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EXECUTIVE SUMMARY 
 
Electrical wiring in the home can get damaged during installation or afterwards, through over-stapling, 

crushing, bending, penetration by screws and nails, and through rodent and insect damage. Over time 

cabling may degrade further due to exposure to elevated temperatures or humidity, eventually leading to 

arcing faults and ignition of combustibles in proximity. The length of electrical wiring between the circuit 

breaker panel and the first receptacle is often referred to as the “home-run”. To protect the wiring from 

damage and subsequent potential for arcing, the National Electrical Code (NEC®) requires protection of 

the home run wiring using conduit or armored cabling1 if a receptacle-mounted AFCI (known as Outlet 

Branch Circuit Arc-Fault Circuit-Interrupter, or OBC AFCI, in the NEC) is used in a residential circuit. This 

requirement was put in place since such an arc protection device would not be able to provide parallel 

arcing fault protection for the home run, i.e., de-energize the circuit, if the fault is upstream of the OBC 

AFCI. 

 

In this situation, the circuit breaker is the only means for mitigating the fault, though it is intended for 

protecting the wiring from overheating due to an overcurrent condition and is not intended for mitigating 

arcing faults. Since parallel arcing faults may deliver relatively high currents, there is the possibility that it 

may trip the circuit breaker and de-energize the electrical circuit. However, the ability of a circuit breaker 

to mitigate a parallel fault condition has not yet been well characterized in the available literature. Thus, 

experimental data was required to determine whether a circuit breaker may mitigate a parallel arc fault, 

and more specifically, the conditions under which effective protection is attained. 

 

This report is Part II of an investigation into the ability of a circuit breaker to mitigate parallel arcing faults 

in the home run where both run length and available current at the panelboard are varied (which changes 

the available fault current). The current study also includes experimental testing using three types of 

arcing tests, all based on UL 1699 methods, which include carbonized path and point contact arcing. This 

work expands on an earlier study where the performance of a circuit breaker was evaluated with short-

circuit currents ranging from 75A to 300A: the available short-circuit current values for the present study 

broaden this range to 390A. 

 

The initial study on this topic attempted to evaluate the magnetic trip level of residential 15- and 20-amp 

circuit breakers to determine whether a generalized magnetic trip distribution could be found. The initial 

set of circuit breakers, which were sampled from four North American manufacturers and included circuit 

breakers of different designs for each manufacturer, suggested that 99% of all circuit breakers would 

magnetically trip at or below 300A for 15A breakers and 350A for 20A breakers. However, follow-up 

                                                      
1 More specifically, protection must include the use of RMC, IMC, EMT, Type MC, or steel armored Type AC cables meeting the 
requirement of 2011 NEC § 250.118. (See 2011 National Electrical Code § 210.12(A), Exception 1 for more information. 
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testing one year later negated this findings, with circuit breakers of the same model number but of a 

different batch had significantly different magnetic trip levels, varying by 50A or more for some 

manufacturers, yet unvarying for others. These results showed that magnetic trip levels could conceivably 

be controlled, but were not in all cases. The revised data showed that panelboard current and run length 

would need to be set assuming magnetic trip thresholds as high as 400-450A would be needed, which 

makes arc mitigating using magnetic trip levels not specifically calibrated for this application impractical as 

well as potentially unreliable. Therefore, the results of Part I of this work showed that circuit breakers with 

magnetic trip levels calibrated for the purpose of mitigating parallel arcing faults would be necessary. 

 

Through the research work, a mathematical relationship was derived to relate run length, wire gauge, and 

available current at the panelboard to the maximum magnetic trip level required to predict the ability of a 

circuit breaker to mitigate arcing faults (per the UL1699 eight half-cycle criterion). This formula had been 

updated first to include the effects of panelboard available current, and in Part II was amended to also 

include the series contact resistance that is observed in point contact arcing. Short-circuit measurements 

conducted in Part II of this work show that this contact resistance is approximately 30 mΩ. Though this 

series contact resistance is present only for point contact arcing, it is included in the formula for all 

calculations since it is unlikely that the type of arcing would be known. However, it can be removed in 

special applications where it is known that the arcing will be carbonized path only. As a result of the work 

in Parts I and II, the final relationship is the following: 

 

௠௔௚ܫ ൏ 0.8 ∙ ௥ܸ௠௦ ቆ2ߩ௅ܮ ൅
௥ܸ௠௦

௣௦௦௖ܫ
൅ ܴ஼ቇ
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or in terms of run length: 
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where 

 

ρL is the resistance per linear foot of the NM cable gauge being used;  

L is the length of the “home run” in feet;  

Vrms is the supply voltage (typically 120 Vrms); 

RC is the series contact resistance for point contact arcing; 

Ipssc is the short-circuit current at the panelboard; and  

Imag is the magnetic trip current of the circuit breaker. 

 

It is noted that the factor 0.8 is still used in this formula, though the derivations in Part II of this value show 

that 0.75 is a more accurate threshold. However, the assessment of this value is done without 

consideration of the effect of RC. Evaluation of the formula to the arcing results show that the RC value 
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compensates for the added margin needed. Using 0.75 and RC results in calculated magnetic trip values 

that are conservative by approximately 20A. Therefore, maintaining 0.8 and adding the term RC results in 

a mathematical relationship that predicts circuit breaker performance within a margin of 10A. 

 

The mathematical relationship was then used to predict whether a given circuit breaker would trip within 

the eight half-cycle criterion when the home run length was varied from 15 feet to 50 feet, and available 

panelboard current was 500A or 1000A. Results from Part I of this work showed that the relationship 

failed to predict point contact results accurately for higher available short-circuit currents: the addition of 

the RC term in Part II corrected this issue. The formula was used to predict the outcome of more than 

2,200 arcing tests, and was successful in predicting behavior for all but one test. For the single outlier it 

was found that the circuit breaker did perform as predicted in 9 out of 10 tests. It was not clear why this 

breaker failed on the tenth. To allow for further analysis, detailed data on this circuit breaker’s 

performance is given in Appendix A. 

 

 

Key Points, Parts I and II 
 

 Follow-up circuit breaker testing shows that not all models have consistent batch-to-batch 

magnetic trip values. This suggests that the magnetic trip level of a circuit breaker needs to be 

verified and/or tested for use in an application where it is expected to mitigate a parallel arcing 

fault in the home run. 

 The mathematical formula relating magnetic trip level, wire length and resistivity, and available 

panelboard current is accurate for predicting the ability of a circuit breaker to mitigate an arcing 

fault in the case of a carbonized path arcing fault. The addition of an additional term representing 

the contact resistance present in a point contact arc corrects for errors encountered in Part I of 

this work. This contact resistance is approximately 30 mΩ. 

 This revised mathematical relationship was found to accurately predict the ability of a circuit 

breaker to mitigate a parallel arcing fault in the home run. This was proven for available 

panelboard currents of 500A and 1000A, with home run lengths from 15 feet to 50 feet. It is 

anticipated that this relationship will apply for other panelboard currents, home run lengths, and 

cable gauges. Calculations based on this formula can be found in Appendix D. 

 Temperature considerations are not included in these calculations; the effects of temperature 

were covered in Part I and Appendix C of this work and still apply. 
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BACKGROUND 

 

In preparation for the 2014 Edition of the National Electrical Code® (NEC®)2, several proposals were 

made to revise Section 210.12 for arc-fault circuit-interrupter protection to permit a listed outlet branch 

circuit type arc-fault circuit interrupter to be installed at the first outlet on the branch circuit under certain 

conditions of installation.  The Code Panel chose to accept the following revision to this section at the 

Report on Proposals (ROP) stage:3 

 

210.12 Arc-Fault Circuit-Interrupter Protection. 

 

(A) Dwelling Units. All 120-volt, single phase, 15- and 20-Ampere branch circuits supplying 

outlets installed in dwelling unit family rooms, dining rooms, living rooms, parlors, libraries, dens, 

bedrooms, sunrooms, recreation rooms, closets, hallways, or similar rooms or areas shall be 

protected as described by (1), (2), (3) or (4): 

 

(1) A listed combination type arc-fault circuit interrupter, installed to provide protection of the 

entire branch circuit. 

 

(2) A listed outlet branch circuit type arc-fault circuit interrupter installed at the first outlet on the 

branch circuit where all of the following conditions are met: 

 

(a) The branch circuit over current protection device shall be a listed circuit breaker 

having an instantaneous trip not exceeding 300 Amperes. 

(b) The branch circuit wiring shall be continuous from the branch circuit overcurrent 

device to the outlet branch circuit arc-fault circuit interrupter. 

(c) The maximum length of the branch circuit wiring from the branch circuit overcurrent 

device to the first outlet shall not exceed 15.2 m (50 ft) for a 14 AWG or 21.3 m (70 ft) for 

a 12 AWG conductor. 

(d) The first outlet box in the branch circuit shall be identified. 

 

(3) A listed outlet branch circuit type arc-fault circuit interrupter installed at the first outlet on the 

branch circuit where the portion of the branch circuit between the branch-circuit overcurrent 

                                                      
2 NFPA 70, National Electrical Code®.  The National Fire Protection Association, Quincy, MA. 
3 Report on Proposals – June 2013 NFPA 70, Proposal 2-92, Log #3489, NEC-P02.  The National Fire Protection Association, 

Quincy, MA. 
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device and the first outlet is installed using RMC, IMC, EMT, Type MC, or steel armored Type AC 

cables meeting the requirements of 250.118 and using metal outlet and junction boxes. 

(4) A listed outlet branch circuit type arc-fault circuit interrupter installed at the first outlet on the 

branch circuit where the portion of the branch circuit between the branch-circuit overcurrent 

device and the first outlet is installed using a listed metal or nonmetallic conduit or tubing encased 

in not less than 50 mm (2 in.) of concrete. 

 

UL’s representative on the Code Panel voted affirmation on this action with the following comment: 

 

“While we support the panel action, continued support is dependent upon review of additional 

data that would confirm the availability of sufficient short circuit current capability at the panel of a 

typical installation. 

 

“The arc fault protection of the branch circuit will be provided by a system that includes an outlet 

branch circuit AFCI, a circuit breaker having a known instantaneous trip current and a branch 

circuit of a limited length and resistance to ensure that the fault current is sufficient to trip the 

breaker during a parallel arcing fault at the installation point of the outlet branch circuit AFCI. The 

latest UL Research Report4 takes into consideration the impact of the available current at the 

panel on the acceptable length of the branch circuit home run to the first outlet. Calculation shows 

that as the available current at the origin of the branch circuit varies, so does the allowable length 

of the home run. 

 

“Additional study is needed to provide data regarding the current available at the origin of the 

branch circuit in a typical installation. From this data, the panel will be able to determine if 

modification of the panel action should be considered at the ROC.” 

 

 

Objective 
 

The objective of the current research work is to provide additional data on the available fault current at a 

typical dwelling unit service entrance, and how this available fault current in combination with various 

lengths of branch circuit home run wiring could affect the tripping ability of the branch circuit breaker.  In 

particular, the ability of the branch circuit breaker to protect against a parallel arcing fault in the home run 

would be studied. In this Report, special focus is placed on the effect of run length on a branch circuit that 

                                                      
4 Effectiveness of Circuit Breakers in Mitigating Parallel Arcing Faults in the Home Run, by Paul W. Brazis Jr., PhD and Fan He, 

PhD.  Underwriters Laboratories Inc., Northbrook, IL. 
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has 500A available at the panelboard. The 500A (along with a home run length of 50 feet) specification 

has received considerable focus from the members of the Code Panel as a potential “worst-case” system. 

