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1. Abstract 
 
The industry standard for copper grounding conductors varies from The Institute of Electrical 
and Electronic Engineers (IEEE) to American Society for Testing and Materials (ASTM), which 
may not be harmonized. While copper wire may meet the minimum requirements on one 
spectrum under ASTM manufacturing standards, it falls short on IEEE Standard 80 for fault 
current rating.  
  
Overall conductor diameters vary from one manufacturer to another. This inherent variance 
needs to be addressed especially when referencing standards in comparison to copper-clad steel 
wire. The variability in overall diameters impacts performance of the conductor. As such, it is 
imperative that assumptions are not based solely from using copper expected performance 
ratings within a standard or chart. Design engineers account for a safety factor anywhere from 
20-50% above the calculated necessary fault current rating. Usually, engineers upsize to account 
for the mechanical strength capabilities needed or to account for potential future growth in the 
system. What does this mean for the variability of the conductor? The lack of clarity on the 
variability range of copper may or may not influence the needed safety factor when calculating 
fault current for grounding system designs or when selecting the proper size conductor to meet 
the design requirement. However, understanding what type of conductor you are working with 
can help you decide how to best account for your needs. For this study, a sample size was 
reviewed from varying copper manufacturers and compared a spectrum of requirements to give 
an industry analysis. 
 
These variances in conductor size in copper could be examined against performance of copper-
clad steel (CCS) products. The question arises as to what the industry standard for grounding 
systems is and needs to be resolved in order to better gauge varying copper alternatives that 
equal—or may even exceed—the performance of copper.  CCS products reviewed in a previous 
study, specifically Copperweld grounding conductors, show similar results empirically to 
copper’s tested performance as opposed to the IEEE standard [1]. Through both empirical 
evidence and characteristic measurements, we have found varying performance for copper 
grounding wire from the standards published.  
 

2. Introduction 
 
Why should we examine the variability in the copper market? Copper is the industry standard. It 
has become a commodity product. The question first arose while Copperweld began short 
circuit verification testing on our Copperweld CenturyTM CCS wire grounding application We 
realized when we completed our testing, we needed to compare against a baseline or constant 
variable, in this case copper. Moving forward, we tested copper to establish our baseline results 
for the performance of our own product. Along the way, we came across some differences 
among the baseline products we tested. Our analysis of a small sample size resulted in the 
realization that copper did not meet the IEEE standard 80 maximum current specified in Table 6 
[2]. We found copper to fall 10% below the IEEE Standard 80 short circuit rating, and our 
corresponding Copperweld product was 10% underrepresented from the expected standard. 
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We wanted to further examine the industry to understand how copper diameters and 
inevitably, cross-sectional area, impacted the short circuit rating. Two separate standards, in this 
case IEEE [2] and ASTM [3, 4], need to be harmonized with one another given their shared 
dependence on diameter and cross-sectional area.  
 
In a previous report presented at the 2019 CDEGS (Current Distribution, Electromagnetic 
Interference, Grounding and Soil Structure Analysis) Users Group meeting, we noted that the 
empirical evidence for the fusing limit of Copper-clad Steel differed from the conventional 
predictive methodology we use today [1].  
 
The design community requires an accurate and predictive software model to aid their selection 
of conductors for grounding applications. Tests were conducted depicting short circuit current 
and fault current duration (time) that predict the destruction of continuity in the field by a 
process called fusing. The results suggested that the IEEE Standard 80 method for determining 
the ultimate current carrying capability of CCS does not accurately predict its performance. So 
what did that mean for copper? At the request of CDEGs and the community, we needed a 
foundation for our results. We continued to examine CCS while baselining against copper for 
every test conducted. We noted some differences for copper from the published IEEE values. 
 
This lead to the question, how does copper’s physical characteristics impact performance? 
 

3. Methods 
 

3.1. Specimen Samples were collected from 10 various distributors throughout the US. Distributor 
selection was based initially on a driving distance radius of 20 miles and locations outside of my 
range were based on the ability for a colleague to make pick-ups in person. Variety in 
manufacturer type was limited, so my expansion continued to locations outside of my radius. No 
one sample of the same wire size came from the same distributor location. This allowed for 
samples of the same manufacturer to come from different reels. The accuracy of the sample 
history was dependent on the distributor’s documentation of their purchase history. In some 
instances, a call ahead to request a sample was made, but when the sample was picked up on 
site, the distributor realized either the manufacturer was not properly documented in their 
inventory or that the sample differed from what they originally noted they would provide. For 
that reason, establishing a broader case study posed difficult and those samples were excluded 
unless documentation and manufacturer specification sheets were provided. 
 
