressed. Note: The angle of the joystick controlled a 
pulse width modulation (PWM) signal that modulated the 

Figure 11
Sketch of a scissor lift mechanism in the lowered (left) and raised 

(right) position. Note that in the raised position, the lift cylinder and 
scissor arms rotate to be more nearly perpendicular to one another.
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position of the hydraulic proportional valve — and thus 
the speed with which the platform moved upward or trav-
eled forward or reverse.

The investigators determined that the absence of an 
anti-SIO device was a contributing factor to the accident 
— and that if such a device was equipped, it would have 
reduced the severity of the victim’s injuries and increased 
his chances of survival. Although an anti-SIO device as 
described above is not explicitly required by the ANSI/
SAIA standards, at the time of manufacture the testing 
showed, in conjunction with biomechanical analysis of the 
injuries sustained in the subject incident, that the upward 
force developed by the subject lift was well above the 
force necessary to cause fatal injuries to the head without 
this device and is limited to survivable forces when such a 
device is implemented. 

Summary
A witness at the scene stated that the victim was posi-

tioned as though he was looking down at the wheels on the 
lift. This would be consistent with the victim reacting to 
a steering malfunction by observing the lift wheels while 
the victim manipulated various controls to see which re-
sponded.

Faulty connections in the upper control console plug 
would result in unpredictable changes in the speed of the 
lift’s motion in response to the joystick. It is likely that the 
accident was the result of the lift moving upward faster 
than expected, pinning the victim between the lift and an 
overhead beam. The victim’s body was trapped such that it 
pushed the joystick forward, causing the lift to continue to 

move upward and resulting in SIO of the lift controls and 
fatal injuries to the victim. The lift lacked control guarding 
against inadvertent activation that would reduce the likeli-
hood of trapping the operator in an SIO feedback loop. 

A design flaw in the lift’s wiring prevented the lower 
controls from overriding the upper controls, as required 
by ISO and ANSI standards applicable at the time the lift 
was manufactured. The lift also lacked overload protection 
features required by ISO and later ANSI standards. Test-
ing of an exemplar lift found that a raised scissor lift could 
exert in excess of 2,100 lb when encountering an obstruc-
tion — and that a simple anti-SIO device could reduce the 
force to 225 lb or less, greatly decreasing the risk of injury 
or death.

Conclusion
Conducting a forensic failure analysis of an intermit-

tent malfunction requires special care to avoid losing vital 
evidence. In this case, nondestructive radiography allowed 
investigators to detect and document evidence that would 
have been disturbed by disassembling the part for visual 
examination. This would have left investigators in doubt 
of the significance of finding loose screw terminals. 

Nondestructive radiography revealed that wires had 
been withdrawn from the screw terminals without alter-
ing the condition of the plug. This case illustrates that 
nondestructive radiography can be an effective strategy 
for investigating intermittent failures or malfunctions. The 
investigator must consider that whatever causes a failure 
to be intermittent or difficult to reproduce may also leave 
sensitive evidence that is best examined by nondestructive 

Figure 12
Exemplar test setup including left and upper guardrail sensors and circuitry to cut off power.  

The alternative solution allowed for a plug-and-play connector along with a force sensor signaling to  
a basic circuit that stopped the upward movement of the lift when it came into contact with a hazard.
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means to avoid losing valuable information. While this 
case study focused on loose wiring connections, the same 
principles can be applied to other types of failures, such as 
blockages in hoses, stuck/seized valves, and other condi-
tions where disassembling the part would cause the investi-
gator to disturb the as-found condition and lose potentially 
critical information. 
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Important consideration is given here to the charac-
teristics of the fiberboard insulation itself, common envi-
ronmental conditions, and the mechanism by which water 
saturated the insulation. This paper refers to these insula-
tion boards made from wood pulp and bagasse collectively 
as “fiberboard.” Reference to “roof assemblies” means the 
composition of insulation boards sandwiched between a 
roofing membrane and a structural deck.