The data in this Report evaluate the effectiveness of circuit breakers to mitigate parallel arcing faults 

under these conditions. The performance of circuit breakers at 500A and 1000A available at the 

panelboard, as well as 500A available with varying home run lengths between 15 feet and 50 feet were 

included in this work to determine the mathematical relationship of run length, panelboard available 

current, home run length, and cable gauge to the magnetic trip level of a circuit breaker. This relationship 

is then intended to give a scientific basis to future Code Panel discussions and subsequent Code 

decisions. 

 

 

Prior Work and Findings 
 

In Part I, magnetic trip levels of circuit breakers was re-visited to evaluate whether the magnetic trip level 

is consistent among different batches of the same model of circuit breaker (Table 1). The results showed 

that the magnetic trip level for circuit breakers can vary significantly. As can be seen in Figure 1 and 

Table 2, while the magnetic trip level did not significantly change among different batches for 

Manufacturers A and D, the change for Manufacturer C was very large; in fact, the change in the 

distribution of magnetic trip level negated the previous conclusion that 99% of all residential, non-“high 

mag”, 15A circuit breakers have magnetic trip levels at or below 300A. The new results suggested that 

the 99% confidence interval may actually be 350A, or even 400A, depending on whether a normal or 

lognormal distribution model was used (it was not clear which was more appropriate). Nevertheless, the 

results showed that the current state of magnetic trip calibration for residential circuit breakers is not 

tightly controlled, at least when magnetic trip levels are considered over all manufacturers. 

 

Table 1. Magnetic trip level in Amperes at 25°C, breakers purchased in 2012. 

   Circuit Breaker Number 

Manufacturer 

Handle 

Rating 

(A) 

Type 9 10 11 12 13 14 15 16 

A 15 1 230 280 230 280 230 190 220 270 

B 15 1 250 230 230 220 230 280 200 220 

C 15 1 290 300 320 340 300 300 300 290 

D 15 1 170 150 170 170 180 200 180 180 
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Figure 1. Batch-to-batch comparison for 15A, Type 1 breakers from each of the four manufacturers. 
Manufacturers A and D did not show a statistically significant variation, which Manufacturer C showed a 
significant change in magnetic trip level. 

 

 

Table 2. Results of ANOVA analysis evaluating the influence of the batch number on the magnetic trip 
level, in order of statistical significance. 

Manufacturer Rsq, % Rsq(adj), % P N 

C 60.52 57.70 0.000 16 

B 28.22 23.10 0.034 16 

A 12.14 5.87 0.186 16 

D 0.00 0.00 1.000 16 

 

 

In previous work by UL it was proposed that a conventional circuit breaker can be an effective means of 

mitigating parallel arcing faults in the home run if the impedance of the home run wiring is less than a 

critical value, based on the supply voltage, the available current at the panelboard, and the magnetic trip 

level of the circuit breaker, as follows:4 
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where 

 

ρL is the resistance per unit foot of the NM cable gauge being used;  

L is the length of the “home run” in feet;  

Vrms is the supply voltage (typically 120 Vrms); 

Ipssc is the short-circuit current at the panelboard; and  

Imag is the magnetic trip current of the circuit breaker.  

 

Using this formula, the Code Panel chose to accept a proposal for a listed outlet branch circuit type arc-

fault circuit interrupter installed at the first outlet on the branch circuit where the branch circuit breaker 

instantaneous trip level did not exceed 300 A, and the maximum length of the home run from the breaker 

to the first outlet did not exceed 50 ft for a 14 AWG or 70 ft for a 12 AWG conductor.  However, this 

calculation assumes that the available fault current at the service panel (Ipssc) is arbitrarily large, and the 

available current to the first receptacle in the circuit was primarily limited by the resistance of the home 

run cabling. This Report addresses the effect of limiting Ipssc to 500A and varying the home run length. 

 

In Part I of this work, it was found that at 500A available at the panelboard resulted in circuit breakers 

matching the predicted performance to an accuracy of 5A. However, the tests at 1000A available current 

showed deviation from predicted performance for point contact (guillotine) arcing events. The root cause 

of this deviation was traced to a lower arcing current relative to the short-circuit current values observed 

during carbonized path arcing tests (Figure 2). Effects of run length, percentage of arcing events 

occurring at 90 degrees phase angle (when the supply voltage is at a maximum), and unique 

environmental issues were ruled out at potential causes. Remaining potential sources of deviation 

included two potential causes of this drop in current: 

 

 The effect is related to the physical behavior of point contact arcing, which means that point 

contact results need to be used to define a lower bound for magnetic trip level for circuit breakers. 

 The effect is an artifact of the test apparatus, which needs to be modified for more accurate 

testing, which will unify results between carbonized path and point contact arcing. 

 

To address the latter cause, the point contact test apparatus was modified to utilize identical run length 

cabling and sample connectors as was used for the carbonized path tests. For Part II, both arcing 

methods use an unbroken run of NM cable fastened to new, clean screw terminal blocks. Where possible, 

the same components are swapped between test apparatuses and re-used for both test methods. 

Therefore, any remaining deviation in peak current values is expected to result from the physical behavior 

of the arcing event. This is evaluated later in this report. 
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Figure 2. Boxplots comparing peak current values for carbonized path (per the method described in 
UL1699, Sections 40.3 and 40.4) and point contact arcing (per UL1699, Section 40.5). 

 

 

Technical Plan 
 

The technical plan for this project is to conduct arc-fault testing in accordance with UL16995 with a listed 

circuit breaker in combination with NM cable lengths ranging from 15 feet to 50 feet used as a home run.  

An available fault current of 500A will be used at the line side of the circuit breaker to represent expected 

dwelling unit fault current.  The following arc-fault detection tests from UL1699 will be used:  

 
a) Carbonized Path Arc Interruption Test, as described in Sec. 40.3.  The fault current levels 

described in Sec. 40.3.3 will be as described below.   
b) Point Contact Arc Test (guillotine) described in Sec. 40.5.  The fault current levels described 

in Sec. 40.5.3 will be as described below.   
c) The Carbonized Path Arc Interruption Test (Sec. 40.3) modified to condition the NM cable 

using the method similar to Sec. 40.4.2 (as opposed to Fig. 40.3).   

The experimental work described in this work is part of a larger test plan, as described below. The results 
in this paper follow the results of Part II, as outlined below: 

                                                      
5 Underwriters Laboratories Inc., UL Standard for Safety for Arc-Fault Circuit-Interrupters, UL 1699. 
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Part I 
 

1. Part I of the technical plan will use circuit breakers from the four (4) different manufacturers.  

Eight (8) identical 15 A circuit breakers from each manufacturer will be purchased and 

characterized with respect to its magnetic trip level. 

2. Initial testing will be conducted with a circuit of 500 A available fault current.  50 feet of No. 14 

AWG NM cable will be added to the load side of the circuit breaker, and the arc-fault detection 

tests will be conducted.  For each test it will noted if the breaker trips or does not trip, and if it 

does trip, does it trip within 8 half-cycles within ½ second. For any breaker that trips within 8 half-

cycles within ½ second, the testing with that breaker will be considered complete for Part I. 

3. Step 2 above will be repeated with the remaining breakers, but with 1000 A available fault 

current.  

 

 

Part II 
 

1. Part II of the test plan will use the same circuit breakers from Part I. 

2. Initial testing will be conducted with a circuit of 500 A available fault current.  40 feet of No. 14 

AWG NM cable will be added to the load side of the circuit breaker, and the arc-fault detection 

tests will be conducted.  For each test it will noted if the breaker trips or does not trip, and if it 

does trip, does it trip within 8 half-cycles within ½ second. For any breaker that trips within 8 half-

cycles within ½ second, the testing with that breaker will be considered complete for Part II. 

3. Step 2 above will be repeated with the remaining breakers, but with 30 feet of No. 14 AWG NM 

cable added to the load side of the circuit breaker.  This sequence of testing will then again be 

repeated with 15 feet of No. 14 AWG NM cable added to the load side of the circuit breaker. 

4. After step 3, we will evaluate the need for additional tests at greater than 500A available currents. 

 

 

Part III 
 

1. Use receptacle AFCIs that are provided to UL. 

2. Develop some scenarios with available fault currents, lengths of wire between the breaker and 

receptacle, and lengths of wire on the load side of the receptacle.  Conduct arcing tests at the 

end of the receptacle load wire.  Note tripping of the breaker and/or receptacle. 

3. Note – the specifics of these Part III experiments will need to be further developed after the Part I 

and II testing are completed. 
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TECHNICAL REPORT 
 

Terminology 
 

The terminology used in the report is presented to facilitate clarity. 

 

 Half-cycle. In this work, it is equivalent to 8.33 ms, or 1/120 seconds. It is defined as the time 

between subsequent zero-crossings of the voltage waveform (which has a fundamental frequency of 

60 Hz). Each half-cycle is subdivided into 180 degrees of phase angle, corresponding to the arcsine 

of the voltage waveform, related to the time-varying voltage: 

 

     sin2  rmsVv  

 

For this work, phase angles of 180º < θ < 360º has been reverted to 0º < θ < 180º, since the arcing 

behavior has been found by experience to be identical regardless of sign. Therefore, the absolute 

value of current and voltage was used for all analysis. In this work, half-cycles are the basic time unit, 

and are referenced as integer values corresponding to the number of half-cycles past time zero (the 

time when measurement was initialized). 

 Iteration number. This is an integer value corresponding to the order in which the measurement was 

made for a given identical set of test parameters. For example, the first sample measured is identified 

as test number 1, the second is numbered 2, etc. 

 Manufacturer. This identifies the manufacturer of the circuit breakers and panels used for each test. 

Four manufacturers were selected, each are identified by a letter: A, B, C, or D. 

 Breaker Number. This is the position where the circuit breaker was located in each panel. For each 

test, a different box was used per manufacturer. Identical breakers were used, with locations within 

the circuit breaker panel box denoted by the circuit breaker number. To distinguish from the circuit 

breakers used in the previous work, circuit breakers are numbered 9 through 16. Panel position can 

be determined by subtracting 8 from this number (i.e., breaker 9 was in panel position 1, breaker 10 

in panel position 2, etc.) 

 Short-Circuit Current (A). Also denoted as Issc, this is the maximum available current during a given 

test (limited by the resistive load added to the test circuit). The value is specified in UL 1699 with a 

standard method for reducing the available current for a given test (either by use of a calibrated 

resistive load (“Type 1”) or through the use of long lengths of coiled NM-B cable (“Type 2”)), Figure 3. 

For this project, only “Type 2” arrangements were used, simulating a parallel arcing fault. If the hot 

conductor were shorted to neutral at the location of the sample, the amount of current flowing through 

the circuit would be equal to Issc. 
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Figure 3. Two configurations of loads used in UL 1699, Section 40 tests. (Left) “Type 1”, used in Sections 
40.2 and 40.4 for low-current testing. (Right) “Type 2”, used in Sections 40.3 and 40.5 for high-current 
testing.  

 

Due to the large amount of data in each measurement (5 million data points in each of two waveforms for 

current and voltage), and the large number of iterations (more than 2,200), a convenient method of 

extracting a single numerical value per arcing half-cycle was required to allow for a reasonable analysis. 

This was achieved by the definition of several parameters for each arcing half-cycle which could be 

expressed as a single numerical value. For each arcing half-cycle, each of the following parameters were 

collected to characterize the arc (Figure 4): 

  

 Peak Current. This is the maximum value (in magnitude) of the current waveform measured through 

the entire half-cycle. 

 Arc Strike Angle. This is the phase value (in degrees) when the arc begins, typically characterized 

by a large change in current with respect to time (large di/dt). Detection was automated by finding the 

maximum value in the digitally filtered current waveform (Butterworth three-pole bandpass with f3dB,min 

= 10 kHz and f3dB,max = 100 kHz). The search was limited from zero phase angle to the phase angle 

corresponding to the peak current value. This technique leverages the large high-frequency 

component from the discontinuous change in current at the start of arcing. Strike angle data for each 

arcing type are given in Appendix B. 

