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ABSTRACT 
 From the time CSST (corrugated stainless steel tubing) began to take a significant share of the residential 

fuel gas piping market from black iron pipe, lightning-caused fires involving CSST have been a frequent topic of 

discussion in the forensic science and engineering business.
1
  We believe that it now has become widely accepted 

that arcs resulting even from indirect lightning strikes at a residence can cause hole formation in CSST, allowing 

release of fuel gas.  However, we are aware that for some forensic science and engineering experts, doubt remains 

that the arc which caused the hole in the CSST also will ignite the escaping gas and that a sustained flame will 

result.  Some forensic experts believe that the hole-causing arc either cannot – or, at least, is unlikely to – ignite the 

gas, and that if ignition does occur, the high speed of the gas jet from the hole will cause blow-out of the flame 

following ignition. 
 
Our opinion on this matter, based on many years of field evidence and observations, is that the arc which creates the 

hole in the CSST can ignite the fuel gas released from the hole.  Further, we believe that a sustained flame can result 

following ignition of the fuel gas.  The testing and analysis presented in the following paper validate these opinions.  

Based on this work, we believe it is evident that creation of a hole in CSST, followed by ignition of escaping gas 

and a sustained fuel gas flame can, and often will, result when typical CSST gas piping systems are subjected to 

lightning strikes. 
 

BACKGROUND 
  Over the last ten years or so, in the regional area which the authors most commonly serve – 

primarily Texas and surrounding states – installation of CSST in residential gas piping has burgeoned, 

now dominating that market.  In other areas of the USA where new construction has trended upward, 

CSST similarly has found wide application.  While there are several manufacturers of CSST, initially all 

of them offered CSST products comprising only thin-walled, corrugated, stainless steel tubing surrounded 

by an electrically nonconductive (dielectric), plastic jacket.  More recently, manufacturers have begun to 

offer CSST sheathed in conductive plastic jackets.
2
  One manufacturer also includes aluminum mesh, 

between two layers of conductive plastic jacketing.
3
  These newer products have been marketed as being 

more resistant to lightning damage than the older, nonconductive-plastic-jacketed CSST, and we expect 

that they are, in fact, more lightning-resistant. 

  

Since the older product – corrugated stainless steel tubing with a nonconductive plastic jacket – was the 

first type of CSST sold, it probably is the most common type of CSST in existing installations at the 

present time, summer 2014.  It is this product, CSST with a nonconductive plastic jacket, which we used 

in the testing described in this paper. 

 

In more than 300 cases in the field, the authors have documented evidence indicating that when lightning 

directly or indirectly struck a residence, CSST became energized, arcing created a hole, and ignition of 

gas and a sustained flame resulted. 

 

   

 



Our hypothesis has been that the following sequence occurs: 

  

1 - Lightning strikes the residence, either energizing the CSST to a high voltage with respect to 

ground, or energizing some other system in the house which normally is at, or near, ground 

potential.  Examples would be electrical wiring, communication cabling, and metallic piping.  In 

either case, the result is that a high potential difference (high voltage) is created between the 

CSST and some nearby, conductive object. 

  

2 - High voltage in the energized CSST electrically breaks down the plastic jacket in a small area. 

  

3 - If the nearby object is insulated, such as electrical wiring, high voltage also breaks down that 

insulation.  (If the nearby object is bare metal, no breakdown of insulation is required.) 

  

4 - Air between the CSST and nearby object breaks down, and an arc forms and current flows 

between the CSST and the object.  It should be noted that steps 2, 3, and 4 occur almost 

simultaneously. 

  

5 – Localized heating from the arc melts a hole in the stainless steel tubing of the CSST.  

Typically, the other object also will experience some degree of melting from the arc. 

  

6 – Fuel gas begins to escape from the CSST hole. 

  

7 – Almost immediately, the ongoing arc ignites the escaping gas, in the region between the jet 

proper and the surrounding air, where an ignitable mixture exists.   

  

8 – If the flaming gas jet then impinges upon a nearby object – i.e., if the flow of the gas jet 

“stagnates” – sustained burning may result.  Flow stagnation reduces the speed of the jet and also 

creates turbulence, increasing the mixing of the gas with air.  However, in the absence of an 

object to slow the gas jet, the flame will likely blow out.  The theoretical speed of the gas jet 

exceeds the flame propagation rate of a natural gas/air mixture.   