Background 
Since the early part of the 20th century, the construc-

tion industry has used panels called “fiberboard” made 
from wood  fibers for various building components, in-
cluding wall sheathing, cover boards (a thin substrate on 
the insulation to which the roof membrane is adhered), and 
roof insulation1. Fiberboard is produced through a wet pro-
cess where the fibers are first washed, then the lignocellu-
losic fibers are combined with water and binders to create 
a slurry that is fed onto a moving screen to create sheets 
of various thicknesses whose fibers become interfelted as 
water leaves the boards2. The material is then heated to 
drive out the moisture and sometimes pressed or laminated 

Forensic Analysis of Roof Deterioration 
Due to Condensation
By James R. Drebelbis, AIA, PE, DFE (NAFE 938S)

Abstract
Corrosion of the structural steel roof deck of large warehouses resulted in several invasive forensic inves-

tigations to determine the cause and mechanism of the corrosion. The warehouse roof investigation presented 
in this paper is one of many similar warehouses located near the Gulf of Mexico and along the Southern 
Atlantic Seaboard experiencing corroded roof decks when constructed using fiberboard roof insulation made 
from sugarcane fiber called bagasse. Consensus exists among individuals studying this phenomenon that the 
fiberboard became saturated with water, which dissolved formic and acetic acid from the fiberboard. The 
steel deck corroded when it came in contact with the acidic solution. There was little consensus regarding the 
mechanism by which water intruded into the roof assembly. Invasive investigation of the low-slope roofs of 
buildings with various types of insulation (including bagasse fiberboard) and observation of physical com-
monalities between the instances led to the following conclusion: Water in the roof assemblies did not result 
from leaks through a compromised roof membrane but rather from humid air infiltrating the roof assembly 
and condensing on the underside of the roof membrane. 

Keywords
Low-slope roof, condensation, roof membrane, structural roof deck, fiberboard, bagasse, acetic acid, formic acid, 

corrosion, wind load, Gulf of Mexico, Atlantic Seaboard, vapor barrier, destructive testing, humidity, roof leaks

Introduction 
Although wood fiberboard insulation has been used 

for years as an inexpensive roof insulation, in the last sev-
eral years, metal roof decks supporting low-sloped roofs 
(primarily located near the Gulf of Mexico and the South 
Atlantic Seaboard) began to fail due to corrosion. Inves-
tigating engineers agreed that the deck corroded when 
exposed to acidic solution of formic, and acetic acid dis-
solved from bagasse fiberboard insulation. 

Bagasse is the fibrous material that remains after 
sugar is squeezed from sugar cane. Lacking is consensus 
about the mechanism by which moisture occurs in the 
roof assembly. The following case focuses on a forensic 
investigation in Texas near the Gulf of Mexico involv-
ing a low-sloped roof insulated with bagasse fiberboard 
where the corrosion of the metal deck occurred. The wa-
ter intrusion was not unique to low-sloped roofs insulat-
ed with bagasse fiberboard; similar moisture conditions, 
without the severe corrosion, occur in roofs with other 
types of roofing insulation when exposed to similar envi-
ronmental conditions. 

James R. Drebelbis, AIA, PE, 2909 Cole Ave., Ste 100, Dallas, TX 75204, (214) 468-8118, jim@drebelbisengineering.com
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before the panels are cut into boards3. 

In the early 21st century, the roofing industry became 
aware of premature roof deck corrosion on roofs insu-
lated with fiberboard4. The corroded roof decks occurred 
in states bordering the southern Gulf Coast and southern 
Eastern Seaboard. Along with the similarity of construc-
tion (i.e., low-sloped roofs supported on metal deck), oth-
er investigators identified the common component in the 
failed roof assemblies as fiberboards made from “bagasse” 
fibers that remain after the sugar-manufacturing-process 
crushes sugarcanes to extract sugar3. 

Bagasse fiberboards have been produced since 1921 
and used for roof insulation for 80 years as an inexpen-
sive insulation material3. Although the insulation value of 
fiberboards insulation is relatively low (e.g., in the range 
of 3.0 per inch (in.) for fiberboard versus values exceed-
ing 5.0 per in. for polyisocyanurate insulation), fiberboard 
insulation is appropriate for buildings such as warehouses 
that have minimal need for environmental control. One 
can visually differentiate fiberboard made using bagasse 
fibers from those made with wood fibers because bagasse 
fibers are slightly more course than wood fibers4. 