 Arc Stop Angle. This is the phase value (in degrees) where the arc ends, characterized by a 

discontinuous drop towards zero current. Detection is similar to that used for identifying the arc strike 

angle, except search is between the phase angle of the peak current and 180 degrees. As with the 

strike angle, the detection software leverages the discontinuous change in current which manifests 
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itself as a large spike in the digitally filtered current signal. Stop angle data for each arcing type are 

given in Appendix B. 

 Arc Strike Voltage. This is the magnitude of the voltage waveform at the moment of arc strike. This 

is found by first finding the arc strike angle, then finding the corresponding voltage at the same 

moment in time. 

 Arc Stop Voltage. This is the magnitude of the voltage waveform at the moment of arc stop. This is 

found by first finding the arc stop angle, then finding the corresponding voltage at the same moment 

in time. 

 

 
 

Figure 4. Current and voltage arcing waveforms, showing each arcing half-cycle. 

 

 
 

Defining Arcing and Shorting Phenomenon 
 

The peak current is defined in this study as the largest magnitude of current measured within each half-

cycle of the waveform. These points were collected automatically using LabVIEW-based software and 

tabulated with corresponding variables, such as the half-cycle number, breaker manufacturer, age of 

circuit breaker, etc. To allow for a useful comparison of data from all tests, a normalized peak current was 

defined and calculated as: 
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Figure 5.  Representative probability distribution function for all peak current values from one series of 
tests, showing three modes of behavior: non-arcing (<20% Ipeak), arcing (20% < Ipeak < 92%-95%), and 
shorting (>92% to 95% Ipeak).

4 

 

 

Three states of behavior were observed for peak current values: arcing behavior, non-arcing behavior, 

and shorted. Each of these three modes of behavior was segregated by defining two current thresholds 

relative to the short-circuit current Issc (Figure 5). A threshold of 20% Issc was defined as the minimum for 

arcing behavior. Selection of this value can be considered somewhat arbitrary, and does not follow what 

is defined in UL 1699 for minimum arcing (which is defined as 5% of Issc in the standard). However, a very 

low value for the threshold, such as 5%, often would be within the large number of insignificant events 

(very short-duration arcing, noise, etc.) and were not likely to contribute to the understanding of the arcing 

behavior. At 20% Issc a very small percentage of data points were typically found and was a convenient 

threshold for defining a threshold for arcing. As this was within a “long tail” of the probability distribution 
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function, moving this threshold ±10% in either direction would have a negligible effect on the total number 

of points included and therefore not affect the analysis. Histograms of the distribution of normalized peak 

current for each arcing type are given in Appendix B. 

 
 

Test Samples 
 

Circuit Breakers 
 

Four models of conventional circuit breakers available commercially in the United States were selected 

for this investigation. These are identified in this report as A, B, C, and D. The circuit breakers were rated 

for 15A or 20A circuit current. For 15A breakers, two batches of circuit breakers were tested, the first 

batch were purchased and tested in 2011, the second batch was purchased and tested in 2012. Both 

batches were sourced off-the-shelf from local nationally known home improvement stores. Unless 

otherwise noted, the data in this Report focus on data from the 2012 batch of circuit breakers. The 

magnetic trip levels of each of these circuit breakers are listed in Table 1 of this Report, and the 

characterization of these circuit breakers are described in Part I. 

 

 

NM Cable 
 

Commercially available NM cable was purchased for use in the parallel arcing tests. The NM had 14 

AWG copper conductors (neutral, hot, and ground), and had a temperature rating of 90°C. The neutral 

and ground conductors were connected together, allowing parallel faults to occur between either hot and 

ground or hot and neutral. In nearly all cases, the arcing fault occurred between the hot and ground 

conductors. 

 

 

 

Task 1 – Evaluation of Consistency between Point Contact and 
Carbonized Path Arcing Tests 
 

One unresolved issue from the Part I work was whether the deviations in the point contact arcing 

behavior were a result of issues with the test apparatus, or were due to some unique characteristic of the 

point contact arcing event. This Task evaluates this issue, with the end goal in a decision of whether the 

predictive formula used throughout this work can continue to assume that the arcing peak current is 80% 
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of short-circuit current, or whether this assumption needs to be reassessed. The result will be a single 

predictive equation that is applicable for both carbonized path and point contact arcing. 

 

In Part I, and particularly with 1000A available fault current, the mathematical relationship between run 

length, magnetic trip level, and available fault current was accurate in predicting the ability of a circuit 

breaker to mitigate arcing within eight half-cycles for carbonized path arcing, but was not accurate for 

point contact arcing. In Part I, it was demonstrated that this deviation was due to a lowered peak 

normalized arcing current (normalized with respect to the short-circuit current) for point contact arcing 

compared to carbonized path arcing. Even after corrections were made for variations in the short-circuit 

current for each test it was observed that the peak arcing current was significantly lower for point contact 

arcing than that observed for carbonized path arcing (Table 3). This lowered peak arcing current therefore 

likely prevented accurate prediction of circuit breaker behavior, since the majority of arcing events fell 

below the assumed level of 80% of short-circuit current. Though this is the issue, the root cause of this 

deviation needs to be identified before a decision can be made on whether the mathematical relationship 

needs to be modified. 

 

Table 3. Recalculated values for the 1000A arcing tests conducted in Part I, based on short-circuit 
measurements evaluating contact or other secondary effects. 

Available 

Current (A) 

Arcing 

Type (40.x) 

Lower 

Quartile 
Mean Median 

Upper 

Quartile 
N 

1000 

3 0.676 0.743 0.773 0.826 286 

4 0.666 0.720 0.731 0.789 444 

5 0.602 0.655 0.694 0.742 776 

 

 

As was discussed in Part I, a review of the strike/stop data shows that the issue is not due to a large 

number of arcing half-cycles occurring at low voltage: in fact, the majority (80%) of arcing half-cycles 

occurs during the ±90° voltage cycle when arcing current is expected to be at a maximum (Figure 6 is an 

updated chart that includes data from Part II). This is significantly less than what is observed with the 

Section 40.4 carbonized path arcing, but is not expected to be an issue when eight half-cycles are 

allowed to occur (since the probability of all eight arcing half-cycles not occurring during the voltage 

maxima is small6). Furthermore, 42% of all arcing half-cycles for the Section 40.3 carbonized path arcing 

                                                      
6 More accurately, the probability of all eight point contact arcing half-cycles to not occur during 90° phase angle is (0.203)8 = 

2.88·10–6, or 2.9 in 1 million. For Section 40.4 carbonized path the probability is (0.106)8 = 1.59·10–8, or 16 in 1 billion. These values 

are in contrast to 40.3 arcing tests, where there is a 0.1% probability for eight arcing half-cycles to all occur outside 90° phase angle. 
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Table 4. Measured short-circuit values (in Amperes rms) for each arcing test. Values in parentheses were 
obtained from shorted half-cycles that are measured during point contact arcing tests. 

Test Method L = 15 feet L = 30 feet L = 40 feet 
L = 50 feet 

(500A) 

L = 50 feet 

(1000A) 

40.3 377.6 294.3 259.5 234.3 299.2 

40.4 388.6 309.2 272.3 238.7 304.8 

40.5 386.3 (352.3) 311.1 (304.1) 270.8 (268.5) 247.8 (241.8)  – 

RC (see text) 30 mΩ 8.9 mΩ 3.8 mΩ 12 mΩ  

 

 

The data in Table 4 show that the short-circuit current values among different arcing tests was maintained 
consistently. For the point contact short-circuit data, two sets of values were measured: one where a 
bolted fault was placed across the sample location, and a second set that were extracted from the arcing 
waveform data where the guillotine blade shorted the two conductors together. In all cases, the values 
obtained from the arcing tests showed a lower current than the bolted fault tests. It is also observed that 
the data where the short was created by the guillotine blade deviate further from the bolted fault values as 
the short-circuit current increases, while the bolted fault values remain consistent at all current levels. This 
suggests that the contact resistance between the guillotine blade and the NM cable adds an additional 
resistance in series that lowers the available short-circuit current. An estimation of this contact resistance 
can be made using Ohm’s Law: 

 

ܴ஼ ൌ ܸ
ሺܫ஺ െ ஼ሻܫ

஼ܫ஺ܫ
 

 

where IA is the short-circuit rms current measured using the bolted fault method, IC is the rms current 

when the guillotine blade shorts the sample, V is the circuit rms voltage (assumed here to be 120 V), and 

RC is the estimated blade contact resistance. The last row in Table 4 shows the calculated values for RC 

using this method. Note that the values can only be used as an estimation, since the contact resistance 

will depend on the cleanliness of the guillotine blade, the chemical composition of the contact area, and 

the cable and blade temperature. However, the calculations show values consistent within an order of 

magnitude, and show that blade contact resistance is a potential explanation for this drop in short-circuit 

current during point contact tests. This effect of contact resistance is explored further in the next Task. 
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Task 2 – Arcing Tests and Peak Current Analysis 
 

In this Task, arcing tests are to be performed and the peak current threshold used in the mathematical 

relationship relating magnetic trip level to run length and available panelboard current will be reevaluated. 

This Task therefore addresses the following issues: 

 

 Determine whether there is a difference between arcing peak current behavior between point 

contact and carbonized path tests. 

 Reevaluate threshold peak arcing current value used in calculations, in an earlier work this 

threshold value was set to 80% of short-circuit current.7 

 

In this Task, circuit breakers that have been characterized in Part I are placed into a simulated “home run” 

environment that has an arcing fault present. 

 

As was discussed in the prior study (Ref. 7), the current at the panelboard and the run length govern the 

expected fault current at the parallel arcing fault, was expected to be related by the following equation: 

 

ܮ௅ߩ ൏
௥ܸ௠௦

2
ቆ
0.8
௠௔௚ܫ

െ
1

௣௦௦௖ܫ
ቇ 

where 

 

ρL is the resistance per linear foot of the NM cable gauge being used;  

L is the length of the “home run” in feet;  

Vrms is the supply voltage (typically 120 Vrms); 

Ipssc is the short-circuit current at the panelboard; and  

Imag is the magnetic trip current of the circuit breaker.  

 

In Part I it was found that this equation was not able to accurately predict circuit breaker performance for 

point contact arcing, and suggested that the 0.8 factor used in the equation may need to be lowered. 

Therefore, this value will be recalculated using data from the prior study (Ref. 7), as well as data from Part 

I of this study. Additional data using different home run lengths with 500A available at the panelboard 

were collected in this Part of the study, and is combined with the earlier data for analysis. Point contact 

data from Part I was redone using the improved sample contacts and cable lengths to match the 

carbonized path experiments. 

 

                                                      
7 P. Brazis and F. He, “Effectiveness of Circuit Breakers in Mitigating Parallel Arcing Faults in the Home Run,” UL Corporate 

Research Report, January 2012. 
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Test Procedures 
 

Arcing Methods 

 

In an earlier study a single arcing method was used for generating arcing tests. This method was based 

on a sample preparation method described in UL 1699, Section 40.4, but using NM cable instead of SPT-

2 appliance cable.8 Statistical justification of this can be found in a 2009 study by UL,9 where the four 

arcing methods found in UL 1699, Section 40 were studied, along with evaluation of the influence of 

carbonized path and guillotine (i.e., point contact arc testing as described in UL 1699, Section 40.5) on 

circuit breaker performance as described in Ref. 7. The conclusion of this analysis was that the difference 

in arcing behavior among these methods was not expected to result in a change in circuit breaker 

performance; therefore, only one method of arcing was utilized. This study strives to test that assumption 

experimentally, using arcing methods as described in UL 1699, Sections 40.3, 40.4, and 40.5. The 

methods used for each are briefly described here. 