From the samples we collected, we tested 5 different manufacturers. The brands used were 
CME, Nehring, Southwire, Republic, Cerro and Encore. The manufacturers were assigned A-F 
and the samples were each labeled 0-41. 42 total samples were taken from different distributors 
in these four gauge sizes: 4/0, 2/0, #4 and #6 wire sizes, each with varying stranding options (19-
strand, 7-strand, and solid end).  
 

3.2. Applicable Documents The standards that were examined for this study were:  

IEEE Standard 80 Guide for Safety in Substation Grounding [2] 

ASTM B-8 Concentric-Lay Stranded [3]  

ASTM B-787 19 Wire Combination Unilay Stranded [4] 

ASTM B-3 Soft or Annealed Copper Wire [5] 
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3.2. Testing Each sample was cut at approximately 2 foot lengths. The length of each wire was then 
measured again in inches and documented since the sample lengths varied in length upon 
collection. 
 
Using a laser micrometer, the diameter of the overall wire was measured. For each stranded 
cable, the wires were taken apart and the individual strands were also measured in inches.  
The resistance of each individual strand was measured using a resistance bridge. The resistance 
was read directly from the ohmmeter which was preset for a 2-foot length and calibrated for 
optimum room temperature (68 ⁰F/ 20 ⁰C).  Some of the samples were too short to measure at 
the two-foot length, so those samples were measured out to a one-foot length. In order to 
acquire consistent calculations, the data was multiplied by two. The data was then documented 
in units of ohms per 1000 feet.  
 
Break load was measured for each individual strand using a Tinius Olsen Machine. The total 
break load was then calculated in pounds (lbs) by taking the sum of the individual strands that 
were measured. Tensile strength was then calculated using the break load measurements and 
the diameter measurements of each strand. Average tensile strength was calculated by 
examining the average value of the individual strands.  
 
The last diameter, resistance, and break load reading of each sample in the data block was taken 
from the center strand.  
 

4. Calculations 
 

4.1 Area The total cross-sectional area (equation 1) was taken by first calculating individual cross-
sectional area in square inches (in2) of each strand using their diameter measurements. Then, 
area was calculated in circular mils (equation 2) for each individual strand and the total was 
summed and converted to kcmil.   
 

𝐶𝑟𝑜𝑠𝑠𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝑖𝑛2) =  𝜋 (
𝑑

2
)

2

 

𝐴𝑟𝑒𝑎 (𝑐𝑚𝑖𝑙) = 𝑑2 

Where,  

d  is diameter in inches and 1 inch = 1000 mils 

 

4.2 Tensile Strength Tensile strength (equation 3) is calculated by dividing the measured load at 
breaking point by using the original minimum cross-sectional area. The result is expressed in 
pounds per square inch (Psi) and reported to three significant figures.  
 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑃𝑠𝑖) =  
𝑏𝑟𝑒𝑎𝑘 𝑙𝑜𝑎𝑑

𝑐𝑟𝑜𝑠𝑠𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎
 

 
4.3 Short Circuit Rating The simplified formula (equation 4) from standard 80 [2] was used to 

calculate the expected short circuit from the data we extrapolated. Given the experimental 
conditions one is only able to achieve an integer value If the precision of the data is further 
examined, it is depicted to two significant figures. This level of accuracy is difficult to achieve in 

(Equation 1) 

(Equation 3) 

(Equation 2) 
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the test lab as highlighted in our previous study when. However, for our purposes and 
evaluation, the calculations will remain with two decimal points to maintain consistency [1].  

 

 𝐴𝑘𝑐𝑚𝑖𝑙 = 𝐼 × 𝑘𝑓 × √𝑡𝑐   

Formula 11.3.1.3 Simplified Formula (1)  

Where, 

Akcmil is the area of conductor in kcmil 

I is the RMS fault current in kA 

Tc is the time in seconds, (0.5 seconds for 500 ms) 

Kf for copper wire, denoted as 7 [2] 

 

 

 

 

5. Results 
 
Each sample was numbered and sorted by the brand. Brands were coded so as not to bias 
results, nor did we find that it should impact our results. The table shows varying stranding of 
each sample and the overall diameter based on measurement. The data collected was used to 
calculate the cross-sectional area and the short circuit rating.  
Table 1 shows the 4/0 substation grounding application results. Sample 23 within Table 1 shows 
an expected calculated value of 40.38 kA for the short circuit rating. This was the lowest 
calculated short circuit value. Using IEEE Standard 80 [2] as reference, the expected short circuit 
value is 44,000 Amps or 44 kA. Given the difference, the variance was approximately 8%. 