After earlier investigations associated bagasse with 
the corrosion of steel decks, controversies arose between 
investigators and the North American Fiberboard Associa-
tion (NAFA) regarding the corrosive elements in bagasse 
fibers. The team of Chuck Marvin and Bruce Bryne pro-
posed that fiberboard manufacturers poured liquid chlo-
rine onto the unprocessed fibers to prevent mold5. The 
chlorine that remained in the fibers eventually leached 
onto the steel roof decks, causing corrosion. By contrast, 
Hopmann and Steiner opined that the findings of Marvin 
and Bryne did not account for the presence of other cor-
rosive agents in fiberboard, such as carboxylic acid, acetic 
acid, and formic acid6. 

In March 2012, Mark S. Graham, executive director 
of the National Roofing Contractors Association (NRCA), 
published a paper expressing concern about this prema-
ture corrosion of steel decks. Graham stated that the cor-
rosion of steel roof decks appears to be confined to roofs 
insulated with bagasse fiberboards4. In an undated publica-
tion, Louis Wagner, executive director of NAFA, denied 
that fiberboards were currently being manufactured with 
bagasse fibers7. That document states that the only manu-
facturer of bagasse fiberboards ceased production in 2006. 

Typical roof construction affected by corrosion consists 

of a membrane roof (e.g., built-up bituminous, modified bi-
tuminous, or single-ply roofing) over a single, 1½-inch to 
2-in. layer of fiberboard insulation mechanically attached 
or otherwise adhered to the structural steel deck. The econ-
omy of the fiberboard products over other insulation boards 
made this a popular insulation system for buildings such 
as warehouses and manufacturing plants where environ-
mental control was less important. Eventually, however, in 
the early 21st century, awareness that roofs insulated with 
bagasse fiberboard were associated with corrosion of the 
structural steel decks eliminated bagasse fiberboards from 
use as a roof insulation board, although wood fiberboard 
insulation is still manufactured and readily available for 
use as wall sheathing.

In the subject case and similar cases, controversy re-
mained over how moisture intruded into the bagasse-in-
sulated roof assemblies. Intuitively, one expects that wa-
ter leaks into the roof system when the roof membrane 
is breached, soaks the insulation, and then wets the steel 
deck. 

The presence of multiple tears in the membrane led to 
one line of thinking that the fiberboard shrunk and tore the 
roof membrane. A second line of thinking concluded that 
the membrane failed because foot traffic caused joints over 
ribs (valleys in the deck profile) to deflect and collapse, 
ripping the roof membrane. The presence of linear tears 
with spacing that matched the dimensions of the fiber-
board reinforced the foot-traffic explanation. Of the two 
explanations, the failure of the roof membrane at unsup-
ported seams appeared more plausible. It is unlikely that 
the fiberboards shrunk and tore the roof membrane. Heat 
applied during the manufacturing process drives moisture 
out of the boards, causing them to shrink. Instead of shrink-
ing, once installed, the fiberboards (as all wood products) 
absorb moisture from the air and expands. Adding to the 
controversy is the absence of similar corrosion failures in 
fiberboard-insulated roofs in northern states. 

Location of Investigations
The subject investigation occurred in the southern re-

gion of Texas near the Gulf of Mexico. The description of 
corrosion in this study is similar to instances of corrosion 
of structural steel decks insulated with bagasse fiberboard 
that the NRCA reported in the southern and eastern coastal 
regions of the United States4. Buildings investigated in 
other matters involved warehouse facilities or warehouse 
portions of office/warehouse facilities that experienced 
partial or widespread deterioration of the structural decks 
within 10 years of construction. Due to the extent of loss to 
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Figure 1
Aerial view of the subject warehouse.

the buildings and the potential cost of remediation, the re-
sulting litigation included multiple parties associated with 
the design and/or construction processes, each represented 
by an investigation team of architects, engineers, and at-
torneys. The investigations generated competing theories 
about causation. 