 

Developing a Carbonized Path in NM Cable, Section 40.3 Method 

 

The testing described in UL 1699, Section 40.3 utilizes a test box which alternates high (7 kV) and line 

(120Vrms) voltage to a test sample using a relay-based circuit. Application of the high voltage (but high 

impedance) causes dielectric breakdown across a prepared sample, with the arcing event occurring 

during the low-impedance, line-voltage cycle. Samples are prepared by taking a length of NM cable and 

creating a transverse cut through the cable jacket and both insulated conductors of the cable. The metal 

conductor is not damaged during this process. The cut is then covered in two layers of black electrical 

tape, which in turn is covered with two layers of fiberglass tape. The sample is then installed into the text 

fixture, and the high/low voltage cycle is initiated. The cycling continues until an arcing event occurs 

during the line-voltage cycle. Typically several cycles are required before arcing occurs. 

 

                                                      
8 “UL Standard for Safety for Arc-Fault Circuit-Interrupters,” UL 1699, April 2006, Section 40.4, p. 40. 
9 P.W. Brazis et al., “Synthetic Arc Generator for UL1699, Phase 2: Statistical Characterization of Arc Fault Behavior,” UL Internal 

Report, 2009. 
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Test Arrangement 

 

The test arrangement included a residential circuit breaker (with a known magnetic trip level) mounted in 

a commercially available panel manufactured by the same manufacturer as the circuit breaker (Figure 9), 

with the hot connection of each breaker tied to the neutral ground bar inside the circuit breaker panel (the 

neutral connection for the test circuit was connected directly to the arcing test sample and not through the 

panel). This enabled each series of circuit breakers to be tested without reconfiguring the panel, by 

switching the circuit breaker under test to the “on” position and leaving the other breakers in the “off” 

position. The available current was adjusted through adjusting the wire length between the laboratory test 

power supply and the panelboard to provide the necessary impedance to control the available current at 

the penalboard. This available current was characterized through attaching several known resistances at 

the panelboard with all breakers open, and measuring both current flow and voltage drop. These values 

then enabled calculation of the short-circuit current at the panelboard. The impedance was adjusted until 

a short circuit current of 500A ±10% was measured. Available current at the test bench for all tests was in 

excess of 1000 A. 

 

  
Figure 9. Representative photos of the circuit breakers under test mounted into commercially available 

electric panels. 

 

The home run was simulated with an unbroken run at lengths of 15, 30, 40, and 50 feet of NM cable from 

the panelboard to the sample mount. Small adjustments in the run length were made to accommodate 

connector resistances and the length of the test sample: the impedance of the home run was measured 

using a 4-probe (Kelvin) multimeter with the test sample shorted at one end. The NM cable samples were 

contained within a grounded metallic enclosure to reduce electrical noise from the environment and 

contain smoke from the test. The temperature of the cables was monitored to minimize changes of cable 

impedance due to Joule heating during testing. Testing was conducted only if the cable temperature was 
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recorded timeframe failed UL 1699 criteria. The test data were saved in the National Instruments TDMS 

format for analysis. 

 

Analysis of the Parallel Arc Fault Data 

 

The parallel arc fault data were statistically analyzed to determine the influence of the selected variables. 

The test data were analyzed using automated LabVIEW software which automatically extracted 

parameters for each arcing and shorting half-cycle and for each test. Each NM cable sample was also 

visually inspected to determine whether ignition had occurred during the test. Tripping of the circuit 

breaker was detected though automated inspection of the voltage signal, with breaker trip detection noted 

when the supply voltage drops below 6 Vrms (5% of normal line voltage).  

 

 

Data Analysis 
 

Analysis of Circuit Breaker Performance Normalized to Magnetic Trip Level 

 

As is known from the circuit breaker calibration discussed in Part I, the circuit breaker response time is 

dependent on the magnetic trip level of that particular circuit breaker. Furthermore, it was observed that 

two breakers despite being of the same model from the same manufacturer may exhibit different 

magnetic trip levels. Therefore further analysis would benefit using a “normalized” magnetic trip current, 

defined as: 

 

 
)(

)(

rmsmag

rmsssc

mag
I

I
I   

 

where Issc is the short-circuit current and Imag is the magnetic trip level of the circuit breaker. Defining this 

normalized magnetic trip current allows circuit breakers possessing different magnetic trip levels to be 

compared together. Using this normalized current and key test parameters, the correlation of each key 

variable can be analyzed using ANOVA. Table 5 contains the results of this analysis. The results show 

that the number of arcing half-cycles and the total arc energy released are strongly linked to one another, 

suggesting that analyses using these two attributes will correlate highly with one another. This is 

supported in the fact that the Rsq values of other test variables are similar between the arcing energy and 

number of arcing half-cycles. The strongest correlations are related to whether the breaker trips and 

whether the circuit breaker passes the UL1699 criterion, however, these are not variables that can be 

directly tied to a specific circuit breaker. The magnetic trip level is a value that can be measured in a 

circuit breaker, and therefore is used as the primary variable in assessing a circuit breaker’s ability to 
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mitigate arcing half-cycles and arc energy release. Manufacturer is found to have minor correlation to 

circuit breaker performance, but this simply reflects the fact that breakers from different manufacturers 

tend to have different magnetic trip levels. Among the variables that show little significance include run 

length and available panelboard current. Though this is not intuitive at first, observation of Figure 11 

shows why the Rsq value is relatively low: The relationship of arc energy and number of arcing half-cycles 

is more strongly dictated by magnetic trip level rather than by circuit parameters alone. Though having an 

influence on trip behavior, the magnetic trip level (as well as normalized trip level) is far stronger 

predictors of circuit breaker performance. Breaker position and test iteration number show no correlation, 

meaning that performance does not vary among breakers of the same model type and position in the 

panelboard, and that successive tests of the same circuit breaker give repeatable results. The moderate 

value for the influence of test type (UL1699 Section 40.x) reflects the fact that 40.3 carbonized path tests 

tend to result in shorter arcing events than 40.4 and 40.5 tests. 

 

Circuit Breaker Performance Relative to Magnetic Trip Level 

 

From the statistical analysis of the arcing behavior, most test variables can be eliminated from 

consideration, including circuit breaker position, manufacturer, age, iteration number, and absolute 

magnetic trip level. As the analysis shows, the short-circuit current is the dominant variable controlling 

circuit breaker magnetic trip level. Therefore, to be able to compare performance between circuit breakers 

with different magnetic trip levels, the normalized current will be used as defined earlier. A normalized 

current of 1.0 denotes operation at the circuit breaker magnetic trip level; values less than 1 denote 

operation below the magnetic trip level (operating in the thermal trip regime); and values greater than 1.0 

denote operation above the magnetic trip level. As it has already been discussed that specific arcing 

behavior is independent of the test variables (except for time), and thus only the number of arcing events 

and their occurrence in time are considered for the remainder of this work. 

 

As can be seen in each plot in Figure 11, though arcing greatly diminishes when the magnetic trip level is 

reached, significant arcing may occur at or below a normalized current above 1.0. As can be seen, at or 

even slightly above the magnetic trip level, arcing can be significant and of a very long duration. 
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Table 5. ANOVA analysis showing effect of test variables on number of arcing cycles and energy release, 
includes data for 500A and 1000A available current for run lengths of 15 feet to 50 feet. 

Effect of On Rsq, % Rsq(adj), % P N 

Number Arcing Half-

Cycles 

Total Arc Energy Release 90.64 90.52 0.000 2239 

Breaker Pass/Fail Number Arcing Half-Cycles 75.10 75.08 0.000 2239 

Breaker Pass/Fail Total Arc Energy Release 69.26 69.23 0.000 2239 

Norm. Mag Trip 

Level 

Total Arc Energy Release 63.44 59.95 0.000 2239 

Norm. Mag Trip 

Level 

Number Arcing Half-Cycles 57.00 52.89 0.000 2239 

Breaker Trip Total Arc Energy Release 31.25 31.22 0.000 2239 

Breaker Trip Number Arcing Half-Cycles 36.93 36.90 0.000 2239 

Magnetic Trip Level Number Arcing Half-Cycles 25.07 24.63 0.000 2239 

Magnetic Trip Level Total Arc Energy Release 23.87 23.42 0.000 2239 

Short-Circuit Current Total Arc Energy Release 21.38 20.92 0.000 2239 

Manufacturer Number Arcing Half-Cycles 20.07 19.96 0.000 2239 

Manufacturer Total Arc Energy Release 19.00 18.89 0.000 2239 

UL 1699 Sec 40.X Total Arc Energy Release 17.52 17.45 0.000 2239 

Short-Circuit Current Number Arcing Half-Cycles 17.66 17.18 0.000 2239 

UL 1699 Sec 40.X Number Arcing Half-Cycles 9.51 9.43 0.000 2239 

Home Run Length Number Arcing Half-Cycles 4.15 4.02 0.000 2239 

Home Run Length Total Arc Energy Release 1.71 1.57 0.000 2239 

Avail Panelboard 

Current 

Number Arcing Half-Cycles 0.37 0.33 0.004 2239 

Avail Panelboard 

Current 

Total Arc Energy Release 0.26 0.21 0.017 2239 

Breaker Position Number Arcing Half-Cycles 0.51 0.20 0.123 2239 

Breaker Position Total Arc Energy Release 0.50 0.19 0.131 2239 

Test Iteration No Number Arcing Half-Cycles 0.14 0.00 0.525 2239 

Test Iteration No Total Arc Energy Release 0.13 0.00 0.586 2239 
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than one approach can be used for this. The simplest approach is to identify the largest normalized 

magnetic trip value where circuit breakers fail to trip within eight arcing half-cycles, and set the threshold 

at or above this value. Reviewing Figure 12 (right), with the exception of a single outlier point (the results 

of this outlier will be discussed in a later section), there were four tests at Īmag = 1.34 where the circuit 

breakers failed to trip within eight half-cycles. Above this level (again, neglecting the single outlier point) 

all breakers tripped in time. Therefore, the threshold criterion can be set to a value at 1.34, which would 

imply that the short-circuit current needs to be greater than 1.34 times that of the magnetic trip level of the 

circuit breaker. Inversely, this would also suggest that the magnetic trip level needs to be set at 1/1.34 = 

75% of short-circuit current to be effective. Another approach would be to observe that one could fit an 

exponential-decay curve along the upper bound of data points, effectively resulting in a curve that would 

result in a function relating Īmag to number of arcing half-cycles. Such a curve would pass through a data 

point at Īmag = 1.46, where a circuit breaker tripped in exactly eight arcing half-cycles. Therefore, such an 

approach would suggest that the short-circuit current would need to be 1.46 times that of the breaker 

magnetic trip level, again inversely this suggests that the magnetic trip level of a circuit breaker would 

need to be 1/1.46 = 68% of short-circuit current. Though the 68% value would add conservatism, it would 

likely result in far too much since no arcing test fell below 75%. Considering also that additional factors 

will be added that will have the effect of making the final relationship more conservative, 75% is therefore 

concluded to be the threshold. 

 

Energy Release and Normalized Magnetic Trip Level 

 

An approach to refine the threshold value of Īmag is to evaluate the amount of total arcing energy release 

for each arcing event and find where this total energy release approaches zero. This approach would 

build in a second layer of confidence in the choice for the threshold value, since material ignition relies on 

the transfer of arcing energy, and selecting an operating regime where this approaches zero would 

suggest a high probability of mitigating risk of fire due to arcing. The relationship of energy release to 

normalized magnetic trip level is shown in Figure 13. 