  

Note: The theoretical speed of a natural gas jet, exiting a perfect convergent nozzle, 

driven by typical residential gas pressure of 1,740 pascals (7 in-w.c., or inches of water 

column), is approximately 70 meters per second (230 feet per second).  This is 

significantly faster than the flame propagation speed of a combustible mixture of natural 

gas and air, around 0.60 meters per second (2 feet per second).
4
  The flow velocity out of 

the initially small and somewhat irregular hole in the plastic CSST jacket can be expected 

to be much lower than the “perfect jet” speed.  (However, based on our test observations, 

sufficient speed often remains to cause flame blow-out.)   

 

9 – In the stagnation/sustained-flame case, if the object upon which the burning gas stagnates is 

combustible, it also catches fire.  In effect, the object becomes a “flame holder,” acting in some 

respects like the combustor section of a jet engine.  Also, even if the impinged-upon object isn’t 

combustible, it can still serve as a flame holder once heated by the flame. 

 

A typical lightning strike will have peak current in the range of 30,000 amps (30 kA), about 15 C of 

charge transfer (i.e., the number of coulombs), and will be driven by millions of volts of potential 

difference between the cloud base (or near the base) and ground.
5
  Large bolts of lightning can carry up to 

120 kA and around 350 coulombs.  About 95% (some sources cite 90%) of lightning strikes are of 

negative polarity: i.e., the bottom of the cloud is negative with respect to Earth, so electrons flow from 

cloud to Earth during the strike.  (Note that the direction of "conventional current," used in electrical 

engineering calculations, is arbitrarily defined as the flow direction of positive charges, which is from 

positive to negative.  This is opposite the flow direction of electrons, which are negatively charged and 

flow from negative to positive.)   About 5% to 10% of lightning strikes are of positive polarity, and they 

tend to be more powerful – more charge transfer, more current, – than negative strikes.  A bolt of positive 



lightning may carry an electric current of 300 kA (compare that with 120 KA for a large bolt of negative 

lightning), and the potential at the top of the cloud, from which positive bolts usually originate, may 

exceed a billion volts with respect to ground — about 10 times the voltage of negative lightning.  Since 

negative strikes are the most common, we performed our testing with the CSST at negative polarity with 

respect to the discharge electrode.  This simulates the case in which a negative lightning strike has 

energized the CSST, not the nearby conductive object discussed earlier.   

 

DESIGN OF TEST PROGRAM 
 We have been unable to find a standard which specifies a lightning resistance testing protocol for 

the older-style CSST with a nonconductive plastic jacket and, in fact, we believe there is no such 

standard.  However, LC1024, "PMG Listing Criteria for Conductive Jacketed Corrugated Stainless Steel 

Tubing," has been set forth by the International Code Council Evaluation Service (ICC-ES) for lightning 

resistance testing of the newer CSST products equipped with conductive jackets.
6
  The ICC-ES evaluates 

plumbing, mechanical, and gas products listed for use in the ICC codes.   The essential elements of that 

protocol are as follows: 

 

The conductive-jacketed CSST must resist an arc discharge transferring a minimum of 4.5 

coulombs (4.5 C) of charge.   

 

A brief note about coulombs: One coulomb of charge transfer is the movement from one 

place to another of a certain number of electrons, specifically, 6.241×10
18

 electrons.  A 

current of 1 amp transfers 1 coulomb of charge every second, a 100 amp current transfers 

1 coulomb of charge in 1/100 of a second, and so on.  Note that the current in a lightning 

simulation arc is not constant, nor does the current remain constant in a natural lightning 

strike.  One cannot multiply the peak amperage by the period of discharge to determine 

the number of coulombs.  Numerical integration of the amperage v. time curve is required 

to determine C, and that is what we have done in our data collection work. 

 

The minimum peak current during the discharge shall be 1,000 amps. 

 

The specified 4.5 coulombs must be delivered within 20 ms (milliseconds.) 

 

The gap between the discharge electrode and the CSST shall be 3.2 mm (1/8 inch) and the 

electrode shall be a metallic rod, 6.4 mm (1/4 inch) in diameter. 