Description of Case Study Site and Building 
The subject of this investigation is a 360,000-square-

foot warehouse located near Houston, Texas and the Gulf 
of Mexico. Its 900-foot-long axis is oriented in the east-
west direction, and its 400-foot dimension is oriented in 
the north-south direction (Figure 1). Dock doors are lo-
cated along the south and north faces of the building. 

Construction of the building consists of concrete tilt 
wall exterior panels with a structural steel frame interior. 
A Type B steel roof deck rests on steel bar joists sup-
ported by the structural steel frame. The low-slope roof 
has a ¼-in.-per-foot pitch that drains from the ridge of 
the building (oriented in the east-west direction) down 

to gutters on the north and south edges of the roof. The 
roof assembly consisted of built-up bituminous asphalt 
roofing membrane on a single, 1½-in. layer of fiberboard 
insulation mechanically attached to the steel deck. 

Within 10 years of original construction, the roof 
membrane of the warehouse began to fail. Splits formed in 
the roofing membrane with concentrations of deterioration 
near and parallel to the south and north sides of the roof 
(Figure 2). 

Initial Hypotheses 
Investigations of other warehouse facilities where the 

roofs deteriorated in the same manner as the subject roof 
preceded this investigation. Chemical analysis performed 
during those investigations established that the steel decks 
corroded when exposed to aqueous solutions containing 
acetic and formic acid. The design teams generally accept-
ed this explanation of the cause of the corrosion. Disagree-
ment remained about the source and mechanism of water 
intrusion. 

Experts assigned to investigate this warehouse ad-
vanced different explanations about the sequence of events 
that introduced water into the roof assembly. Consistent 
with the theories of deterioration previously described in 
this matter, the hypotheses included the roof membrane 
splitting when the fiberboard shrinks after installation and 
foot traffic depressing the roof at unsupported joints in the 
insulation located over ribs in the steel deck. Either hy-
pothesis would result in the roof membrane splitting and 
admitting rain water to enter the system. A third hypoth-
esis proposed that condensation was the mechanism by 
which water collected in the roof assembly.

Site Investigation
To evaluate the substrate, contractors engaged by the 

plaintiff systematically removed areas as large as 4 feet 
(ft) by 8 ft (roof cores) in 31 locations. In performing each 
roof core, after the roof membrane was removed, the in-
sulation was observed and then removed to expose the 
underlying steel deck. With the removal of each layer, 
experts observed, photographed, and sampled the materi-
als. Observed conditions at most (but not all) roof cores 
included damage to the roofing membrane, corroded steel 
decks, and water saturated fiberboard (Figure 3). 

During the investigation of the roof, the plaintiff’s ex-
perts directed most of the invasive investigation focusing 
on areas where splits and repairs occurred in the roofing 
membrane. A request was made to conduct similar coring 

Figure 2
Fractures in the roofing membrane running parallel to the south  

side of the warehouse. The arrow points to the south edge of the roof.
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Figure 4
Undamaged roofing membrane being removed. The  

long dimension of the roof membrane being removed is oriented 
north-south, and the view looks southwest across the roof.

where the roof membrane showed no evidence of damage 
(Figure 4).

Once the roof membrane was removed — exposing 
the insulation at the requested location where the roofing 
membrane showed no signs of deterioration — the insula-
tion appeared wet (Figure 5). Removal of the fiberboard 
revealed that corrosion of the steel deck generally coin-
cided with the joints in the insulation (Figures 6 and 7). 

As shown in Figures 6 and 7, corrosion of the steel 
deck was pervasive, regardless of the condition of the 
overlying roof membrane. The roof investigation dis-
covered that some insulation boards were installed with 
the joints between the fiberboard panels abutting over 
the ribs instead of resting on the flutes of the steel deck. 
This gave validity to the explanation that foot traffic 

Figure 5
Fiberboard insulation exposed after removal of the roof membrane 

seen in Figure 4. Note darker areas around the seams of the  
fiberboard insulation on the south end of the exposed roof that  
indicate the presence of moisture absorbed by the insulation. 