 

The data show an upper bound that can be characterized by a linear relationship, as is shown in Figure 

14. This relationship for the upper bound of energy release is the following: 

 
௠̅௔௚൯ܫ௔௥௖൫ܧ ൌ 27479 െ 19312 ∙  ௠̅௔௚ܫ

 

Note that this is a fit of the upper bound of data points. Solving for Earc = 0: 

 
0 ൌ 27479 െ 19312 ∙  ௠̅௔௚ܫ

 



 

 

 

 

  

 

  

page 35 

 

 

This resul

reaches 1

range 75%

that result

 

Figure 13
fault pane
I and II of 

 

Though th

much con

the eight h

68% is lik

70% norm

theoretica

calculated

 

 

                
10 Note that 

current” is d

and varies b

and normaliz

lt suggests th

.42, which im

% and 68% th

t. 

. Relationship
elboard curren

this study are

he goal of zer

nservatism int

half-cycle crit

ely too conse

malized magn

al limit on ene

d: 

                     

the use of the te

efined as the sho

between 234A an

zed magnetic trip

at zero energ

mplies a magn

hat was found

p of total arcin
nt.10 (Right) In
e all included

ro theoretical 

o the calculat

erion exceed

ervative; since

etic trip level.

rgy release: u

௠̅௔ܫ௔௥௖൫ܧ

                 

rm “available cur

ort-circuit rms cu

nd 389A (per Tab

p level, suggestin

௠̅௔௚ܫ ൌ

gy release is a

netic trip level

d when consid

ng energy rele
ndexed by pa
. 

energy releas

tions, conside

ed 75% norm

e it exceeds th

. Conversely, 

using the rela

௔௚ ൌ 1.33൯ ൌ 2

rrent” is mixed in

urrent. For 500A 

ble 4). Note that t

ng that the upper

Evaluation

Breake

ൌ
27479
19312

ൌ 1.4

approached w

 equal to 1/1.

dering arcing 

  

eased to mag
ss/fail criterio

se would be p

ering again th

malized magne

he limit of zer

using a limit 

ationship abov

27479 െ 1931

n Figure 13 (left).

and 1000A, the “

this mix of data g

r bound applies a

n of Run Len

er Ability to M

42 

when the norm

.42 = 70%. Th

half-cycles, a

gnetic trip leve
on per UL 169

preferable, it 

hat none of the

etic trip curre

ro theoretical 

of 75% sugge

ve the maxim

12ሺ1.33ሻ ൌ 17

. For available cu

“available curren

gives a uniform r

at minimum from

ngth and Ava

Mitigate Para

malized magn

his value is in

and therefore 

el. (Left) Inde
99. Data from

is likely that it

e circuit brea

nt. The result

energy relea

ests a nonzer

um energy re

730	J 

urrents from 75A

nt” is that measur

relationship for to

m 75A to 389A av

ailable Curre

allel Arcing F

netic trip level

n between the

is consistent 

exed by availa
 Ref. 7, and P

t is adding too

kers exceedin

t does show t

se at 1/1.33 =

ro upper 

elease can be

A to 300A, “availa

red at the panelb

otal arc energy re

vailable. 

ent on 

Faults 

l 

e 

with 

 

able 
Parts 

o 

ng 

that 

= 

e 

able 

board, 

elease 



 

 

 

 

  

 

  

page 36 

 

Figure 14

 

Therefore

release w

energy lev

11 show t

to release

below 10%

 

Normaliz

 

In Task 1 

negligible

panelboar

increases

the 0.75 v

circuit bre

cycle if the

point cont

threshold 

                
11 Value is d

Parallel Arci

. Energy relea

e, it is calculat

will not exceed

vel is 19%. N

that circuit bre

e 1 kJ or less 

%. 

zed Peak Cur

it was shown

effect at lowe

rd and a 50-fo

s. As can be s

value calculat

eaker within a 

e median valu

tact test short

of 0.75 begin

                     

erived from Figu

ng Faults in the 

ase data with

ted that at a 7

d 1730 J. From

ote that this is

eakers with Īm
energy, depe

rrent and Tes

n that a contac

er available s

oot home run 

seen in Figure

ed before, wh

few half-cycl

ue is equal to

t-circuit curren

ns to diminish

                 

ures 21 and 26, a

Home Run,” UL 

h linear curve 

75% normaliz

m previous wo

s a theoretica

mag at 1.33 (75

ending on ava

st Type 

ct resistance 

short-circuit cu

length in plac

e 15 and Tabl

hich suggests

es (statistical

o 0.75). Howe

nt increases;

 (again statis

and Table 10 from

Corporate Resea

Evaluation

Breake

fit shown. Ze

ed magnetic 

ork,11 the upp

al maximum: t

5%) that pass

ailable short-c

is present for

urrents (for ex

ce), but beco

e 8, the distri

s that a thresh

lly, there is a 

ver, if the dis

the probabilit

tically, the pro

m P. Brazis and 

arch Report, Jan

n of Run Len

er Ability to M

ero intercept is

trip level it is 

per bound of p

the data in Fi

s the eight hal

circuit current

r point contac

xample, when

omes more sig

ibution in norm

hold of this va

50% probabi

tribution falls 

ty of an arcing

obability of tri

F. He, “Effective

nuary 2012. 

ngth and Ava

Mitigate Para

s located at Īm

expected tha

probability of 

gure 14 and T

lf-cycle criteri

, or a probabi

ct arcing tests

n there is 500

gnificant as sh

malized curre

alue will result

lity of tripping

below 0.75, a

g half-cycle to

ipping on a si

eness of Circuit B

ailable Curre

allel Arcing F

 

mag = 1.42. 

at total arc ene

ignition for th

Table 10 from

on are expec

ility of ignition

s, which has a

0A available a

hort-circuit cu

ent remains a

t in tripping of

g on a single h

as is seen as

o exceed this 

ingle half-cyc

Breakers in Mitiga

ent on 

Faults 

ergy 

his 

m Ref. 

cted 

n at or 

a 

at the 

urrent 

round 

f the 

half-

 the 

le 

ating 



 Evaluation of Run Length and Available Current on 

 Breaker Ability to Mitigate Parallel Arcing Faults 

 

 

  

 

  

page 37 

 

falls to 25% if the upper quartile is equal to 0.75). Once the distribution falls sufficiently far from 0.75, a 

circuit breaker with a magnetic trip level set according to the mathematical relationship will fail the eight 

arcing half-cycle criterion. Furthermore, it can be seen that the point contact arcing test consistently has 

statistical values less than the carbonized path tests; therefore, any corrective factor will be based on 

data from point contact arcing. As seen in Figure 15 (right), the normalized current distribution for point 

contact arcing remains consistent with the carbonized path arcing if data are normalized to short-circuit 

values measured through the guillotine blade. This shows that the drop in normalized current seen for 

increased Issc is due to series resistance through the guillotine blade and related contact resistance. 

 

 

 

Table 8. Normalized peak arcing current statistics, with respect to UL1699 Section number and short-
circuit current. 

UL1699 

40.x 
Issc (A) 

Panelboard 

Current (A) 

Run 

Length 

(ft) 

Normalized Current 

Median Mean 
Upper 

Quartile 

Lower 

Quartile 
N 

3 

377.6 500 15 0.724 0.712 0.839 0.629 206 

299.2 1000 50 0.785 0.750 0.848 0.676 305 

294.3 500 30 0.767 0.741 0.822 0.691 340 

259.5 500 40 0.750 0.719 0.815 0.643 179 

234.3 500 50 0.824 0.797 0.880 0.734 531 

4 

388.6 500 15 0.722 0.697 0.751 0.667 256 

309.2 500 30 0.718 0.709 0.764 0.662 539 

304.8 1000 50 0.719 0.653 0.779 0.657 613 

272.3 500 40 0.742 0.731 0.781 0.694 806 

238.7 500 50 0.783 0.765 0.838 0.724 976 

5 

(Bolted 

Short) 

 

386.3 500 15 0.628 0.589 0.697 0.510 464 

311.1 500 30 0.704 0.664 0.743 0.621 755 

270.8 500 40 0.728 0.685 0.763 0.645 861 

247.8 500 50 0.730 0.695 0.764 0.665 1189 

5 

(Blade 

Short) 

352.3 500 15 0.689 0.646 0.765 0.559 464 

304.1 500 30 0.720 0.679 0.760 0.635 755 

268.5 500 40 0.734 0.691 0.770 0.650 861 

241.8 500 50 0.749 0.713 0.783 0.681 1189 

Average 297.8   0.734 0.702 0.787 0.652 627 
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Figure 16. Statistical distribution of normalized peak current for point contact arcing (UL1699 Section 
40.5), as a function of short-circuit current. 

 

Updated Formula for Predicting Circuit Breaker Behavior 

 

The results from this Task have resulted in the following information: 

 

 The analysis of the arc energy release and number of arcing half-cycles shows that the 

normalized magnetic trip level needs to be set to 1.33, or a threshold of 75% of short-circuit 

current. This is slightly lower than the previous result of 80%, but is based on a much larger 

sample size. 

 Due to the series resistance of the guillotine blade, a correction factor is added to compensate for 

reduced fault current as the short-circuit current increases. This is applied for all arcing situations 

since it is not clear what type of arcing will be encountered, and point contact arcing is found to 

be consistently lower than carbonized path arcing. 

 

Starting with the first bullet point, the short-circuit current must exceed the magnetic trip level of the circuit 

breaker by a factor of 1.33: 

 
௠௔௫ܫ
௠௔௚ܫ

൐ 1.33 

Solving for Imax, 
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௠௔௫ܫ ൐
௠௔௚ܫ
0.75

 

 

The short-circuit current is related to the wire impedance and supply voltage by Ohm’s Law: 

 

௥ܸ௠௦ ൌ ௠௔௫ܫ ∙ ܴ 

 

The resistance R is governed by the resistivity of the cable, the available current at the panelboard, plus a 

series contact resistance: 

  

ܴ ൌ ܮ௅ߩ2 ൅
௥ܸ௠௦

௣௦௦௖ܫ
൅ ܴ஼ 

 

where L is the length of the home run in feet, ρL is the resistivity of the cable in ohms/foot, Ipssc is the 

available current at the panelboard, and RC is the series contact resistance from point contact arcing. The 

factor of 2 is added to incorporate the resistance of the supply and return cables (this assumes the return 

path is of the same wire gauge as the supply gauge, generally true for NM cable). Combining these 

equations results in the inequality: 
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The last equation above is the same that was derived in Ref. 7, but with a lowering of the arc current 

threshold to 75% of short-circuit current from 80%, and an added term that compensates for contact 

resistance that becomes significant when short-circuit current increases during a point contact arc. 

Though this last term applied to a point contact arcing scenario, the last term can be left in for carbonized 

path arcing, resulting in a conservative value for maximum run length. However, the last term can be 

neglected in calculations exclusively focused on carbonized path arcing events. 
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Task 3 – Verification of Formula Using Arcing Data 
 

The goal of this Task is to use the formulation derived in Task 2 to verify whether the relationship 

accurately predicts the magnetic trip level of a circuit breaker to pass the UL1699 eight half-cycle 

criterion. Solving for Imag: 

௠௔௚ܫ ൏ 0.75 ∙ ௥ܸ௠௦ ቆ2ߩ௅ܮ ൅
௥ܸ௠௦

௣௦௦௖ܫ
൅ ܴ஼ቇ

ିଵ

 

 

To solve for Imag for known values of Ipssc, Vrms (here, 120 Vrms), and L, values for ρL and RC are needed. 

For ρL, cable resistance per unit foot is based on 14 AWG copper NM cable at room temperature (20°C to 

30°C), conditions that were used in the experimental work. In this case, ρL is 2.575 mΩ/ft. With regards to 

RC, the maximum (i.e., most conservative) value calculated in Task 1 at a relatively high Issc was 30 mΩ. 

 

Table 9. Comparison of maximum value of Imag and the arcing test results shown in Figure 17. Values in 
parentheses next to predicted values show deviation from the actual threshold value. 