 

Our testing emulates many respects of LC1024, though for our testing, we have made a few changes as 

appropriate and necessary.  These changes are listed and discussed as follows: 

 

First, our discharge electrodes were short lengths of nonmetallic (NM) sheathed cable such as 

used to wire houses.  This cable often is referred to as "Romex," although,  strictly speaking, 

“Romex” is a trademark of a particular brand of this cable.  Since we have so often observed the 

result of arcs from CSST to NM cable at fire scenes in the field, we believe that NM cable is a 

more appropriate choice than the bare, 6.4 mm (1/4 inch) diameter metal electrode specified by 

LC1024.   

 

Second, in our testing, we used an initial (pre-discharge) voltage of 15,000 volts, or 15 kV.  We 

estimate that a minimum of 60 to 80 kV would be required (1) to electrically break down and 

pierce both the nonconductive jacket of the CSST jacket and also the outside sheath of the NM 

cable and, (2) to jump the air gap between the CSST and electrode.  LC1024 does not specify a 

test voltage, but it probably is 15 kV or somewhat higher for the arc to reliably jump the specified 

3.2 mm (1/8 inch) air gap between the 6.4 mm (1/4 inch) metal electrode and the conductive-

jacketed CSST for which LC1024 was written. 

 

Continuing with the second point, in the LC1024 testing no insulating (nonconductive) materials 

must be pierced, but in our experimentation we needed to pierce two layers of insulation.  So, as 



other experimenters have done, we "pin-pricked" both the nonconductive plastic jacket of our 

CSST samples, and also the outside plastic sheath of our NM cable electrodes. Our 15 kV initial 

voltage easily jumped the gap when we used a 3.2 mm (1/8 inch) gap.  However, in half of our 

testing, we used a 19.1 mm (3/4 inch) gap, and 15 kV cannot jump a 19.1 mm (3/4 inch) gap.  

Thus, when we tested with a 19.1 mm (3/4 inch) gap, we used a commercially available, high-

voltage, high-frequency, AC power source which we have modified to deliver a single spark 

when triggered.  We shall refer to this as the "one-shot trigger."  During this "big gap" testing, an 

electrode from the one-shot trigger was brought into close proximity to the 19.1 mm (3/4 inch) air 

gap between the NM cable electrode and CSST.  Either by ionizing the air or by providing a 

"leader" arc – we are unsure of the exact mechanism – the one-shot trigger initiated the main 

discharge from our lightning test apparatus though, occasionally, it was necessary to fire the one-

shot trigger several times to initiate the main discharge.  It should be noted that the one-shot 

trigger discharge is very short in duration and of very low energy compared to the main 

discharge. 

 

Third, LC1024 specifies that the newer, conductive-jacket-type CSST being tested must 

withstand a minimum of 4.5 C to "pass" the test.  In our testing, we were not trying to establish a 

minimum pass/fail number of coulombs for nonconductive-jacket CSST.  Some researchers have 

found that only a fraction of a coulomb is needed to create a hole in nonconductive-jacket CSST, 

and we felt no need in this testing to explore the lower limit.
7
 Rather, our primary goal was to 

establish under what conditions gas escaping from an arc-hole in the CSST would be ignited by 

the arc event and whether it would remain ignited.  We selected a charge transfer of nominally 

1.5 C (in actual testing, the value was typically about 1.30 C) because we expected that this 

amount of charge transfer would reliably generate holes in the stainless steel CSST of about the 

same size as we frequently encounter in the field.  (Our expectations were met, in that we found 

the "test holes" bear a great resemblance to "field holes.") 

 

Fourth, LC1024 specifies that the 4.5 C charge transfer of the arc discharge should be completed 

in 20 ms or less.  Examination of an example current wave form provided by LC1024 shows the 

50%-of-initial-current point of that curve to be about 2.5 ms, or 2,500 μs.  At 20 ms (which is 8 

times 2.5 ms) examination of the curve shows that the discharge is completely finished.  In our 

testing, we utilized two different discharge rates, about 380 μs to the 50% current point and about 

880 μs to the 50% current point.  For convenience, we shall refer to our two discharge rates as 

"fast" and "slow."  Both our fast and slow discharges are faster than the example curve from 

LC1024 and, obviously, both are completed within the 20 ms requirement of LC1024. 