Figure 3
Corrosion of the structural steel roof deck exposed by removal of roofing membrane and fiberboard insulation  

during destructive testing. Note standing liquid and prevalence of corrosion in the ribs of the steel deck.
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Figure 6
South end of the exposed roof deck. Corrosion of the  

structural steel deck beneath the fiberboard insulation layer  
seen in Figure 4 and 5. This shows corrosion coinciding  

with the seams in the insulation and confirms that corrosion  
can occur beneath undamaged roof membrane.

Figure 7
North end of the exposed roof deck. Corrosion of the structural  

steel deck beneath the fiberboard insulation layer seen in Figure 4 
and 5. This illustrates that corrosion occurs beneath undamaged  

roof membrane and coincides with seams in the insulation. Corrosion 
is greatest in line with the damaged adjacent roofing seen in  
Figure 4 and 5. Areas of corroded and uncorroded decking  

suggest that although the moisture is pervasive across the plane  
of the roof, the insulation is not uniformly wetted.

may have deflected the unsupported ends of the boards 
and damaged the roof membrane (Figure 8). It was still 
unexplained, however, why more roof failures occurred 
near the edges of the north and south perimeter of the 
building, why the steel deck corroded beneath undam-
aged roof membrane, and why some steel deck was not 
corroded. Once the roof membrane fractures, water can 
penetrate the roof membrane through those fractures. 
However, the presence of corrosion where no roof mem-
brane damage occurred suggests that water entered the 

roof assembly by means other than through fractures in 
the roof membrane. The prevalence of distress at the 
north and south sides of the building indicates that the 
moisture intrusion is not necessarily uniform across the 
roof plane. 

Chemical Analysis of the Fiberboard
Chemical analysis by laboratories engaged by the 

plaintiff verified the presence of acetic acid and formic 
acid in the fiberboard. In other similar cases, Hopmann 
and Steiner report elevated levels of chlorides, carbox-
ylic acid, acetic acid, and formic acid in bagasse fiber-
board6. Wood products naturally contain acetic and for-
mic acid. Elevated temperatures, such as one finds in 
a roof assembly exposed to direct sun, accelerate the 
emission of volatile forms of acetic and formic acid in 
the wood,8 lending credibility to this line of thinking. 
By contrast, in the manufacture of wood fiberboard, the 
washing process preceding placement of the wet slurry 
onto a screen is intended to remove most of the corro-
sive material9. 

The investigating teams were provided no documenta-
tion regarding the manufacturing process — specifically 
the washing of the fibers — of the bagasse fiberboard in-
stalled on the subject building. Since bagasse fiberboards 
were produced and used for years preceding the discovery 
of the corrosion resulting from their use, wood fibers used 
to make fiberboard also contain acetic and formic acid, 
and the corrosive fiberboard insulation appeared to be as-
sociated with one manufacturer, it was hypothesized that 
the corrosive materials in the bagasse may remain in high 
concentrations as a result of the manufacturing process 
used by the fiberboard manufacturer. 

Figure 8
Illustration of the mechanism by which foot traffic damages  

unsupported joints that abut over the rib of the structural steel deck.
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General Observations 
In all buildings investigated, a single layer of bagasse 

fiberboard insulation was a common construction compo-
nent. The reported prevalence of the moisture issue along 
the southern and eastern seaboards suggests that the de-
terioration of the steel deck, in all likelihood, relates to a 
combination of factors including the climate conditions, 
the bagasse material, and/or the roof assembly construc-
tion. 

Climate Conditions
In all probability, finding corroded roof deck beneath 

undamaged roof membrane leads to the conclusion that 
moisture did not necessarily intrude through fractures in 
the roof membrane, but may have collected in the roof 
assembly due to condensation of water vapor in the roof 
assembly. This explanation is consistent with the techni-
cal memo issued by the NRCA concerning problems with 
fiberboard and with discussion in the NRCA Roofing 
Manual regarding condensation in roof assemblies where 
outside winter temperatures fall below 40°F, and the rela-
tive humidity of interior spaces exceeds 45 percent10. 