Ipssc (A) L (ft) 
Issc Range 

(A) 

Predicted 

Imag, 75% 

with RC (A) 

Predicted 

Imag, 80% 

with RC (A) 

Predicted 

Imag, 75%, 

no RC (A) 

Predicted 

Imag, 80%, 

no RC (A) 

Actual 

Imag (A) 

500 50 235-248 172 (–18) 184 (–6) 183 (–7) 195 (+5) 190 

500 40 260-272 191 (–14) 203 (–2) 204 (–1) 217 (+7) 200-210 

500 30 294-311 214 (–21) 228 (–7) 230 (–5) 245 (+10) 230-240 

1000 50 299-305 224 (–31) 239 (–16) 242 (–13) 258 (+3) 250-260* 

500 15 378-389 260 (–20) 278 (–2) 285 (+5) 304 (+24) 280 
*Range excludes single outlier, this outlier is discussed further in Appendix A. 

 

Table 9 shows the results of the predicted threshold values for Imag necessary to satisfy the UL1699 eight 

half-cycle criterion, compared to the actual results as shown in Figure 17. Four calculations were 

conducted, using either 75% or 80% of short-circuit current at the threshold, as well as presence or 

absence of the point contact resistance, RC. The results show that the original formula derived in Ref. 7 

fails to accurately predict the maximum magnetic trip level required for passing UL1699. As was observed 

in Part I, the formula tends to break down as available fault current increases for point contact arcing tests 

as Issc increases. Changing the threshold to 75% also fails to compensate for this contact resistance. The 

values for the calculations that incorporate RC show that the effect is a constant deviation of the predicted 

and actual results, showing that the proposed value of 30 mΩ for RC compensates for the contact 

resistance. Therefore, the value for RC is observed as necessary for accurate prediction of a maximum 

value for the magnetic trip level of a circuit breaker. 
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The calculations combining RC and the new threshold value of 75% of short-circuit current shows values 

that are approximately 20A lower than the actual threshold. These calculations suggest that both lowering 

the threshold value to 75% and adding the RC value doubly compensates for the point contact resistance: 

though the assessment shown in Figure 12 shows threshold of 75%, this does not consider any additional 

term for RC, which has the effect of lowering all predicted values. Therefore, adding RC to the formula 

compensates for the needed reduction in the threshold, without a need to also reduce the threshold from 

80% to 75%. Calculations using 80% and RC substantiate this, as shown in Table 9. 

 

 

Conclusions 
 

The results of Part II were intended to address the following concerns: 

 

 Evaluate and/or correct differences in circuit impedance among different arcing tests, particularly 

potential apparatus issues in the point contact arcing test. 

 Determine whether any additional changes were needed to the mathematical relationship relating 

breaker magnetic trip level, available panelboard current, and run length. 

 Reevaluate mathematical relationship with added experimental data that incorporates varying run 

lengths from 15 to 50 feet. 

 

 

Circuit Impedance Considerations 
 

The short-circuit current results shown in Task 1 suggest that the impedance of each test type (the point 

contact arcing test as well as the two carbonized path arcing tests) were successfully matched to one 

another so that accurate comparisons between each could be made. Modifications to the point contact 

arcing test apparatus were made to remove any additional contact resistances in the circuit, specifically 

aged or differing terminal styles. Subsequent results showed that the point contact arcing test continued 

to exhibit an additional series resistance that was absent in the carbonized path arcing tests. Comparison 

of the short circuit current data between bolted fault shorting and shorts created using the guillotine blade 

show that the additional series resistance is due to the guillotine blade and/or the contact resistance 

between the blade and the conductors. Though there was variability in the calculated contact resistance, 

this variability was within an order of magnitude. A final decision was made to use 30 mΩ as the contact 

resistance value (denoted as RC in this work). This was found to be the largest calculated value; therefore 

a level of conservatism is gained using this value. Additionally, the 30 mΩ value was found at the highest 

short-circuit current test conditions used in this work (500A available and 15 foot home run length), where 

the series contact resistance would have the greatest influence on circuit behavior. 
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Changes to Mathematical Relationship 
 

The additional testing completed in Part II of this work resulted in a large data set of more than 2,200 

individual arcing tests, spanning a larger range of fault currents than in the previous works. Considering 

also that data in Part I showed that the mathematical relationship derived in Ref. 7 failed to predict circuit 

breaker performance for some point contact tests, there was a need to reevaluate the assumptions used 

in the derivation of the relationship. Therefore, circuit breaker performance in terms of normalized 

magnetic trip current (the ratio of short-circuit current to the magnetic trip level of the circuit breaker) was 

evaluated against number of arcing half-cycles and total energy release. This analysis suggested the 

magnetic trip level needs to be set so that it is a factor of 1.33 above that of the short-circuit current. 

Conversely, this means that the peak arcing current is expected to be 75% of peak short-circuit current. 

 

Comparison of Calculated Results to Arcing Data 
 

Combining this new threshold with the contact resistance RC, a new mathematical relationship was 

derived. Using the 75% threshold and RC resulted in predictions that were 20A lower than the actual 

threshold values. This added conservatism can be explained by the fact that the evaluation of the 

threshold value utilized data without consideration of the additional contact resistance. When the contact 

resistance is added in, this has the effect of further lowering the calculated value for Imag, for both 

carbonized path and point contact arcing, and at all current levels. Therefore, the 5% lowering that was 

calculated can be obtained through the added value for RC, and therefore the originally proposed 

threshold value of 80% can be maintained. A calculation using the 80% value with the added contact 

resistance value results in predicted Imag values that are consistently within 10A of the actual value. 

Considering that the magnetic trip level of each breaker was calculated to ±5A, these values can be 

considered as accurately predicting circuit breaker performance. 

 

 

Summary 
 

In summary, the following key points are a result of this work: 

 

 Point contact arcing introduces an additional series resistance that tends to reduce the available 

short-circuit current. Short-circuit tests both with the guillotine blade and using a bolted fault show 

that this contact resistance is estimated to be between 5 and 30 mΩ. Though this series 

resistance is not present in carbonized path arcing, it is recommended it be used for all 

calculations since the type of arcing occurring during a fault will not likely be known in a real-world 

situation. 



 Evaluation of Run Length and Available Current on 

 Breaker Ability to Mitigate Parallel Arcing Faults 

 

 

  

 

  

page 45 

 

 The final mathematical relationship is the following, using the 80% threshold as before, but with 

an added term to compensate for point contact resistance: 

 

௠௔௚ܫ ൏ 0.8 ∙ ௥ܸ௠௦ ቆ2ߩ௅ܮ ൅
௥ܸ௠௦

௣௦௦௖ܫ
൅ ܴ஼ቇ

ିଵ

 

or in terms of run length: 

 

ܮ௅ߩ ൏
௥ܸ௠௦

2
ቆ
0.8
௠௔௚ܫ

െ
1

௣௦௦௖ܫ
െ

ܴ஼
௥ܸ௠௦

ቇ 

 

In this work, an RC of 30 mΩ was found to accurately match the point contact results. 

 This revised mathematical relationship was found to accurately predict the ability of a circuit 

breaker to mitigate a parallel arcing fault in the home run. This was proven for available 

panelboard currents of 500A and 1000A, with home run lengths from 15 feet to 50 feet. It is 

anticipated that this relationship will apply for other panelboard currents, home run lengths, and 

cable gauges. 

 Temperature considerations are not included in these calculations; the effects of temperature 

were covered in Part I of this work and still apply. 
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Appendix A – Discussion of Breaker Outlier Data 
 

Out of 2,239 individual arcing tests conducted in Parts I and II of this work, the results of a single test fell 

significantly outside of the analysis. Therefore, the data from that test were removed from consideration 

and details included here so that further failure analysis can be conducted. Note that in Part I several 

other circuit breaker tests were identified as anomalous: however, the results from Part II show that all but 

the single event included here were either erroneously identified due to the shortcomings of the prior 

mathematical relationship (for example, the point contact resistance RC was not included and the 

threshold was set to 80% of short-circuit current, not 75%), or were identified as faulty due to 

instrumentation issues. The improvements in experiment and analysis described in Part II of this work 

show that the results of only one test remain unexplained. 

 

 

Description of Test 
 

The single test that falls outside the analysis was encountered with a single circuit breaker from 

Manufacturer A. The breaker was identified as Breaker No. 14 and was observed on Iteration No. 4. The 

test conditions were 1000A available panelboard current and 50 foot home run length. The test type was 

the modified UL1699, Section 40.4 arcing test. The magnetic trip level of the circuit breaker was 190 Arms 

(269 Apeak) and the Issc for the test was 304.8A (Īmag = 1.60, or 1/1.60 = 63%). These values predict that 

the circuit breaker will trip within the eight arcing half-cycle criterion, but 18 arcing half-cycles were 

recorded. Total arc energy released was 1979 J, or a 23% probability of cable insulation ignition. This 

circuit breaker passed the other nine arcing tests at the same Issc, as shown in Table 10. 

 

Table 10. Carbonized arc testing data for Breaker 14 from Manufacturer A, which showed one test failure. 

Test 

(40.x) 

Iteration 

Number 

Number Arcing 

Half-Cycles 

Breaker 

Trip? 

Test 

(40.x) 

Iteration 

Number 

Number Arcing 

Half-Cycles 

Breaker 

Trip? 

3 1 1 Y 4 1 2 Y 

3 2 1 Y 4 2 1 Y 

3 3 1 Y 4 3 2 Y 

3 4 1 Y 4 4 18 N 

3 5 2 Y 4 5 2 Y 
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Table 11. Parametric data on each arcing half-cycle for Manufacturer A, Breaker 14, Iteration 4, 40.4 Test 
for 1000A available and 50 foot run length. 

Half-

Cycle 

Number 

Strike 

Angle 

(deg) 

Stop 

Angle 

(deg) 

Strike 

Voltage 

(V) 

Stop 

Voltage 

(V) 

Arc 

Energy 

(J) 

Peak 

Current 

(A) 

Voltage 

at Peak 

Curr (V) 

Duration 

(ms) 

1 29.53 174.38 146.50 20.98 72.88 332.47 88.89 6.706 

2 37.41 176.77 98.46 19.92 131.48 370.62 94.53 6.452 

3 28.94 176.78 80.31 20.16 137.90 376.29 93.36 6.844 

4 34.88 176.52 93.40 21.01 133.98 372.95 93.86 6.557 

5 21.89 174.49 59.97 27.30 138.92 365.47 95.53 7.065 

6 33.53 174.36 85.87 26.98 133.59 366.76 93.79 6.520 

7 28.70 172.25 78.35 35.72 134.87 372.04 92.50 6.646 

8 28.30 175.56 75.86 24.07 134.75 344.77 99.59 6.818 

9 35.72 171.67 92.23 36.50 129.86 353.82 96.11 6.294 

10 39.34 174.33 102.43 27.65 128.59 356.59 95.88 6.250 

11 99.90 174.41 160.68 26.93 48.19 301.07 85.20 3.450 

12 111.80 174.54 149.74 27.14 31.29 257.90 76.16 2.905 

20 87.07 173.95 158.82 29.06 69.12 334.05 90.25 4.022 

23 75.10 171.34 150.71 39.34 87.27 345.24 94.93 4.456 

25 59.57 173.49 136.14 30.27 108.98 347.31 97.66 5.274 

26 64.75 172.53 142.41 33.96 100.94 349.18 94.99 4.990 

27 37.67 174.86 95.29 25.28 127.39 340.93 99.79 6.351 

28 31.86 172.09 89.84 34.72 128.86 329.01 100.77 6.492 

 

Table 12. Parametric data on each arcing half-cycle for Manufacturer A, Breaker 14, Iterations 1, 2, 3, 
and 5, 40.4 Test for 1000A available and 50 foot run length. 

