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FOREWORD 
 

 

Many NFPA codes and standards, in particular NFPA 400, Hazardous Materials Code, specify 

separation/clearance distances for hazardous chemical storage and processes from other equipment 

and occupied buildings. Many of these requirements have historical undocumented origins. 

Guidance, which may inform a sound technical basis for adjusting these distances, has been 

requested by NFPA Technical Committees. There are a number of methodologies in the literature, 

both risk and hazard based, which are used in the chemical safety process safety field that may be 

relevant to the calculation of these distances.  

 

The purpose of this project is to provide guidance to NFPA technical committees on methodologies 

to develop technically based separation/clearance distances for hazardous chemical 

storage/processes and their application to the chemical storage and processes. The specific focus 

of the project is those hazards within the scope of NFPA 400. 

 

The Research Foundation expresses gratitude to the report author Dr. Ted Argo and Mr. Evan 

Sandstrom, who is with Applied Research Associates, Inc located in Littleton, CO.  The Research 

Foundation appreciates the guidance provided by the Project Technical Panelists and all others 

that contributed to this research effort.  Thanks are also expressed to the National Fire Protection 

Association (NFPA) for providing the project funding through the NFPA Annual Code Fund. 

 

The content, opinions and conclusions contained in this report are solely those of the authors. 

 

About the Fire Protection Research Foundation 

The Fire Protection Research Foundation plans, manages, and communicates research on a broad 

range of fire safety issues in collaboration with scientists and laboratories around the world. The 

Foundation is an affiliate of NFPA. 

About the National Fire Protection Association (NFPA) 

NFPA is a worldwide leader in fire, electrical, building, and life safety. The mission of the 

international nonprofit organization founded in 1896 is to reduce the worldwide burden of fire and 

other hazards on the quality of life by providing and advocating consensus codes and standards, 

research, training, and education. NFPA develops more than 300 codes and standards to minimize 

the possibility and effects of fire and other hazards. All NFPA codes and standards can be viewed 

at no cost at www.nfpa.org/freeaccess. 
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Separation Distances in NFPA Codes and Standards 

1. Introduction 

Applied Research Associates, Inc. (ARA) has engaged in an effort to understand and validate separation 
distances prescribed by NFPA 400. A literature review was performed to build on a prior literature 
review compiled by Kazarians and Associates; this prior literature review is provided as Appendix B. 
Upon completion of the literature review, a consequence-based case study informed by the review was 
selected and a test plan was developed. ARA carried out the case study test plan to determine the 
adequacy of the separation distance for safe storage of Ammonium Nitrate and safe separation distance 
for personnel in a process building in the event of an explosion. A series of recommendations regarding 
separation distances in NFPA 400, including possible approaches to improve on those distances, was 
then developed to guide the NFPA and FPRF project panel in future research efforts. 

1.1. Project Description 

NFPA 400: Hazardous Materials Code1 specifies separation distances for hazardous material storage and 
processes from other equipment and occupied buildings. To satisfy these requirements, standards and 
industry practices have come from a multitude of sources. The basis of the recommended separation 
distances in NFPA 400 is challenged by recent accidents. For example, the April 2013 ammonium nitrate 
explosion that occurred in West, Texas exposed a problem with regulation and storage of hazardous 
materials and related separation distances around the facilities. Though this is an important specific 
example, the chemical safety field as a whole needs to study many such hazards and how they could 
affect one another. Through validation of the separation distances outlined in the NFPA code, safety and 
productivity can be maintained for the community by reducing accidents due to insufficient separation 
distances and decreasing the burden on business due to excessive separation distances. 

Many sources are available regarding methodology for determining separation distances for processing 
and storage of hazardous materials. Despite similarities in stored materials, distances determined from 
these sources vary widely depending on the intended protected entity and the users themselves. The 
separation distance specifications can be based on historical information, investigation of an accident, 
near-misses, modeling, or experimentation; all of which can lead to different codes and regulations due 
to the differences in the information considered in their development. With historical information, for 
example, separation distances have been based on ad-hoc decisions with no basis on historical accidents 
or events, whereas with experimentation, the exact separation distance can be determined but with no 
accounting for spontaneous environmental factors. 

Post-accident investigations lead to new separation distance practices born out of necessity, but this 
reactionary response comes at a high price: loss of life and damage caused by these accidents. Collecting 
and distilling information on separation distances will enable a better understanding of both the basis 
for the current methodologies and the knowledge gaps for storage of hazardous materials. This analysis 
will help revise NFPA 400 requirements regarding the separation distances of hazardous materials, with 

                                                           
1 NFPA. “Hazardous Materials Code,” NFPA 400, National Fire Protection Association, Quincy, MA (2013) 
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the goal of determining the uncertainty and margin for error in each specification based upon the 
method used to arrive at that specification. 

1.2. Program Organization 

To address these unknowns, the Fire Protection Research Foundation commissioned this program to 
study separation distances in NFPA 400. This report is sectioned to address the major tasks of this 
program. Task 1, an expanded review of literature relevant to NFPA 400 is presented in Section 2. Task 
2, a case study of the separation distances between Ammonium Nitrate (AN) solids and both personnel 
and chemical storage is presented in Section 3. Task 3, a discussion of recommendations for the further 
development and testing of separation distances as they relate to NFPA codes and standards, is 
presented in Section 4. Supporting information including material safety data sheets for the case study 
materials and the original Kazarians and Associates literature review are provided in the appendices. 
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2. Task 1: Literature Review 

2.1. Approach to the Literature Review 

The purpose of this literature review is twofold. The first purpose is to build upon a literature review 
performed by Kazarians and Associates in a previous effort2 focusing on classifying separation distance 
guidance into three categories: consequence-based, risk-based, and look-up tables. The previous review 
covered much ground and provided a substantial list of resources from which to begin this review 
process. Though many of these resources have some pertinence to the information sought for this 
review, only the most notable were again reviewed to shed additional light on their contents. The 
resources previously examined will not, as a whole, be readdressed in this review. 