 

Fifth, LC1024 specifies testing the conductive-jacketed CSST "as is."  We have been curious as 

to what effect the nonconductive jacket covering our samples might or might not have upon hole 

formation, so we tested half of our samples with the jacket removed. 

 

Reiterating, our primary goal in testing was to establish under what conditions gas escaping from the arc-

hole created in the CSST would be ignited by the arc event, and to determine whether it would remain 

ignited.  During all of our testing, we elected to set as constants the initial, pre-discharge voltage (15 KV) 

and the charge transfer during discharge (nominally 1.5 C, with actual testing average of 1.30 C, tolerance 

of +/- 5%.)  Also during the testing, we set three conditions as variables: the discharge rate, from fast to 

slow (380 μs and 880 μs to the 50% current point, respectively); the CSST-to-electrode gap, from small to 

large (3.2 mm (1/8 inch) and 19.1 mm (3/4 inch)); and whether the jacket was present or not present on 

the CSST.   

 

Three variable conditions, each with two states, give rise to eight combinations.  Our initial intention was 

to test each of those eight conditions four times each, for a total of 32 test shots.  However, we actually 

performed 37 test shots, of which 33 have been retained in the final data set.  We eliminated three test 

shots due to operator error, e.g., forgetting to turn the gas back on after last test shot, forgetting to reset 

the high voltage switch before charging the system, etc.  Another test shot was eliminated due to an 

unusually low charge transfer value.  (At 1.170 C, it was 10% below the average, and the allowed 



tolerance was +/- 5%.)  We included an "extra" calibration test shot within the data set, and re-tried a few 

test shots to make up for those eliminated.   

 

The 33 test shots mostly provide four shots at each condition, though one combination is represented by 

only three shots, and two combinations are represented by five shots each.  These groupings of 

combinations are listed below in Figure 1 and also will be reflected in Figure 5, the tabular presentation of 

test results shown later in this paper: 

 

 
Figure 1. 

Table of Testing Combinations 

 

 

LIGHTNING TEST APPARATUS 

 Except for discrete, off-the-shelf components – capacitors, resistors, diodes, meters, oscilloscope, 

and the "base" equipment of the one-shot trigger – our lightning test apparatus was fabricated in our 

laboratory.  We consider the details of our lightning test apparatus to be proprietary, but essentially the 

equipment comprises the following: 

 

Instrumentation: 

Electrostatic voltmeter, 15KV DC maximum when used with its fabricated voltage divider. 

Simpson 260 VOM, 25KV maximum when used with its fabricated voltage divider. 

Fabricated current sensing shunt, 0.002 ohm, +/- 5%, approx. 

Tektronix TDS 2012C oscilloscope scaled to detect, display, and capture voltage data up to 15 

kV, current up to 2,000 amps.  Used in conjunction with its own fabricated voltage divider and 

the current sensing shunt described above. 

NOTE: Three separate voltmeters were used to sense pre-discharge voltage, each with 

approximate accuracy of +/- 5%, and we observed excellent agreement between them. 

 

Lightning Test Apparatus: 

Variable output Cockroft-Walton generator, capable of producing high-voltage DC at up to 40 kV 

maximum, fabricated in our laboratory. 

Impulse-type capacitor.  Measured capacitance of 96.5 μF (microfarad), rated voltage exceeding 

20KV. 

High-voltage, high-speed switch, fabricated in our laboratory. 

High-energy-capacity resistor bank, easily reconfigurable to 5.0, 7.5, or 15.0 ohms.  (The 5.0 ohm 

configuration not used in testing.)  Fabricated from commercially available, high-power resistors. 

Fabricated electrode holder for replaceable NM cable electrodes.   

Fabricated high-current connector for CSST 

Methane cylinder, regulators, and pressure gauge.  (We used methane to simulate natural gas, as 

our laboratory does not have utility natural gas service.  Natural gas is primarily methane, usually 

92 to 94% in concentration.) 

Wiring and buses to connect components. 

Insulating stands to support CSST and other items. 

 

 



Miscellaneous: 

Gap gauges for 3.2 mm (1/8 inch) and 19.1 mm (3/4 inch). 