Image 1. These images were taken of the lab 

set-up at Copperweld’s plant in Fayetteville, 

TN. Image (A) shows a Tinius Olsen Machine 

used to conduct the break load test, (B) a 

Laser Micrometer used to measure the wire 

diameter, and (C) a Resistance Bridge used to 

measure the resistance of the wire. 

(Equation 4) 
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Examining sample 26, we see the short circuit value is 42.87 kA. This still falls short of the 
expected 44 kA rating, with a variance of 3%. None of the samples appear to meet the expected 
short circuit rating in Standard 80 [2]. This data was extrapolated from the cross-sectional area 
calculated from the measured diameters. For simplicity, cross-sectional area was reviewed with 
standard ASTM B-787 for 19-strand unilay, consisting of samples 1, 8, 20, 21, 23, 36, and 42. 
Standard ASTM B-8 was used for samples 22 and 24, consisting of concentric lay stranding. Both 
ASTM standards reference the same table [3, 4] with requirements that the cross-sectional area 
be within 2% of the area indicated in Table 2; in this case, the area should be no less than 207.4 
kcmil. Samples 1, 23, 26, and 20 did not meet this minimum ASTM requirement.  
 

  

 

 

 

  

 

 

  

 

  

 

 

 

 

 

Table 1.  Data collected from measurements and used for calculations. 
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Reviewing the 2/0 substation grounding application in Table 1, sample 14 shows the lowest 
short circuit value with a calculated value of 25.06 kA for the short circuit rating. Using IEEE 
Standard 80 as reference, the expected short circuit value is 28 kA. Given the difference, the 
variance was approximately 8%. On the higher end of the spectrum, we examined sample 15 
with a short circuit value at 26.81 kA. This still falls short of the expected 44 kA rating, with a 
variance of 4%. Based on the expected short circuit rating in table 6, none of the samples appear 
to meet the standard. The cross-sectional area was similarly reviewed with standard ASTM B-
787 for 19-strand unilay, consisting of samples 2, 15, 16, and 18. Standard ASTM B-8 was used 
for sample 7, consisting of concentric lay stranding. Both standards reference the same table 
with requirements that the cross-sectional area be within 2% of the area indicated in Table 2, 
which should not be less than 130.4 kcmil. Samples 2, 4, and 16 did not meet this minimum 
ASTM requirement. One thing in particular was strikingly different; samples 9 and 14 both 
consisted of only 18 strands, unlike the common 19-wire strand configuration. Both samples 
came from different manufacturers and distributors. Sample 9 met the ASTM B-787 
requirement while sample 14 did not.  

For #4 wire samples, Table 1 shows sample 32 to contain the lowest short circuit rating at 8.18 
kA. Referencing table 6, #4 wire is expected to have a short circuit rating of 9 kA, which is a 9% 
variance from sample 32. On the higher end of the samples tested, sample 3 at 8.74 kA, still also 
has a variance but of 3%. This as well falls short of the expected IEEE standard. Examining cross-
sectional area again, for the 7-strand options, we reference standard ASTM B-8. Based on the 
cross-sectional minimum variance requirement, the area should not be less than 40.91 kcmil. 
We see that sample 0 did not meet that, with a cross-sectional area of 40.6 kcmil. 3 samples, in 
this case sample 3, 11 and 34 actually exceeded the upper limit of that requirement. For the 
solid copper wire samples, ASTM B-3 was examined by referencing AWG [6] nominal diameters 
for wire size, and falling within +/- 1% of the value as indicated in Table 3. Samples 29 and 32 fall 
under the expected 0.2023 inch minimum diameter.  

 

 

 

 

Table 2.  Cross-sectional area based on ASTM B-

787 and B-8 reference the same table in the 

standard with no less than 98% of the area 

required.  