The second purpose of this review is to focus on guidance provided by the project panel to determine 
topics of interest and importance to stakeholders. The project panel communicated in its initial 
discussions with the contractor that vapor cloud explosions, and injury to personnel in areas governed 
by NFPA 400 were of large concern. Given these two broad areas to address, information was sought 
that defined the risk and hazards posed from vapor clouds and for personnel in chemical storage and 
processing facilities. 

To this end, various industry, regulatory, and academic sources were reviewed to identify the issues of 
concern. Specifically, information was focused to enhance the previous literature review in areas where 
there were knowledge gaps as determined by stakeholders. The result of this review should not be seen 
as an exhaustive study of all literature relative to NFPA 400, but, instead, as a continuation of research 
performed by the previous contractor. 

2.2. Review of Specific Documents 

Specific documents were selected for review based on their overall applicability to NFPA 400. Many 
documents address separation distances in an indirect manner; those that were found to be only 
generally, not specifically, applicable are included in Section 8, Additional References. 

2.2.1. Methods for Vapor Cloud Explosion Blast Modelling3 

This document was selected for the instructional nature regarding the basics of vapor cloud explosion 
(VCE) blast modeling and its example application of these methods to a prototypical storage system. 
Two major VCE modeling methods are discussed. Method one is a TNT-equivalency method which uses 
the results from the US Military’s broad characterization of the damage potential of TNT and applies this 
to other potentially explosive materials based on the weight of fuel and heat of combustion. Method 
two is a multi-energy method which creates a mathematical model of the vapor cloud and takes into 
account the confines and local fuel-air mixture to determine the likely propagation of the flame front. To 
compare the usefulness of both models, the results of each model are developed for a prototypical 
liquefied hydrocarbon storage site. Although hydrocarbons are not governed by NFPA 400, this resource 
serves as a useful illustration of the capabilities of each modelling method.  
                                                           
2 Aboyoun, T. and M. Kazarians. “A Literature Survey on Issues Related to Separation Distances for NFPA 400.” 
Kazarians and Associates for the Fire Protection Research Foundation, January 2014 
3 Van den Berg, A. C., and A. Lannoy. "Methods for vapour cloud explosion blast modelling." Journal of Hazardous 
Materials 34.2 (1993): 151-171 
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Two major arguments are presented in this document, both of which address the estimation of the 
hazard generated by a vapor cloud explosion. First and most notably, this document challenges the TNT 
equivalency method by showing that it is a poor model for a vapor cloud explosion event. Second, the 
document argues for use of the multi-use method as a better and more descriptive model for such an 
event. 

The argument against the TNT equivalency method is that it focuses solely on the energy and weight of 
the explosive charge. This method does not, however, look at the deviation from TNT blast 
characteristics when moving to other materials. Charges of other high explosives can, for example, 
produce a shock wave of higher amplitude and shorter duration than TNT, whereas a vapor cloud 
explosion produces a blast wave of lower amplitude and longer duration than TNT. The difference in 
blast wave characteristics can change the rate of energy deposition into target materials, potentially 
causing more destructive damage when spread over a longer duration or more acute damage over a 
shorter duration.  

Therefore, the document argues that the multi-energy method is a good alternative to the TNT 
equivalency method. It is preferred because of the flexibility which makes it possible to incorporate 
current experimental data and advanced computational techniques into the application of the model. 
However, the only time the multi-energy concept applies is, due to the modeling of the surrounding 
boundary conditions, if the possibility of unconfined detonation can be ruled out. Though unconfined 
detonation can not be addressed by this model, this is not an issue for studying separation distances 
since the vapor cloud hazard will be issuing from some type of obstruction. 

The document provides tables calculated by both TNT-equivalency methods and multi-energy methods 
comparing the two methods and their differences regarding duration of the blast waves. Both of these 
hazard based scenarios apply directly to separation distances by providing the distance predicted to a 
specified level of overpressure. Knowing the radius of a dangerous overpressure as developed by both 
methods, such as the distance to the level of rupture for the eardrum or for shattering glass, gives a 
point of comparison for potential future vapor cloud explosion testing and facility design. The modeling 
methods described can be designed to assist in generation of separation distance tables as shown in 
NFPA 400.  

2.2.2.  Guidelines for Evaluating Process Plant Buildings for External Explosions, Fires, and Toxic 
Releases, Second Edition4 

This document from the Center for Chemical Process Safety (CCPS) was selected for its practical 
approach to addressing compliance with certain American Petroleum Institute (API) standards. The API 
standards are concerned with the impact of fire, explosion, and toxic material release on buildings 
within processing facilities with a specific focus on refineries and oil and gas operations. This document 
serves as a guidance tool for the prescription of equipment-to-occupied building separation distances. It 
is duly noted that a thorough review of this document was performed for the review by Kazarians and 
Associates, so the discussion of its contents will be truncated. 

                                                           
4 CCPS. Guidelines for Evaluating Process Plant Buildings for External Explosions, Fires, and Toxic Releases. Center 
for Chemical Process Safety, American Institute of Chemical Engineers (AIChE), 2nd Edition, ISBN 978-0-470-64367-
9, 2012 
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Since this document is concerned with the evaluation of buildings for potential hazards associated with 
explosions and other hazardous events, it ties in directly with the intent of NFPA 400 to address 
hazardous materials storage. Typical separation distances are provided, for a range of equipment types 
and some types of hazardous materials. Though separation data is provided for materials and processes, 
the focus is on fire specifically and not on fragmentation or blast overpressure. In addition, these 
recommended practices do not address process-to-process separation distances, nor process-to-
personnel separation distances in an open area. 