Climate conditions in southern coastal states are con-
sistent with conditions noted by the NRCA that result in 
condensation forming in roof assemblies. Despite mild 
temperatures through the winter months in the southern 
coastal part of the country, it is not unusual for evening 
temperatures to drop below 40°F, combined with year-
round humid conditions due to the proximity of southern 
coastal regions to large bodies of water, environmental 
conditions of temperature and humidity exist that result in 
condensation in roofing assemblies. 

For example, in the Southern coastal region of the 
United States, during the winter daytime temperatures av-
erage 40°F to 50°F, and nighttime temperatures regularly 
drop to 30°F to 40°F11. Formation of condensation in this 
manner occurs due to seasonal or nightly drop in tempera-
ture12. Exposed to ambient temperatures, during the eve-
ning, the temperature of the roof membrane can fall below 
the dew point of air trapped in the roof assembly. February 
11, 2010 represented typical noontime conditions during 
winter in the Houston. During the day when the interior of 
the warehouse is exposed to outdoor conditions due open 
dock doors, daytime temperatures were in the low 40s, the 
relative humidity was 93 percent, and the dewpoint tem-
perature was 37°F to 39°F. At night, the ambient tempera-
ture fell to 37°F, below the dewpoint of air infiltrated from 
the exterior during the day. Not only is the roof membrane 

cooled by the ambient temperature, but during the night, 
the surface of the roof also radiates heat to the sky. When 
this occurs, moist air trapped in the roof assembly that 
contacts underside of the cool roof membrane condenses 
(Figure 9). 

Evaluation of climate conditions in the northern Unit-
ed States provides information that explains the lack of re-
ports of corrosion on warehouses constructed similarly to 
warehouses in the southern coastal states. In summary, the 
climatic conditions in the north differ from those in south-
ern coastal states — and do not encounter to the climatic 
conditions associate with corrosion of steel roof decks 
stated by the NRCA. Northern cities experience extended 
periods of nighttime temperatures below 40°F. Daytime 
temperatures are also low. However, even when the day-
time relative humidities are high (because of the low tem-
peratures), the capacity of the cold air to absorb moisture 
remains low. Even in the spring (when the climatic condi-
tions might be expected to approximate those of winter-
time in the Southern states), there is less difference be-
tween daytime and nighttime temperatures in Northern 
states. For example, a typical temperature range is illus-
trated by temperature and humidity at noon on March 31, 
2010 in Chicago where the temperature was 72°F, but the 
relative humidity was 37°F. On that day, nighttime temper-
atures dropped only to the 60s — higher than the dewpoint 
temperature where condensation forms13. 

External and Internal Air Flow
The direct effects of air flow in buildings are caused 

by wind-induced pressures, stack-effect, and mechanical 
ventilation14. The operators of the subject warehouses 

Figure 9
Illustration of the mechanism by which  

moist air condenses within the roof assembly.
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matter and energy move from a higher potential to a 
lower potential and explains, in engineering terms, the 
mechanism by which air from the interior of the build-
ing moves into the roof assembly and how moisture 
moves within the roof assembly. Air moves from higher 
pressure to lower pressure, non-gaseous material moves 
from higher elevation to lower elevation, and moisture 
migrates from wet to dry. By this means, air from the 
interior of the warehouse is either pushed into, or pulled 
from, the roof assembly, and liquid from condensation 
drains to the ribs of the steel deck. 

The interstitial space between the steel roof deck and 
the roof membrane has a series of voids created by the 
ribs of the steel deck and joints between the fiberboard 
panels18. The pathway for air to migrate from the ware-
house into the roof assembly is through the laps and other 
openings in the steel deck (Figure 11). As air pressure 
fluctuates, air migrates into and out of the roof assembly 
from the warehouse through the openings in the steel deck. 
Air is pushed into the interstitial space of the roof assem-
bly as air pressure in the warehouse increases and leaves 
the interstitial space as the air pressure in the warehouse 
decreases. On buildings covered with a mechanically at-
tached single-ply membrane roof, the membrane will lift 
as wind blows across the roof surface, creating negative 
pressure in the interstitial space of the roof assembly. This 
acts as a bellow and pulls air into the interstitial roof space 
(Figure 12).