One-shot trigger used when testing with 3/4-inch gap.  This is a purchased, high-voltage, high-

frequency, AC source, modified in our lab for one-shot operation. 

Computer and software to interface with oscilloscope for data capture. 

 

The lightning test apparatus circuit, as assembled, essentially comprises the impulse capacitor, high-

voltage switch, resistance bank, CSST, and NM cable electrode connected in a series circuit.  The 

Cockroft-Walton generator is used to charge the capacitor bank.  When testing with a 3.2 mm (1/8 inch) 

gap, closing the high-voltage switch initiates discharge of the capacitor, through the resistor bank, into the 

gap between the NM cable electrode and CSST.  When testing with a 19.1 mm (3/4 inch) gap, closing the 

high-voltage switch does not initiate the discharge, though it does serve as a safety.  The one-shot trigger 

is used to initiate the discharge after the high-voltage switch has been closed. 

 

TESTING 
 We conducted our test shots on two lengths of 19.1 mm (3/4 inch) diameter, “Gastite” brand 

CSST, approximately 3 meters (10 feet) long.  Gastite is manufactured by Titeflex.  The following steps 

were taken in each test shot: 

 

Pinprick the CSST (if tested with jacket in place) and the insulating sheath of the NM cable 

electrode,  

Emplace electrode in holder; position the electrode at ~right angle to CSST,  

Set gap as appropriate for particular combination under test, 

Pressurize CSST to 1,740 pascals (7 in-w.c.) with methane gas. (Purge as needed after long 

intervals between testing to ensure CSST is filled with 100% gas),  

Open and lock high-voltage switch, 

Charge capacitor to 15 KV, then reset Cockroft-Walton generator to maintain voltage at 15 KV, 

Reset oscilloscope to capture data from test shot, 

Take still photographs (throughout test, as needed), 

Turn off Cockroft-Walton generator, 

Start video camera, 

Close high-voltage switch.  If gap is 19.1 mm (3/4 inch), also fire one-shot trigger after closing 

switch) 

Observe results, then turn off video camera after approximately 5 seconds, 

Secure lightning test apparatus to safe condition: short the impulse capacitor, reset high-voltage 

switch to open and locked position, 

Capture data from oscilloscope with computer, 

Take photographs of CSST (if jacketed, strip the jacket for additional photos) 

If hole is present in CSST, clay and tape to seal, and 

Move about 100 mm (4 inches) to new location on CSST and repeat procedure for next test shot.  

 

The following figures illustrate some of the aspects of testing discussed above: 

 

 
 

Figure 2. Gapped and Ready for Discharge at Left. Sustained Flame after Discharge at Right 



 
Figure 3. 

Shown After the Flame Was Allowed to Burn a Few Seconds.  Jacket Hole is Only Slightly Larger Than 

Original Pinprick. 

 

 
Figure 4. 

CSST Hole, Below the Jacket, is Larger Than Hole in Jacket.  Note Melted Edge of the Hole, Splashed 

Stainless Steel Nearby. 



 
Figure 5. 

Tabular Results of Testing 

 

 

 

 

 

 

 

 

 

 

 



 
Figure 6. 

Graphic Presentation of All CSST Test Samples, Scaled to Same Size as Shown Here 

 

DISCUSSION OF TEST RESULTS AND CONCLUSIONS 

 By examination and analysis of the tabular data presented in Figure 5, a number of conclusions 

can be drawn.  Without regard to whether the discharge is fast or slow, and without regard to the size of 

the gap, a total of 17 test shots were made on "as is," nonconductive-jacketed, CSST samples, like the 

CSST which most frequently would be found in a residential attic.  We also tested 16 "bare" CSST 

samples from which we had stripped the jacket before testing.  



 

Test observations for jacketed CSST follow:  

 

In 17 out of 17 test shots with jacketed CSST, 100% of these shots, a hole was created in the 

CSST by the arc discharge.  Leakage of gas ensued.   