There are many models that can estimate the response of a building to these explosion hazards. 
However, when it comes to occupant vulnerability to explosion hazards, the document simply states 
that such calculations are not typically employed. An example of the calculations required would be 
response of the building, the potential for component breakup, the probability of dangerous 
fragmentation, and the potential for an injury given that overpressures or fragmentation occur. Though 
the document states that the effect of building breakup and fragmentation are a relatively new field, 
such analysis has been performed by military organizations for many years and this data could be used 
as the basis for development of a suitable component of NFPA 400. 

Though this document discusses damage potential for hazardous events interacting with buildings, it 
does not specifically show estimations for possible injury of humans. However the pieces are in place by 
combining some of these models to conclude what a suitable separation distance would be for many 
types of hazards identified in NFPA 400.  

2.2.3. Effects of Blast Pressure on Structures and the Human Body5 

This document is a resource provided by the National Institute for Occupational Safety and Health 
(NIOSH) to give guidance on the dangers of blast overpressure on structures and the human body and 
was selected based on its straightforward digest of the information necessary for the understanding of 
hazards to personnel due to blast waves. The focus of this resource is the possibility of injury and 
damage from explosions in the mining industry and includes guidance for the construction of refuge 
chambers. Note that only overpressures are addressed in this source and the effects of fragments are 
not covered. 

The most prevalent causes of unintended explosions in the mining industry are methane gas and coal 
dust. By discussing the hazards associated with the presence of a vapor cloud composed of methane and 
coal dust, the guidance provided by this resource is directly applicable to safety regulations formulated 
in NFPA 400. Specifically, refuge chambers can be seen as an analog to control rooms for chemical 
processing plants and the guidance for and design of these chambers can be used as guidance for 
human safety in the chemical process industry.  

Data on potential damage supplied by this document is based upon Department of Defense data from 
Glasstone and Dolan,6 and Sartori.7 Both sets of data are specifically derived from blast waves generated 
from nuclear weapons. However, once a material has exploded/combusted, the exact source is 

                                                           
5 Zipf, K. and L. Cashdollar. “Effects of Blast Pressure on Structures and the Human Body.” National Institute for 
Occupational Safety and Health (NIOSH) 
6 Glasstone, S., and P. Dolan. “The Effects of Nuclear Weapons.” US Department of Defense and US Department of 
Energy (1977) 
7 Sartori, L. Effects of Nuclear Weapons. Physics Today, 36.3 (2008): 32-41. 
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unimportant; instead, the distance of separation necessary to prevent injury or damage due to the blast 
overpressure is of concern. This source summarizes the effects of increasing blast pressure on various 
structures and the human body and provides guidance on the possible effects of explosions on 
personnel and facilities.  

This source looks at a blast in terms of the peak overpressure and wind (blast wave) speed and the 
effect those quantities have on personnel and structures. Eardrum rupture in humans, for example, 
occurs at 5 psi for 1% of the population to 45psi for 99% of the population. Serious injuries occur for 
higher blast overpressures: lung damage occurs at about 15 psi, 35-45 psi causes approximately 1% 
fatalities, and 55 to 65 psi causes approximately 99% fatalities. Note that the location of the wall 
construction for the test condition in Task 2 would expect to see 0.43 psi from the 3000 lb. ANFO donor 
charge. Therefore, some window glass may break and some minor injuries from fragments could be 
expected based on this blast effect table. 

Table 1: Effect of blast overpressure on humans and structures for long duration blasts.8 

Peak Overpressure [psi] Wind Speed [mph] Effect on Structures Effect on human body 
1 38 Window glass shatters Light injuries from fragments 

2 70 
Moderate damage to homes (windows and 

doors blown out and severe damage to 
roofs) 

People injured by flying glass 
and debris 

3 102 Residential structures collapse Serious injuries common, 
fatalities may occur 

5 163 Most buildings collapse Injuries are universal 
fatalities widespread 

10 294 Reinforced concrete buildings are severely 
damaged or demolished Most people are killed 

20 502 Heavily built concrete buildings are severely 
damaged or demolished Fatalities approach 100% 

Table 1 shows effects on people and structures for a combination of blast overpressure and wind speed 
for long duration blasts. For example, though a human can withstand approximately 35 psi before a 1% 
chance of fatality, by adding in a high wind speed, fatalities approach 100% at half that pressure. Since 
vapor cloud explosions typically have much longer overpressures than those generated by conventional 
explosives, these lower injury and damage thresholds must be used when assessing damage potential 
for this type of explosive event. 

In general, this document suggests refuge chambers be designed to withstand 5 psi of overpressure, 
though localities such as West Virginia have more stringent standards at 15 psi or more. Given that, in 
this type of explosion, having a refuge chamber that can withstand 5 psi of pressure will allow the 
injuries to fall from ‘most people killed’ at 10 psi to ‘injuries are universal’ at 5 psi, potentially allowing 
for rescue and medical aid for a much larger population. The 15 psi resistance is much more 
conservative, but would allow personnel in a much more dangerous situation, for example a 20 psi 
overpressure explosion fatalities approach 100%, to have a much higher chance of survival. 

This document, however, only addresses the potential damage from vapor cloud explosions. Other types 
of explosions, likely more acute rather than long-duration, can have different types of damage 
                                                           
8 Source: Table 1, Page 1, Zipf and Cashdollar 
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mechanisms. As discussed, the injury thresholds for personnel are much higher when the blast is shorter 
in duration. Therefore, if the hazardous material governed by NFPA 400 has a slower reaction time, one 
set of design guidelines should be used whereas if it has a faster reaction time, another set of guidelines 
should be used. 