Iteration 

No 

Half-

Cycle 

No 

Strike 

Angle 

(deg) 

Stop 

Angle 

(deg) 

Strike 

Voltage 

(V) 

Stop 

Voltage 

(V) 

Arc 

Energy 

(J) 

Peak 

Current 

(A) 

Voltage 

at Peak 

Curr (V) 

Duration 

(ms) 

1 1 97.87 172.42 143.84 33.11 52.60 235.78 92.29 3.451 

1 2 41.42 175.60 86.56 34.62 125.16 332.34 100.72 6.212 

2 1 59.89 168.35 127.22 47.07 104.68 341.19 96.75 5.021 

3 1 0.67 166.07 11.88 25.06 24.56 224.33 73.33 7.657 

3 2 36.19 176.88 82.63 20.81 129.94 356.54 95.20 6.513 

5 1 15.82 169.86 112.12 26.76 13.76 176.10 60.10 7.131 

5 2 66.85 175.69 138.04 32.19 96.35 351.76 94.81 5.039 



 

 

 

 

  

 

  

page 48 

 

Appen
 

This secti

show the 

of point co

 

 

Strike a
 

Strike ang

of di/dt. P

0 and 180

defined th

18, Figure

40.4, and 

reflecting 

threshold 

duration o

40.3 arcin

this thresh

contact, w

widely dis

blade at th

 

ndix B – A

on includes a

statistical diff

ontact arcing.

and Stop A

gle is defined 

hase angle is

0 degrees. De

he same as st

e 19, and Figu

40.5 arcing t

the need for 

in more defin

of their occurr

ng events than

hold voltage, 

which is indep

stributed, aga

he arcing con

Additiona

additional stat

ferences betw

. 

Angle 

as the phase

s defined relat

etection is aut

trike angle, bu

ure 20 show t

ests, respect

a minimum vo

ned in 40.4 te

rence, and the

n for 40.4 eve

since the arc 

pendent of sup

in affected by

ntact point. 

al Statistic

tistical informa

ween the two 

e angle where

tive to the vol

tomated throu

ut designates

the strike and

ively. Strike a

oltage to be a

sts than 40.3

e fact that the

ents. The poin

strike is depe

pply voltage. 

y removal of th

Evaluation

Breake

cal Data f

ation on the a

carbonized p

e the arcing cu

ltage supply w

ugh LabVIEW

s the phase an

d stop angle d

angle for carb

attained befor

tests. 40.3 d

e carbonized p

nt contact arc

endent on the

The stop volt

he guillotine b

 

n of Run Len

er Ability to M

for Arcin

arcing tests us

ath arcing tes

urrent begins

waveform, wit

W software. St

ngle where th

distributions fo

onized path t

re an arc will 

ata may be m

path is less d

cing strike volt

e guillotine bla

tage for point 

blade, or from

ngth and Ava

Mitigate Para

g Tests 

sed in this an

sts, as well as

s, defined at th

th the zero cr

top angle is d

he arcing curr

or the UL1699

tests show a t

strike. Note th

more spread d

efined and sh

tage (40.5) sh

ade establish

contact arcin

m damage/des

ailable Curre

allel Arcing F

nalysis. These

s the differenc

he maximum 

rossings defin

etected and 

rent ends. Fig

9, Sections 40

threshold valu

hat this voltag

due to the sho

horter-lived fo

how an absen

hing a point 

ng is also mor

struction of th

ent on 

Faults 

e data 

ces 

value 

ned at 

gure 

0.3, 

ue, 

ge 

orter 

or 

nce of 

re 

he 

 



 

 

 

 

  

 

  

page 49 

 

Figure 18
to UL1699

Figure 19
to method
applied w

 

 

Figure 20
UL1699, S

 

 

Arc En
 

Shown in 

work.  The

included h

. (Left) Strike 
9, Section 40

. (Left) Strike 
ds described i
ithout phase 

. (Left) Strike 
Section 40.5. 

ergy 

this section is

ere was an is

here. The arc

angle and (ri
.3. 

angle and (ri
in UL1699, Se
angle control

angle and (ri

s the arc ene

sue with the e

energy analy

ight) stop ang

ight) stop ang
ection 40.4. (
, influencing t

ight) stop ang

rgy per half-c

energy calcul

yzed in this se

Evaluation

Breake

gle for carbon

  

gle for carbon
Excludes the
the measured

  

gle point conta

cycle, for the 4

lation for 40.3

ection were n

n of Run Len

er Ability to M

nized path arc

nized path arc
 1st arcing ha

d strike angle

act arcing tes

40.4 and 40.5

3 tests, and th

normalized pe

ngth and Ava

Mitigate Para

cing tests, con

cing tests, con
alf-cycle, since
.) 

sts, conducted

5 arcing tests 

herefore the d

er unit Ampere

ailable Curre

allel Arcing F

nducted acco

nducted acco
e the voltage 

d according to

conducted in

data are not 

e, based on th

ent on 

Faults 

rding 

 

rding 
was 

 

o 

n this 

he 



 

 

 

 

  

 

  

page 50 

 

short-circu

in Figure 2

peak volta

 

Figure 21
Section 40

 

Normal
 

The norm

normalize

distributio

0.8. Addit

path data

blade. 

 

 

uit current, Iss

21. The point

age values. H

. Normalized 
0.4 methods. 

lized Peak

alized peak c

ed to the peak

ons for each o

ional values b

, which is refl

sc. More detai

t contact data

However, the n

energy per a
(Right) point

k Current 

current is defin

k short-circuit 

of the three ar

below the me

ective of the s

ls on the arcin

a show some 

nature of this 

arcing half-cyc
contact arcin

ned as the m

current. Data

rcing types, w

dian are foun

series resista

Evaluation

Breake

ng energy be

bimodality, w

voltage effec

   

cle. (Left) carb
ng according t

aximum curre

a are shown in

with median no

nd for the poin

ance attributed

n of Run Len

er Ability to M

ehavior can be

which is related

ct was not inv

bonized path 
to UL1699, S

ent magnitude

n Figure 22. T

ormalized cur

nt contact dat

d to the conta

ngth and Ava

Mitigate Para

e found in Re

d to bimodalit

vestigated. 

arcing based
Section 40.5. 

e within an ar

The data show

rrent values b

ta relative to t

act resistance

ailable Curre

allel Arcing F

ef. 7. This is s

ty observed in

d on UL1699 

rcing half-cyc

w similar 

between 0.7 a

the carbonize

e of the guillot

ent on 

Faults 

hown 

n the 

 

le, 

and 

ed 

tine 



 

 

 

 

  

 

  

page 51 

 

Figure 22
Section 40

 
 
 
 
 

Appen
 

Another fa

independe

temperatu

breaker, m

unit length

experimen

the follow

 

. Peak curren
0.4 carbonize

ndix C – T

actor affecting

ently from the

ure, the short-

may need to b

h is usually lis

ntal work was

ing expressio

nt distributions
ed path arcing

Temperat

g the availabl

e temperature

-circuit fault c

be adjusted fo

sted in the lite

s conducted h

on: 

s for (top left)
g test, and (bo

ure Cons

e short-circui

e of the circuit

current, and th

or different ca

erature at 25°

herein. Conve

Evaluation

Breake

 

) Section 40.3
ottom) Sectio

sideration

t current is th

t breaker. As 

herefore the n

able temperat

C (room temp

ersion betwee

n of Run Len

er Ability to M

3 carbonized p
n 40.5 point c

ns 

he cable temp

the resistanc

necessary ma

tures. It is not

perature), as 

en resistances

ngth and Ava

Mitigate Para

 

path arcing te
contact arcing

perature, whic

ce of a cable w

agnetic trip lev

ted that cable

was the temp

s can be acco

ailable Curre

allel Arcing F

est, (top right)
g test. 

ch is likely to v

will change w

vel of the circ

e resistance p

perature that 

omplished usi

ent on 

Faults 

 

) 

vary 

with 

cuit 

per 

the 

ing 



 Evaluation of Run Length and Available Current on 

 Breaker Ability to Mitigate Parallel Arcing Faults 

 

 

  

 

  

page 52 

 

ଶܶ ൌ
ܴଶ
ܴଵ
ሺ݇ ൅ ଵܶሻ െ ݇ 

 

where R2 is the resistance at temperature T2, R1 is the resistance at temperature T1, and k is the 

coefficient of resistance (for copper, k is equal to 234.5°C). Using this formula to solve for R2, the 

equivalent resistance at 25°C can be adjusted to any desired temperature, for example for converting to 

90°C: 

90 ൌ
ܴଶ

2.525	
ሺ234.5 ൅ 25ሻ െ 234.5 

 

Solving for R2 gives a resistance of 3.157 mΩ/ft at 90°C for 14 AWG copper. Similar calculations can be 

made for other cable temperatures. These values for ρL can then be inserted into the equation relating 

cable length to magnetic trip levels to determine maximum magnetic trip levels. 

 

 

 

Table 13. Calculated resistance per foot for 14 AWG cable and maximum allowable magnetic trip level for 
different cable temperatures, 500A available and 50 foot home run length. 

Temperature, °C −35 −10 0 10 25 40 60 90 

ρL(T), mΩ/foot 14AWG 1.941 2.184 2.282 2.379 2.525 2.671 2.866 3.157 

ρL(T), mΩ/foot 12AWG 1.221 1.374 1.435 1.496 1.588 1.680 1.802 1.986 

 

 

 
 
Appendix D – Table of Calculations for Mathematical Formula 
 

Assumptions: RC = 30 mΩ; Vrms = 120V; 14 AWG ρL at 25°C = 2.525 mΩ/ft, 12 AWG ρL at 25°C = 

1.588 mΩ/ft , clean electrical-grade copper conductors, and varies according to the relationship in 

Appendix C (see Table 13). 
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Table 14. Predicted maximum magnetic trip level to meet UL1699 criterion, 14 AWG copper. 

  Available Panelboard Current, Arms 

Temperature, 

°C 

Run 

Length, ft 
500 750 1000 2000 3000 5000 7500 10000 

25 

0 356 505 640 1067 1371 1778 2087 2286 

1 349 492 619 1010 1279 1626 1881 2040 

2 343 480 600 959 1199 1498 1711 1843 

5 325 446 548 833 1008 1211 1347 1428 

10 300 399 479 683 797 919 995 1038 

15 278 361 425 579 659 740 789 815 

20 259 330 382 503 561 619 653 671 

30 228 281 318 398 433 467 486 496 

40 203 245 273 329 353 375 387 393 

50 184 217 239 280 298 313 322 326 

75 148 169 182 205 214 222 226 228 

100 124 138 147 161 167 172 174 176 

150 93 101 106 113 116 118 119 120 

200 75 80 83 87 89 90 91 91 

500 34 35 36 37 37 37 37 37 

40 

0 356 505 640 1067 1371 1778 2087 2286 

1 349 491 618 1007 1274 1618 1870 2028 

2 342 478 597 953 1190 1484 1694 1822 

5 324 443 543 823 993 1189 1320 1397 

10 297 394 472 669 778 894 966 1006 

15 274 355 417 564 639 716 761 786 

20 255 323 374 488 543 597 628 645 

30 223 274 309 384 417 448 465 475 

40 198 238 264 316 338 359 370 375 

50 179 210 230 269 285 299 307 311 

75 143 163 174 196 204 211 215 217 

100 119 133 140 154 159 163 165 167 

150 90 97 101 108 110 112 113 114 

200 72 76 79 83 84 86 86 86 

500 33 34 34 35 35 35 35 35 
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Table 15. Predicted maximum magnetic trip level to meet UL1699 criterion, 14 AWG copper. 