 

In 16 out of 17 test shots with jacketed CSST, or about 94% of these test shots, ignition of the gas 

occurred, though a sustained flame did not always follow ignition.  Possibly, ignition occurred in 

100% of these jacketed CSST test shots.  We did not employ a high-speed, high-resolution video 

camera in our testing.  It is possible that the one jacketed CSST test shot which did not appear to 

ignite actually did ignite, but that we were unable to discern that the ignition had occurred due to 

limitations of the video equipment. 

 

In 9 of the 17 test shots with jacketed CSST, about 53% of these shots, ignition and a sustained 

flame followed creation of the hole.  

 

Of those 9 test shots with jacketed CSST in which ignition and a sustained flame occurred, 7 were 

with the small, 3.2 mm (1/8 inch) gap, and 2 were with the larger, 19.1 mm (3/4 inch) gap.  

Review of the Notes shows that flame blow-out frequently occurred with the larger, 19.1 mm (3/4 

inch) gap.   

 

In some of the cases where there was a large gap and sustained flame did not occur, we held a 

lighter next to the gas jet emitted by the hole in the CSST.  In a number of these cases, we found 

that the direction of the jet was such that it did not impinge upon the NM cable electrode.  

Obviously, in those cases, there was no stagnation and slowing of the gas jet, so that blow-out of 

the flame was the likely result.  In subsequent testing, we intend to check jet direction in every 

non-sustained-flame case, but we did not always collect that information during this testing.   

 

We believe that these 17, nonconductive-jacketed CSST test shots alone demonstrate the validity of our 

original hypothesis, that the lightning-caused arc which creates a hole in CSST can ignite the fuel gas 

released from the hole and that a sustained flame can result following ignition of the fuel gas.  Based on 

these results with jacketed CSST, a sustained flame can be expected to follow the arc discharge more than 

50% of the time.  And as mentioned earlier, we also hypothesized that stagnation of the gas jet against a 

nearby object – if not an absolute condition for a sustained flame – certainly increases the possibility that 

a flame will be sustained and not blow out following ignition.  Our test results and observations indicate 

this hypothesis probably is correct.  

 

We performed a total of 16 test shots on "bare" CSST, that is, CSST from which we removed the jacket 

before testing.  As with the jacketed shots, ignition and a sustained flame often resulted.  With 9 out of 16 

test shots, about 56%, ignition and a sustained flame actually occurred slightly more frequently with bare 

than with jacketed CSST, though the 3% difference is probably not statistically significant. 

 

However, with bare CSST, the arc discharge created a hole in only 12 of 16, or 75% of the time.  This, we 

believe, is a significantly different result than the 100% hole formation observed with jacketed CSST, and 

it was unexpected.  It appears that the plastic jacket – or, more probably, the small hole in the plastic 

jacket which arises either from our pinpricking or natural lightning's breakdown of the jacket – potentiates 

the ability of the arc discharge to create a hole in the CSST.  Put another way, a given arc discharge (or at 

least, a given discharge below a certain charge transfer threshold) is less likely to melt a hole in bare 

CSST than in jacketed CSST, an unexpected finding.  Visual inspection of the area where discharge 

occurred on un-holed CSST samples seems to show a larger area affected by the discharge.  This implies, 

perhaps, that the discharge in these cases "spent" its energy in heating a larger portion of CSST to a lesser 

temperature – a temperature below the melting point.  When the jacket is present, the small hole may 

"focus" or concentrate the energy in a small area, increasing the probability that melting will occur. 

 



We fully intend to continue testing the "focusing" phenomenon and to research other characteristics of 

CSST hole formation when subjected to arc discharges.  At present, we have conducted testing using 

product from only two of the dominant CSST manufacturers, but intend to conduct similar testing with 

additional brands and types of CSST gas piping.  (Testing of only one manufacturer's product is presented 

in this paper, though results with the other product are similar.)  Included in this work will be 

investigation of CSST behavior at higher – and lower – values of charge transfer than the approximately 

constant value of 1.30 C used in this testing; testing work with different lightning-simulating waveforms; 

and testing with other protocols and standards.  We further plan to explore the characteristics of 

conductive-jacketed CSST subjected to arc discharges and current flow.  It is our belief, based upon our 

field observations and the testing we have performed, that continuing exploration and disclosure in the 

CSST testing area may serve to enhance public safety.  We invite all those reading this document to 

contact us with observations and ideas; your thoughts will be welcomed. 
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