2.2.4. Working Toward Exposure Thresholds for Blast Induced Traumatic Brain Injury: Thoracic and 
Acceleration Mechanisms9 

This article addresses the probability of traumatic brain injury (TBI) from blast overpressure and was 
selected for its broad discussion of blast wave injury to personnel. When a chemical process undergoes 
a catastrophic event, a blast wave can result; injury to personnel from that potential blast wave is of the 
utmost importance. Therefore, the information in this and similar documents should be applied to 
building standards to ensure the blast overpressure reaching personnel in or near a processing facility is 
reduced to a level that prevents this type of injury. 

Though this article is not a direct resource for determining a separation distance, information pertinent 
to NFPA 400 can be gained. The NFPA code is concerned with the potential for injury to personnel and, 
therefore, some guidance is necessary for the construction of the overpressure mitigation and standoff 
distance guidelines for structures. With knowledge of the potential damage mechanisms and the 
overpressures at which they occur, recommendations in the standard for the design of protective 
structures or separation distances can be improved. 

Three main mechanisms of blast TBI were observed: a thoracic entry location where the blast wave 
enters the torso and leads to brain injury, head acceleration wherein transitional and rotational trauma 
due to exposure to blast waves causes damage, and direct cranial entry of blast waves. For the thoracic 
mechanism, blast waves enter the relatively soft material of the thorax and are transmitted to the brain 
via the various tissues of the body. The head acceleration modality allows for damage to occur by 
causing potential tearing or bruising of various cranial tissues. Finally, the direct cranial entry of blast 
waves is the transmission of blast directly through the orifices of the head including ears, eyes, nose, 
and mouth. 

Application of these injury studies are not straightforward, however, for example, blast waves pass 
through the cranium and, in turn, create skull flexure. There were only a limited number of human 
cadaver tests conducted, so the rest of the data was based upon animal testing and scaling of the skull 
flexure results to humans. Therefore, since not as many true human tests were performed, data could 
be different for a human vs. an animal subject. Given this, the Bowen curves10, a longstanding and 
frequent resource for predicting injury to humans due to blast presented in Cooper11, may not be 
adequate for the prediction of damage to humans due to the large number of animal tests involved in 
their development. Therefore, when approaching design standards for buildings in NFPA 400, a search 
for a reasonable source for human injury threshold must be determined and the most prevalent 
resource may not be used simply due to its availability. 

                                                           
9 Courtney, M., and A. Courtney. "Working toward exposure thresholds for blast-induced traumatic brain injury: 
thoracic and acceleration mechanisms." Neuroimage 54 (2011): S55-S61. 
10 Bowen. A Fluid-Mechanical Model of the Thoraco-Abdomenal System with Applications to Blast Biology. 
Technical Progress report DASA-1857, Defense Atomic Support Agency, Department of Defense, Washington, DC, 
1965 
11 Cooper, P. W. Explosives Engineering. New York: VCH (1996) 
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The results presented in this document, however, are only the mechanisms of blast related TBI and do 
not involve the problem of debris and fragments from an explosion being a threat of injury. Therefore, 
additional consideration must be used when approaching human injury from a standards perspective to 
prevent all types of damage instead of only specific mechanisms. Data from sources specializing in one 
damage mechanism versus another could be used to determine the largest threat from a given hazard 
and the design of protective structures and storage containers should be guided based on this threat.  

2.2.5. Explosive Regulations of the Colorado State Division of Oil and Public Safety12 

This source is the handbook of regulations for explosives handling in the State of Colorado and was 
selected due to the lack of regulatory information on these types of materials in the Kazarians report. A 
large portion of this handbook, however, is information from the Bureau of Alcohol, Tobacco, and 
Firearms Federal Explosives Law and Regulations13. Overall, contents of the Colorado handbook involve 
explosive permit requirements, storage requirements, transportation of explosives, use of explosive 
materials, avalanche control, geophysical operations, and black powder. Of greatest applicability to this 
project are the separation distances governing AN and the level of noise allowable at human receivers 
for explosive events. 

Table 2: Excerpt from the American Table of Distances 

Donor weight 
[Pounds TNT] 

Minimum separation distance of acceptor from donor 
when barricaded [Feet] 

Note: if unbarricaded, multiply the distance by six 

Minimum thickness of artificial 
barricades [Inches] 

Over Not over Ammonium nitrate Blasting agent 
0 100 3 11 12 

1,000 1,600 7 25 12 
2,000 3,000 9 32 15 
4,000 6,000 11 40 15 

50,000 55,000 24 86 35 
275,000 300,000 64 230 60 

Table 2 contains an excerpt from the American Table of Distances and is used as the benchmark for 
explosives separation distances; it is used in the Alcohol, Tobacco, and Firearms Manual, as well as NFPA 
code. As shown in the above table of donor and accepter charges, the table provides a minimum 
separation distance of ammonium nitrate, or a blasting agent, from an explosive source. The table also 
modifies separate distances if the hazardous material has not been barricaded. This table does not, 
however, take into account fragmentation; only the blast wave in air is considered. 

Another issue with this table is that it is TNT equivalency based and it has been proven by other 
documents to be less accurate in determining blast effects for ammonium nitrate. Further refinement of 
the tables for AN would assist in ensuring NFPA 400 provides necessary safety guidelines for this and 
other materials.  

                                                           
12 CCR. “Explosives Regulations of the Colorado State Division of Oil and Public Safety.” 7 C.C.R. 1101-9. January 1, 
2009 
13 ATF. “Federal Explosives Law and Regulations.” ATF Publication 5400.7, U. S. Department of Alcohol, Tobacco, 
and Firearms, June 2012 
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The handbook also provides guidance on blasting vibration and air overpressure standards with respect 
to humans. Limits on air overpressure at the nearest inhabited building, which could be a house, school, 
church, or otherwise occupied building of 133 dB or 0.0129 psi are supplied. It is noted that, though 
these levels are not immediately damaging, however, repeated exposure to these levels can produce 
eventual hearing loss or tinnitus. 