The air below the steel roof deck has elevated humid-
ity since the rising warm air absorbs and carries moisture 
with it19. Once inside the roof assembly, this humid air can 
move through voids in the ribs of the deck and through 
the seams in the insulation until it reaches the underside 
of the roof membrane. If the surface of the roof membrane 
is at or below the dew point, condensation occurs, and the  

Figure 10
Wind-induced pressure in the building due to wind load on one  

face resulting in higher air pressure at the perimeter of the building 
next to the opening through which the wind enters the building.

Figure 11
Illustration of the path of air infiltrating the  

structural steel deck and the fiberboard insulation.

typically close the doors of the facilities at night. In the 
case of the subject warehouse and other similar ware-
houses, the interior is heated during winter months. Ex-
perimentation and analysis by Stathopoulos, Surry, and 
Davenport found that internal pressures in buildings due 
to wind loads fluctuate significantly, varying the most 
near dominant openings in buildings and peaking when 
the wind direction is perpendicular to dominant open-
ings15. 

The south-facing dock doors were used more frequent-
ly to manage product, exposing the interior of the ware-
house to southerly Gulf winds. As the wind loads against 
the warehouse exterior vary, air pressure of the warehouse 
interior fluctuates (Figure 10). Aside from pressure due 
to wind forces, the stack-effect from rising warm air in-
creases the interior air pressure slightly against the upper 
portion of the warehouse. Stacking-effects vary with the 
difference in temperature between the interior and exterior 
and with the increased elevation above the floor (i.e., at the 
rate of 0.2 Pascals per meter of building height or approxi-
mately 0.00001 psi per foot of building height)16. 

Consistent with the findings of Stathopoulos, Surry, 
and Davenport, the most severe roof damage to the sub-
ject building occurred along the south and north perim-
eters of the building where internal air pressures would be 
greatest. In addition, the storage racks located beyond the 
perimeter loading area block the flow of incoming air to 
the interior space17, resulting in more infiltration of warm 
humid air and higher air pressures at the perimeter of the 
warehouse (Figure 10). 

Migration of Air into the Roof Assembly
The Second Law of Thermodynamics states that  
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units. Air pressure in the units increases due to mechanically 
induced pressure when the PTAC units run and force outside 
air into the space. The apartments have no finished ceilings. 
The floor and roof structural members are exposed along with 
the steel deck. On the upper floor, air from the occupied room 
can be exchanged with air in the roof assembly through laps 
and penetrations in the steel deck. 

Rather than a defective roof membrane causing water 
to collect in the roof assembly, the photographic evidence 
showed that warm, humid air from the heated interior 
spaces infiltrated the roof assembly, where it condensed on 
the underside of the TPO membrane next to seams in the 
insulation and around mechanical roof fasteners. Moisture 
due to condensation was interpreted as a roof leak. 

Prevention of Condensation in Roof Assemblies
The need to prevent, or minimize, condensation in 

roof assemblies within low-sloped roofs has been known 
since the 1970s20. However, there is no consensus regard-
ing the use of vapor retarders. Although the current build-
ing codes require vapor retarders under various conditions 
for walls, slabs-on-grade, and crawl spaces, the building 
codes do not require vapor retarders in low-sloped roofs21. 
ASHRAE20 and other sources12 advise caution in the ap-
plication of vapor retarders in low-sloped roofs, as it is 
almost impossible to prevent infiltration into the roof as-
sembly22. Once condensation forms within the assembly, 
it is difficult to remove moisture from the roof assembly22. 
Removal of moisture from low-slope roof assemblies can 
only be accomplished by diffusion or wind-induced venti-
lation — neither of which is effective22. 

Figure 12
Wind across the roof surface lifts a mechanically  

fastened single-ply roof membrane.

Figure 13
Removal of a TPO roof from polyisocyanurate insulation board. 
Notice the dark areas indicating moisture due to condensation.

Figure 14
Detail of moisture in the polyisocyanurate insulation.  

Notice the concentration of moisture around seams in the  
insulation boards and around the mechanical attachments.

liquid water is absorbed by the hydrophilic fiberboard 
(Figure 9).