  Available Panelboard Current, Arms 

Temperature, 

°C 

Run 

Length, ft 
500 750 1000 2000 3000 5000 7500 10000 

60 

0 356 505 640 1067 1371 1778 2087 2286 

1 348 490 616 1003 1268 1607 1856 2011 

2 341 477 595 946 1178 1466 1671 1796 

5 321 439 537 809 973 1161 1286 1359 

10 293 388 463 652 754 862 929 967 

15 270 348 407 546 615 686 727 750 

20 250 315 363 469 520 569 598 613 

30 217 265 298 366 397 425 440 449 

40 192 229 253 301 321 339 349 354 

50 172 201 220 255 269 282 289 292 

75 137 155 166 185 192 198 202 203 

100 114 126 133 145 149 153 155 156 

150 85 91 95 101 103 105 106 106 

200 68 72 74 78 79 80 81 81 

500 31 31 32 32 33 33 33 33 

90 

0 356 505 640 1067 1371 1778 2087 2286 

1 347 489 614 997 1258 1592 1835 1987 

2 340 474 590 935 1162 1441 1637 1757 

5 318 433 529 790 945 1122 1238 1305 

10 288 379 450 627 721 820 880 913 

15 263 337 392 520 583 646 682 702 

20 242 304 347 444 489 533 557 570 

30 209 253 283 344 370 394 408 415 

40 184 217 238 280 298 313 322 326 

50 164 190 206 237 249 260 265 268 

75 129 145 154 170 177 182 185 186 

100 107 117 123 133 137 140 142 143 

150 79 84 88 93 94 96 97 97 

200 63 66 68 71 72 73 73 74 

500 28 29 29 30 30 30 30 30 
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Table 16. Predicted maximum magnetic trip level to meet UL1699 criterion, 12 AWG copper. 

  Available Panelboard Current, Arms 

Temperature, 

°C 

Run 

Length, ft 
500 750 1000 2000 3000 5000 7500 10000 

25 

0 356 505 640 1067 1371 1778 2087 2286 

1 351 497 627 1030 1312 1679 1952 2125 

2 347 489 614 996 1257 1591 1834 1985 

5 336 466 579 907 1118 1374 1551 1659 

10 318 433 528 788 943 1119 1235 1302 

15 302 404 486 697 816 945 1025 1071 

20 288 379 450 625 719 817 877 910 

30 263 337 391 518 581 643 680 699 

40 242 303 347 442 487 530 555 568 

50 224 275 311 386 420 451 469 478 

75 189 224 247 293 311 329 338 343 

100 163 189 205 236 248 258 264 267 

150 129 144 153 169 176 181 184 185 

200 106 116 122 132 136 139 141 142 

500 52 54 55 57 58 58 59 59 

40 

0 356 505 640 1067 1371 1778 2087 2286 

1 351 496 626 1028 1309 1674 1945 2116 

2 347 488 613 993 1251 1581 1821 1970 

5 335 464 576 899 1106 1356 1529 1633 

10 316 429 523 777 927 1096 1206 1270 

15 300 399 479 684 797 920 996 1039 

20 285 373 442 611 700 792 848 879 

30 259 330 383 503 562 620 654 672 

40 237 296 338 428 470 510 532 544 

50 219 268 302 372 403 432 449 457 

75 184 217 239 281 298 314 322 327 

100 158 183 198 225 236 246 251 254 

150 124 138 147 162 167 172 175 176 

200 102 111 117 126 129 132 134 134 

500 49 51 52 54 55 55 56 56 
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Table 17. Predicted maximum magnetic trip level to meet UL1699 criterion, 12 AWG copper. 

  Available Panelboard Current, Arms 

Temperature, 

°C 

Run 

Length, ft 
500 750 1000 2000 3000 5000 7500 10000 

60 

0 356 505 640 1067 1371 1778 2087 2286 

1 351 496 625 1026 1304 1667 1935 2105 

2 346 487 611 988 1243 1568 1804 1951 

5 333 461 571 889 1091 1333 1500 1599 

10 314 425 516 762 905 1066 1170 1230 

15 296 393 470 666 774 888 959 999 

20 281 366 432 592 676 761 813 842 

30 254 322 372 485 539 592 623 639 

40 232 287 326 410 448 484 505 516 

50 213 259 291 355 384 410 424 432 

75 178 209 228 266 282 296 304 307 

100 152 174 188 213 223 232 236 239 

150 118 131 139 152 157 161 164 165 

200 97 105 110 118 121 124 125 126 

500 46 48 49 51 51 52 52 52 

90 

0 356 505 640 1067 1371 1778 2087 2286 

1 350 495 623 1022 1298 1656 1921 2088 

2 345 485 608 980 1232 1550 1780 1922 

5 331 457 565 874 1068 1300 1458 1552 

10 310 418 506 740 875 1024 1120 1175 

15 291 385 458 642 741 845 909 945 

20 275 356 418 567 642 719 765 791 

30 247 311 357 459 508 554 581 596 

40 224 275 311 386 419 451 469 478 

50 205 247 275 333 357 380 392 399 

75 169 197 214 247 261 273 279 282 

100 144 163 175 197 205 213 217 219 

150 111 122 129 140 144 148 150 151 

200 90 98 102 109 111 113 114 115 

500 43 44 45 46 47 47 47 47 
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Table 18. Maximum run length to meet UL1699 criterion, 14 AWG copper. 

  Available Panelboard Current, Arms 

Temperature, 

°C 

Mag Trip, 

Arms 
500 750 1000 2000 3000 5000 7500 10000 

25 

120 105 121 129 141 145 148 149 150 

140 82 98 106 118 122 125 127 127 

160 65 81 89 101 105 108 110 110 

180 52 68 76 88 92 95 97 97 

200 42 57 65 77 81 84 86 87 

220 33 49 57 69 73 76 77 78 

240 26 42 50 61 65 69 70 71 

260 20 35 43 55 59 62 64 65 

280 14 30 38 50 54 57 59 60 

300 10 26 34 46 50 53 54 55 

320 6 22 30 42 46 49 50 51 

340 2 18 26 38 42 45 47 48 

360 – 15 23 35 39 42 44 44 

380 – 12 20 32 36 39 41 42 

400 – 10 18 30 34 37 38 39 

40 

120 99 114 122 133 137 140 141 142 

140 78 93 100 112 115 118 120 121 

160 62 77 84 95 99 102 104 104 

180 49 64 72 83 87 90 91 92 

200 39 54 62 73 77 80 81 82 

220 31 46 54 65 69 72 73 74 

240 24 39 47 58 62 65 66 67 

260 19 34 41 52 56 59 61 61 

280 14 29 36 47 51 54 56 56 

300 9 24 32 43 47 50 51 52 

320 6 21 28 39 43 46 48 48 

340 2 17 25 36 40 43 44 45 

360 – 14 22 33 37 40 41 42 

380 – 12 19 30 34 37 39 39 

400 – 9 17 28 32 35 36 37 
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Table 19. Maximum run length to meet UL1699 criterion, 14 AWG copper. 

  Available Panelboard Current, Arms 

Temperature, 

°C 

Mag Trip, 

Arms 
500 750 1000 2000 3000 5000 7500 10000 

60 

120 92 106 113 124 127 130 132 132 

140 73 86 93 104 107 110 112 112 

160 58 72 79 89 92 95 97 97 

180 46 60 67 77 81 84 85 86 

200 37 51 58 68 72 74 76 76 

220 29 43 50 60 64 67 68 69 

240 23 37 44 54 58 60 62 62 

260 17 31 38 49 52 55 56 57 

280 13 27 34 44 48 50 52 52 

300 9 23 30 40 44 46 48 48 

320 5 19 26 37 40 43 44 45 

340 2 16 23 34 37 40 41 42 

360 – 13 20 31 34 37 38 39 

380 – 11 18 28 32 35 36 37 

400 – 9 16 26 30 32 34 35 

90 

120 84 97 103 112 116 118 119 120 

140 66 79 85 94 98 100 101 102 

160 52 65 71 81 84 86 88 88 

180 42 54 61 70 73 76 77 78 

200 33 46 52 62 65 67 69 69 

220 26 39 45 55 58 61 62 62 

240 21 33 40 49 52 55 56 57 

260 16 28 35 44 47 50 51 52 

280 12 24 31 40 43 46 47 48 

300 8 21 27 36 40 42 43 44 

320 5 17 24 33 36 39 40 41 

340 2 15 21 30 34 36 37 38 

360 – 12 18 28 31 34 35 36 

380 – 10 16 26 29 31 33 33 

400 – 8 14 24 27 29 31 31 
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Table 20. Maximum run length to meet UL1699 criterion, 12 AWG copper. 

  Available Panelboard Current, Arms 

Temperature, 

°C 

Mag Trip, 

Arms 
500 750 1000 2000 3000 5000 7500 10000 

25 

120 167 192 205 224 230 235 237 239 

140 131 156 169 188 194 199 201 203 

160 104 129 142 161 167 172 174 176 

180 83 108 121 140 146 151 153 155 

200 66 91 104 123 129 134 137 138 

220 52 78 90 109 115 120 123 124 

240 41 66 79 98 104 109 111 113 

260 31 56 69 88 94 99 102 103 

280 23 48 61 80 86 91 93 95 

300 16 41 54 72 79 84 86 88 

320 9 35 47 66 72 77 80 81 

340 4 29 42 61 67 72 74 76 

360 – 24 37 56 62 67 69 71 

380 – 20 32 51 58 63 65 66 

400 – 16 28 47 54 59 61 62 

40 

120 158 182 193 211 217 222 224 226 

140 124 148 159 177 183 188 190 192 

160 98 122 134 152 158 163 165 166 

180 78 102 114 132 138 143 145 146 

200 63 86 98 116 122 127 129 130 

220 50 73 85 103 109 114 116 117 

240 39 63 74 92 98 103 105 107 

260 30 53 65 83 89 94 96 97 

280 22 45 57 75 81 86 88 90 

300 15 39 51 68 74 79 82 83 

320 9 33 45 63 68 73 76 77 

340 4 27 39 57 63 68 70 72 

360 – 23 35 53 59 63 66 67 

380 – 19 31 48 54 59 61 63 

400 – 15 27 45 51 55 58 59 
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Table 21. Maximum run length to meet UL1699 criterion, 12 AWG copper. 

  Available Panelboard Current, Arms 

Temperature, 

°C 

Mag Trip, 

Arms 
500 750 1000 2000 3000 5000 7500 10000 

60 

120 147 169 180 197 203 207 209 210 

140 115 138 149 165 171 175 178 179 

160 92 114 125 142 147 151 154 155 

180 73 95 106 123 129 133 135 136 

200 58 80 92 108 114 118 120 122 

220 46 68 79 96 102 106 108 109 

240 36 58 69 86 92 96 98 99 

260 28 50 61 77 83 87 90 91 

280 20 42 54 70 76 80 82 83 

300 14 36 47 64 69 74 76 77 

320 8 31 42 58 64 68 70 72 

340 3 26 37 53 59 63 66 67 

360 – 21 32 49 55 59 61 62 

380 – 17 28 45 51 55 57 58 

400 – 14 25 42 47 52 54 55 

90 

120 133 154 164 179 184 188 190 191 

140 105 125 135 150 155 159 161 162 

160 83 103 113 128 133 137 139 140 

180 66 86 97 112 117 121 123 124 

200 53 73 83 98 103 107 109 110 

220 42 62 72 87 92 96 98 99 

240 33 53 63 78 83 87 89 90 

260 25 45 55 70 75 79 81 82 

280 18 38 49 64 69 73 75 76 

300 13 33 43 58 63 67 69 70 

320 8 28 38 53 58 62 64 65 

340 3 23 33 48 53 57 60 61 

360 – 19 29 44 50 54 56 57 

380 – 16 26 41 46 50 52 53 

400 – 13 23 38 43 47 49 50 

 

 