2.2.6. Sympathetic Detonation of Ammonium Nitrate and Ammonium Nitrate Fuel Oil14 

The purpose of this document from the Bureau of Mines was to investigate the distances over which 
sympathetic detonation of ammonium nitrate (AN) and ammonium nitrate fuel oil (ANFO) might be 
expected. This document was selected due to the lack of information on AN in the Kazarians report and 
the likelihood that the case study would be performed on this material due to ARA’s extensive 
experience using AN in field research. Tests were performed to determine the 50% initiation distance for 
various donor charge sizes of ANFO and AN receiver charges. Both overpressure of the blast wave in air 
and fragmentation were studied. 

Gap tests with ANFO donor charges and AN receptor charges were studied at both ambient and 
elevated temperatures. Donors and acceptors of 10, 20, and 40 inches in diameter were observed with 
separation distances of 40 to 636 inches. Donors with either no cover or 16 gage steel faces were tested 
to determine the effect of fragmentation on the sympathetic detonation of the acceptor material. 
During testing all charges were instrumented to indicate initiation and detonation velocity. In addition, 
pressures and impulse duration of the blast wave in air were also recorded. 

This document from the Bureau of Mines challenges the American Table of Distances where the 
distances being tested were obtained. The document states that the table has been proven in many 
events, but experience has largely been with barricaded magazines; a ‘K factor’ of 2 proposed by the 
table for unbarricaded magazines had not been rigorously established. Some of this data which had 
been adopted from DuPont data for dynamite were based on 100% failure distances, using dynamite 
donors weighing as much as 20,000 pounds but with small acceptor charges. Data from non-dynamite 
sources was not as rigorously included. 

With the basis of this document challenging the American Table of Distances, it has direct correlation 
with AN storage regulation mentioned in NFPA 400. The work with fragmentation of the 16 gage steel 
also relates to NFPA 400 since the energy from any hazardous fragments can rupture pressure or 
containment vessels, easily compounding a dangerous event. 

Based upon this research, the data in the ATF Table of Separation Distances Ammonium Nitrate and 
Blasting Agents from Explosives or Blasting Agents, could be inaccurate due to the use of TNT 
equivalency being the basis of the distances. The document goes on to say that if a satisfactory table of 
separation distances was to be obtained it would need a full range of testing to prove that distances 
listed are correct.  

                                                           
14 Dolan, R., Gibscu, F., and J. Murphy. “Sympathetic Detonation of Ammonium Nitrate and Ammonium Nitrate-
Fuel Oil.” U. S. Department of the Interior, Bureau of Mines, 1966 
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2.2.7. Department of Defense Contractor’s Safety Manual for Ammunition and Explosives15 

The DoD Safety Manual for Ammunition and Explosives is a guide of standards and safety practices for 
use and handling of explosives and ammunition. It evaluates scientific data which may adjust those 
standards and it also serves as the basis for all explosive site plans for new construction. Therefore, this 
document was selected due to the analysis of the scientific data used to produce the regulations, 
something which is necessary for further development of NFPA 400. 

The main safety principle found in the DoD Safety Manual for Ammunition and Explosives is to limit 
exposure to a minimum number of personnel, for a minimum amount of time, to the minimum amount 
of the hazardous material consistent with safe and efficient operations. With this principle in mind it is 
up to the contractor to examine and devise methods to make sure that these principles are met. Though 
ammunition and explosives are not explicitly under the purview of NFPA 400, using this approach may 
create a less hazardous site plan for covered materials. 

The DoD uses a number of calculations for estimating and interpreting blast wave effects including: blast 
overpressure, probability of eardrum rupture, and probability of lethality. Each of these parameters is 
important when considering separation distance recommendations. For example, no process should 
endanger the lives of personnel, so the equivalent charge weight/standoff distance must be used to 
ensure all personnel will not, during normal operations, be within the regime for lethal injury. Similarly, 
if control room survivability is of concern, no process plant windows should be within the region where 
glass breakage is likely to occur.  

Table 3: Example calculations from the DoD Contractor’s Safety Manual for Ammunition and 
Explosives 

Charge Size 
[Pounds TNT] Range [Feet] Over Pressure 

[PSI] 

Probability of 
Eardrum Rupture 

[%] 

Probability of Lung 
Damage [%] 

Probability of 
Window Breakage 

[%] 
250 250 1.2 0 0 85 

10,000 250 7.3 17.2 0 100 
100,000 250 35.4 96 2.2 100 

Due to the complexity of the calculations, the DoD provides a calculation program to assist in 
determining the potential damaging effects of a blast. Examples of these calculations are shown in Table 
3. For a range of 250 feet, there is a high probability of breaking glass, with no human injury, for only a 
250 pound equivalent explosion, whereas a 10,000 lb charge may cause eardrum rupture at the same 
range. Therefore, in designing a site, personnel should be kept a safe distance from the larger level of 
blast, but residing within the 250 foot range would be adequately safe for a small blast. 

The document provides guidance to contractors in creating a safe working environment, and by 
providing the calculation program to assist in the determination of safe separation distances for 
personnel, a simple, straightforward method of determining a process to personnel hazard separation 
distance can be formed. Though the table is based on TNT equivalency and blast effects can vary based 
on the hazard material, this approach is useful in determining possible human injury. The calculation 

                                                           
15 DoD. “DoD Contractor’s Safety Manual for Ammunition and Explosives.” Department of Defense Publication 
Number 4145.26-M, U. S. Department of Defense, March 2008 
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method does allow scaling of the TNT equivalency, partially mitigating this issue, but further testing 
would need to be performed to ensure that the effects caused by a short duration blast, such as AN, and 
a long duration blast, such as a vapor cloud, could be adequately estimated. 