Other Instances of Condensation in a Roof Assembly
In a separate matter in Louisiana, the plaintiff’s ex-

pert diagnosed moisture in a roof assembly as a roof leak. 
The roof assembly in this case consisted of a thermoplastic 
polyolefin (TPO) single-ply roofing membrane over poly-
isocyanurate insulation on a structural steel roof deck. The 
consultant never verified that a breach in the TPO mem-
brane caused moisture in the roof assembly. For example, 
the consultant could have used a common toilet plunger to 
create a vacuum over suspected defects in the roof mem-
brane. Instead, the roofing consultant removed large areas 
of the roof membrane, exposing the insulation. 

The exposed insulation revealed moisture concentrated 
around fastener penetrations and along the seams of the in-
sulation panels (Figure 13 and 14), reminiscent of observa-
tions in the subject warehouse case. The subject building in 
this case has apartment units heated/cooled using PTAC wall 
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Recommendations for managing condensation in low-
slope roof assemblies include:

1. Either prevent the entry of water vapor or create 
a system to remove the vapor or condensation22.

2. Locate vapor retarders in the roof assembly be-
low the point of the theoretical dewpoint tempera-
ture23.

3. Seal the vapor retarders at the edges of roofs, at 
vertical projections and around penetrations to 
prevent short-circuiting of air barriers24.

4. On steel decks, install low-R-value, fire-resistant 
insulation beneath vapor retarders to protect the 
vapor retarder from damage24.

5. Install two layers of insulation with joints in the 
insulation offset to minimize leakage and to in-
crease the rigidity of the insulation layer24.

6. Install roof vents to relieve pressure due to tem-
perature changes and provide a means for mois-
ture to escape from the assembly.

Conclusions 
The aforementioned investigations — reinforced by 

the principles of thermodynamics and wind engineering 
— support the theory that warm, humid air infiltrates into 
low-sloped roof assemblies. Low-sloped roof assemblies 
consisting of roof membrane over rigid insulation and 
steel roof deck allow warm moist air to migrate through 
the components of the roof and condense on the underside 
of the roofing membrane. Regardless of the type of insula-
tion used, the condensation is absorbed by, and retained 
within, the insulation. However, when the insulation board 
contains corrosive constituents, such as acetic and formic 
acid found in bagasse fiberboard, the moisture dissolves 
the corrosive material, and the accumulation of acidic so-
lution deteriorates the steel deck and fasteners at an ac-
celerated rate. 

The condition most conducive to moisture collection 
in the roof assembly is characterized by cool roof surfac-
es over warm, humid interior spaces. This suggests that 
the phenomenon may not be confined to southern, costal 
portions of the United States but may also occur where 
the interior space is artificially heated and humidified. 
Based on these findings, the recommended construction 
for low-sloped roof assemblies consisting of a layer of 

rigid insulation sandwiched between a roof membrane 
and a steel deck should be as follows:

• Install two layers of the insulation board with their 
seams staggered and taped. This increases the ri-
gidity of the roof membrane where the insulation 
boards abut over the ribs of the deck, making the 
roof more resistant to damage from foot traffic 
and blocks the pathway from the steel deck to the 
roof membrane. 

• Prevent the infiltration of air from the interior of 
the building into the roof assembly by installing a 
vapor barrier on top of the steel deck and/or seal 
joints and laps in the steel deck.

• Add pressure relief valves through the roof mem-
brane to prevent buildup of pressure due to heat-
ing and cooling and to vent any moisture that col-
lects in the roof assembly.

If these modifications to the roof assembly design 
had been employed in the assemblies investigated in this 
case, damage to the roofs insulated with bagasse insulation 
may have been avoided — and bagasse fiberboard might 
still be available as a viable, sustainable, and economic 
insulation material. Regardless of how low-sloped roofing 
systems are insulated, moisture in the assembly deterio-
rates the roofing components. Based on the findings of this 
investigation, managing condensation in low-sloped roof 
assemblies requires rigorous attention to the design of roof 
assemblies and consideration of local climatic conditions. 
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