Table 2.   The manufacturing diameter requirements for 

copper referencing standard ASTM B-3 requires the 

diameter to be +/-1% of the nominal value per AWG [6].  
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Lastly, #6 wire samples were reviewed and sample 36 was calculated to have a short circuit 
rating of 5.21 kA. Standard 80 shows a short circuit rating of 6 kA [2]. This is a 13% variance from 
the expected value. If we examine the upper end of this data set, sample 12 shows 5.41 kA. The 
variance range of these samples is 10-13%. Again, none of the samples meet the short circuit 
rating in IEEE. Looking at the cross-sectional area, standard ASTM B-8 requires a minimum area 
of 25.72 kcmil for 7-strand copper. All of the samples meet or exceed that standard. For solid or 
single end copper, ASTM B-3 (indicated in Table 3) requires a minimum of 0.1604 inches in 
diameter. All the solid #6 copper samples met or exceeded this standard.  

 
6. Analysis 

 
For example, one of our sample sets, in this case 4/0 was compared against a Normal Probability 
Distribution Curve [7] as plotted in Figure 1. The sample set is depicted with the red dots. The 
middle value, 0, represents in this case the average expected data point, which would be the 
nominal cross-sectional area provided by ASTM, or for the solid wire single end applications, the 
actual AWG gauge size. For the cross-sectional area to be no less than 98% of the value in table 
1 of ASTM standard B-8 and B-787, we would expect the data to follow a normal distribution 
curve. Therefore, our expectation is that all the red dots would fall more or less within the 4 
larger regions of the curve, or 95% distribution signified in the gray region. Statistically, we 
should expect some of our data to be on the outer curves, outside of the 95% normal range, 
which would be 5% of the data points. However, from the existing sample population illustrated 
in red dots, one can see that 40% of the data falls outside of the expected allowable range 
outlined by the ASTM standard.  
 
When overlaying the sample set from the expected standard in Figure 1 below, the curve has 
been shifted to one standard deviation to the left. Taking it further and examining the expected 
IEEE value [2], the referenced line in green is 3 standard deviations away from our sample set. 
We see there are 2 differing variabilities here when we look at this data sampling in red. First, 
the sample set deviates from the norm and second, when we look at the data from an ASTM 
perspective in cross-sectional area and we examine the data from an IEEE perspective, neither 
are harmonized.  
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We consolidated the data for each sub-set in Figure 2 and examined the probability distribution 
curve for the remaining samples. The data trends into what appears to take on the shape of a 
bell curve. We plotted the data and drew the best fit curve to depict where the remaining values 
may fall. A polynomial curve of the second order was used for samples B, C, and D. A 4th order 
polynomial was used to best fit the data in sample data set A.  

All the data used for the completion of this study is provided in Appendix A.  

If we were to continue this study and we had more data, we would expect that the rest of the 
remaining samples would fall in line with the normal probability distribution curve in each 
sample sub-set.  

 

A B C 

Figure 1. (A) Indicates the sample data set for 4/0 in red. (B) is 

the standard distribution model based on the ASTM standard B-8 

and B-787 for a 4/0 application. (C) in green is the expected 

cross-sectional area if the wire were to meet IEEE Standard 80 

values in Table 6 [2].  
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7. Conclusion 
 
In conclusion, we found that there is variability in the copper grounding market. As a result of 
trying to establish a baseline for our testing, we found that copper has a range of performance 
in short circuit values. This can be attributed possibly to the range of allowable diameters per 
ASTM standard. In that range we found that commercially available copper is in the lower range 
of ASTM and some samples even fall outside of that range altogether. Based on these 
preliminary results, a re-evaluation of the industry standards maybe necessary. 
 
Expanding on this limited study, we show a variability of up to 13% from the IEEE short circuit 
standard. Approximately 25% of the samples did not meet ASTM specifications.  
However, what this data really tells us is that further study is needed. A larger sample size with 
more experimental replications within each subset is needed in order to have more statistically 
significant data. If this study is to be completed again, technical replicates as well as more 
sample manufacturer variety need to be applied. 
 
There is room for human error here in the documentation of the samples and the collection of 
samples, as copper is considered a commodity product and many distributors did not know 
where their copper came from. The test was conducted using a blind study and the labeling of 
the samples were assigned 0-41, and that will continue onto the next phase of testing. 
 
Further study is needed, but there is clearly variability in the copper market.  

 

A B 

D C 

Figure 2. Where f(x) is the value of the probability density and x is the number of samples. (A) 

Indicates the sample data set for 4/0 with a best fit curve. (B) is the sample set for 2/0. (C) is the 

sample data set for #4 wire. (D) is the sample data set for #6 wire. 
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