2.2.8. New Developments in Explosion Protection Technology16 

This document outlines various explosion protection technologies which could potentially be applied to 
hazardous materials storage to help mitigate the effects of short separation distances. This document 
was selected for its overview of a broad range of technologies and guidance on their use. Successful 
application of these technologies affect the hazard posed by various materials and, therefore, would 
affect the development of standards by allowing mitigation of larger standoff distances. A few of the 
most pertinent technologies outlined by this resource will be discussed below. 

Of particular interest to this effort are passive explosion mitigation systems which use metal or polymer 
foams to prevent flame fronts from propagating during an explosion. Such foams can be placed across 
the top of containers of flammable liquids to prevent any gasses emitted by the liquids from combusting 
and returning to the vessel, thereby causing exploding. This type of arrestor can be installed in mobile 
situations where the foam occupies a small amount of the total space within a fuel tank, yet protects 
from possible hazards. 

Blast resistant walls are another technology of exceptional applicability to NFPA 400. Installation of such 
a wall would potentially allow an increase in the quantities of stored materials by mitigating the effects 
of an accidental release. Various coatings have been proposed for the absorption of blast energy. 
Similarly, the concrete used to build the walls can be formulated such that a blast wave will be 
attenuated as it passes through the material. Either of these methods lessens the effects of the wave, 
potentially protecting from a larger incident and preventing injury or loss of life by reducing the 
overpressures experienced by personnel. 

By presenting the overview of various technologies, the author has provided a library of methods for 
mitigating damage from an explosion. These mitigation technologies, while assisting in prevention of 
accidents on their own, are not yet fully integrated into the codes and standards governing potentially 
explosive materials. Additional work must be performed to successfully determine the effectiveness of 
these systems and their ability to lighten the restrictions on separation distances due to increased 
storage system safety.  

2.3. Summary of Review Findings 

The documents, tables, experimental data, and technical reports presented in this literature review 
address the very diverse aspects of separation distances for hazardous materials. A focus was placed in 
two major areas, human injury and vapor cloud explosions. It should be reiterated that this review is not 
exhaustive, but builds upon the review performed by Kazarians and Associates. Many more documents, 
including more recent documents, have been published and should be considered before assuming a 
complete understanding of the effects of separation distances on hazardous materials. 

                                                           
16 Zalosh, R. “New Developments in Explosion Protection Technology.” Fire and Emergency Services Asia, February 
2005 
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In general, it was found that the standard tables presented for process planning are insufficient for 
every planning situation since they are based very specifically on TNT equivalency and not a more 
specific measure of a material’s reactivity. Other modeling methods should be used to supplement the 
basic tabular data for various situations, especially those where long duration blast fronts are present. In 
addition, fragmentation should be accounted for in addition to simple blast overpressure to ensure tank 
or pipeline ruptures are unlikely. 

Through this review, it can also be concluded that human injury estimation varies widely among 
different sources due to the large array of potential hazardous events. For instance the DoD safety 
manual has tables and formulas to determine how the human body may be injured in a blast. These 
calculations, however, only account for blast waves, and do not account for the problem of fragments 
from the explosive that could be thrown at personnel during the blast.  

More research is needed to combine the ideas in this review to create a method that can be applied to a 
wider array of process planning situations. For instance, DoD distance tables could be combined with 
the Bowen curves to come up with a safe working distance for personnel during blast operations. Also, 
as described in the Kazarians literature review, sources are overwhelmingly focused on non-catastrophic 
events and on fire hazards. Catastrophic events need to be further investigated and then checked 
against industry and regulatory standards to prove that the chance of serious injury or damage is 
predicted accurately.  
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3. Task 2: Test Report for Separation Distances for Ammonium Nitrate Solids 

3.1. Introduction and Purpose of This Case Study 

Recent events such as the explosion in West, Texas, have raised questions as to the adequacy of 
regulations regarding safe storage of AN solids. Storage of AN solids is governed by Chapter 11 of NFPA 
400, therefore, testing the separation distances for this material was selected as a case study. Both the 
process-to-process separation distance and process-to-personnel separation distance was tested to 
determine whether the published guidelines are adequate for protection of personnel and property and 
prevention of a catastrophic event. 

To address separation distances for this material, a central explosive donor charge was used to simulate 
a catastrophic event occurring at a facility. The process-to-process test was performed by placing three 
containers of AN at varied standoff distances from the central donor charge to observe any sympathetic 
detonations. The process-to-personnel test was performed by placing a wall construction typical of a 
process building at the specified separation distance from the donor charge to observe injurious 
fragments and airblast. 

In this section, the equipment will be described including test materials and instrumentation. Then, a 
description of the test location will be presented, including discussion of the test site and position of 
equipment. Data will be presented including the process-to-process and process-to-personnel tests. 
Concluding, analysis of the data and recommendations will be presented. 

3.2. Description of Test Equipment 

Equipment used in this test can be categorized into two major classes: instrumentation and test 
materials. Equipment includes all electronics includes pressure gauges, data acquisition system, and 
cameras. Materials include the explosive source and acceptor charges. 

3.2.1. Test Materials 

Hazard Source: Ammonium Nitrate Fuel Oil Donor Charge 

The donor charge was 3,000 pounds of ANFO, a material chosen as the source term due to the reliability 
and predictability of the material when detonated. Consequently, there is neither a question as to the 
quantity of explosive consumed, nor the blast yield. The TNT equivalent of 3,000 pounds of ANFO is 
2,460 pounds. If the ANFO source were replaced by AN, the equivalent would be 5,285 lbs. These 
equivalencies are estimates only; TNT equivalencies vary somewhat with physical properties and size of 
the piles of AN and ANFO used. 

ANFO consisting of AN prills 1.4-2.0 mm in diameter and diesel fuel was acquired from Buckley Powder17 
for the purposes of this case study. An MSDS for the material used is provided in Appendix A. The ANFO 
was placed within a 16 gauge steel culvert 77 inches tall and 42 inches in diameter at a density of 
approximately 58.6 lb/ft3. Measured velocity of detonation for ANFO in this source configuration has 

                                                           
17 Corporate: 42 Inverness Drive East, Englewood, CO. Material Source: 3106 North Big Spring Street, Suite 104, 
Midland, TX. 
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been measured by ARA to be between 15,750 ft/s and 17,000 ft/s with a mean of approximately 16,700 
ft/s. 

This container was chosen to represent the type of storage silo typically used to store AN or ANFO. The 
size and shape of this container was designed to project any fragments of the container generated after 
the explosion toward the AN targets to ensure an adequate test. A picture of the ANFO source is shown 
Figure 1.  

Stored Materials: Industrial Grade Ammonium Nitrate Acceptor Charges 

Agricultural/industrial grade AN prills 1.4-2.0 mm in diameter was purchased from Buckley Powder for 
this case study. The MSDS for this material lists this formulation as an oxidizer and is provided in 
Appendix A. Three super sacks made of polypropylene were filled with between 1600 and 1800 lbs. of 
AN apiece which settled to a bulk density of approximately 58.5 lb/ft3. These sacks were chosen as a 
standard, simple storage container typically used in the blasting industry. A picture of this storage 
method is shown in Figure 2. 

 

Figure 1: The ANFO donor charge enclosed in a steel culvert. 
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Figure 2: The Industrial grade AN acceptor charges stored in super sacks. 

Wall Construction: Corrugated Steel 

The wall construction selected for the process-to-personnel test was constructed of an 8 foot by 10 foot 
wooden frame supporting 30 gauge corrugated steel. Corrugated steel was selected as a typical wall 
construction of a process building in a mining setting. The lack of a complete enclosure was adequate for 
this case study since any unsealed seams, windows, etc. would allow the blast wave to penetrate the 
structure. Therefore, allowing the blast wave to envelop the wall would not produce unexpected 
deviations in pressure. Pictures of the wall construction are shown in Figure 3.  
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Figure 3: The corrugated steel wall construction used for the process-to-personnel separation 
evaluation. Left – Side facing toward the source. Right – Rear of the wall with blue foam witness plate. 

3.2.2. Test Instrumentation 

Pressure Sensors 

A total of five pressure sensors were deployed to capture the time-pressure history of the blast wave 
from the donor charge and any sympathetic detonations. Three of the sensors were produced by Kulite; 
one gauge rated at 250 psi was placed at 54’, one at 100 psi was placed at 84’, and one at 50 psi was 
placed at 120’. Two of the sensors were produced by Endevco; both gauges were rated at 2 psi and were 
deployed adjacent to the wall construction. Each device was recalibrated before deployment and the 
actual device calibration was applied to the raw voltage data. Gauges with these ranges were placed 
near the containers of AN and wall construction, respectively, due to expected pressure ranges. 

Each pressure sensor was connected to a Model 4032 HiTechniques MeDAQ capable of simultaneous 
recording of each channel. The MeDAQ, with computer interface, is shown in Figure 4 situated within a 
fragment-resistant box. The system is capable of recording at sample rates of 2 MHz at 14 bits on 16 
channels. In these tests, five channels were used at a sample rate of 2 MHz. 
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Figure 4: A MeDAQ data acquisition system including computer interface is shown situated in a 
fragment-resistant box. 

Cameras 

In addition to the equipment necessary to acquire pressure traces, cameras were used to acquire high 
speed video of the blast event and its resultant effects. A Phantom Model 5162 camera was deployed to 
observe the blast wave near the source and effects on the AN targets. This camera was set to record at a 
rate of 4700 frames/second. A Hero 3+ GoPro camera was deployed at the wall construction to observe 
the effect of the blast wave at that distance. This camera was set to record at a rate of 240 
frames/second. Pictures of both cameras are shown in Figure 5. 

 

 

Figure 5: Cameras deployed for the case study. Left – Model 5162 Phantom Camera. Right – GoPro 
Hero 3+ Camera. 

One additional sensor was placed for this case study. A witness plate made of 0.5” thick insulation foam 
was mounted on the back of the wall construction. Any fragments or debris passing through the wall 
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which could possibly injure personnel would be detected as defects in the surface of the witness plate 
after the blast event. Foam was chosen as the witness plate as it is a material very sensitive to any insult 
by flying debris. A picture of the witness plate is shown in Figure 6. 

 

Figure 6: Foam witness plate used to detect any potentially hazardous fragments in simulated 
personnel-occupied areas.  

3.3. Test Setup 

The case study was performed at ARA’s Pecos Research and Testing Center (PRTC) located 
approximately 20 miles east of Pecos, TX. A location and overview of the facility is shown in Figure 7. 
PRTC is a 5800 acre complex which features nine distinct test tracks, explosive test ranges, extensive 
instrumentation capabilities for dynamic testing, and a full range of support facilities and available 
acreage for projects requiring either open land or other custom applications.  

A schematic of the overall test setup is shown in Figure 8. The location of all pressure gauges, 
instrumentation, and reactive materials described above are shown and their positions are described in 
the following sections. 
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Figure 7: Location and satellite view of ARA’s PRTC facility. 

 

Figure 8: A schematic of the test setup. 
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3.3.1. AN Storage 

The super sacks filled with AN were placed in a staggered formation at distances of 42’, 54’, and 66’ 
from the source as shown in Figure 9 and Figure 10. These distances were chosen in consultation with 
NFPA 400. When stored near other blasting agents or explosive materials, Section 11.2.12.3 defers 
separation distances to NFPA 49518 Table 9.4.2.2. At the donor charge weight of 3,000 lbs., NFPA 400 
therefore designates a separation distance of 9’ for a barricaded separation distance between an AN 
acceptor and ANFO donor. For an unbarricaded arrangement, this distance is multiplied by 6 to a 
distance of 54’. To test this separation distance, acceptor charges were placed at the appropriate 
distances for a donor charge two categories larger and two categories smaller than the actual donor 
charge size. Per the standard, two donor charge weight categories smaller requires a separation 
distance of 42’ and two donor charge weight categories larger requires a separation distance of 66’. 

 

Figure 9: A satellite view of the explosives testing pad at ARA’s PRTC facility used for this case study. 
The position of the pressure sensors, donor (ANFO), and acceptors (AN) are shown. 

                                                           
18 NFPA. “Explosive Materials Code,” NFPA 495, National Fire Protection Association, Quincy, MA (2013) 
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Figure 10: Ground-level view of the AN acceptors in relation to the ANFO donor. 

3.3.2. Wall Construction 

The wall construction was placed at 1160’ from the donor charge as defined by NFPA 400 for an 
inhabited building. The location in relation to the MeDAQ and donor is shown in Figure 11 with the 
ground-level view shown in Figure 12. 

 

Figure 11: A satellite view of the explosives testing pads at ARA’s PRTC facility. The position of the wall 
is noted in relation to the donor (ANFO) and control bunker. 
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Figure 12: A ground-level view of the wall construction used in this case study including the location of 
the pressure sensors. 

3.4. Test Method 

The test was conducted in accordance with ARA Standard Operating Procedures developed for research 
into explosives effects on structures and industrial blasting. 

3.4.1. Test Setup 

Filling of Donor Explosive and Placement of Accepters 

The source explosive was introduced to the 77” tall, 42” diameter 16 gauge steel culvert. Before filling, a 
level area was established and the culvert was checked for level using a hand-held bubble level. After 
leveling, the container was filled by lifting a super sack of ANFO with a forklift over the container and 
releasing its contents. When half filled, a small cardboard sonotube was placed in the center of the 
mixture. Then an explosive booster composed of 3 Trojan Spartan cast boosters19 was placed at the 
bottom of the sonotube and the remainder of the shot container was filled. Using this method, the 
booster was set to initiate at the center of the donor charge. 

Placement of the accepter charges at premeasured locations around the donor explosive was achieved 
with a telehandler forklift. The filled super sacks were left on pallets to facilitate easy transport and 
containment. 

 

 

                                                           
19 Technical data can be found in Appendix A.3 
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Setup of Sensors 

Sensor stands were constructed using pipe gauge stands as shown in Figure 13. The gauges were 
threaded into metal splitter plates to ensure clean blast signals. Wiring was run from the data 
acquisition system to the gauges using 18 gauge multi conductor wire. Once the gauges were connected, 
each sensor was tested using a puff from a hand held air duster can. This was performed with personnel 
both at the gauge and at the MeDAQ to ensure proper electrical communication.  

 

Figure 13: A typical pipe gauge stand for mounting pressure sensors shown with the splitter plate and 
wiring. 

Trigger and Firing Lines 

Triggering for both the MeDAQ data acquisition system and the phantom high speed camera was 
performed simultaneously. RG-58 coaxial cable was run from both the MeDAQ and the phantom camera 
to a trigger box. Lamp wire was run from the explosive charge to the trigger box. When the charge 
detonated, the wire was broken which sends a trigger signal to both the phantom camera and the 
MeDAQ. This ensured proper synchronization of the data acquisition and high speed camera footage. 
Before the explosive was detonated, multiple trigger checks were performed to ensure that all systems 
were working as desired.  

Detonation of the explosive was achieved using a Rothenbuhler Engineering Model 1664 Remote Fire 
Device and a detonator inserted between the booster materials. The Nonel detonation cord20 was 
connected to the Nonel Nonelectric Shock Tube Lead Line21 that was run to a remote box. The remote 
box was placed near the explosive source behind a barrier to prevent damage. The explosive was then 
detonated remotely using the remote fire device transmitting from inside the control bunker to the 
control box.  

 

                                                           
20 Technical data in Appendix A.4. 
21 Technical data in Appendix A.5 
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3.4.2. Test Execution 

Weather 

ARA has established SOP’s that dictate when a shot can be performed based on local weather 
conditions, due to the fact that blast waves can travel further in cold conditions. For this test, the 
weather was optimal for explosive operations. At shot time, weather conditions were 86 degrees 
Fahrenheit, 54 % humidity, and the ambient wind was low at 8 mph northwest.  

Shot Time 

After all trigger checks were complete and equipment was in place, everyone in the shot crew was 
moved to the control bunker where the blaster completed final countdown and detonation of the shot. 
Before the detonation, the air was checked for any overpassing airplanes or helicopters. After making 
sure all personnel were accounted for, the shot was detonated. After the shot was detonated, the 
blaster and one other person went to the shot location and confirmed that all of the explosive had 
detonated and there were no other hazards, such as fire, shot craters, etc. 

3.5. Results 

Results from the case study are split into three sections: qualitative observations on the process-to-
process test, qualitative observations on the process-to-personnel test, and quantitative observations 
from the pressure gauges. 

3.5.1. Qualitative Results of AN Behavior 

The remains of each container of AN were examined after the test to determine the likelihood of 
explosion or deflagration. Before and after images of the test case are shown in Figure 14. AN receiver 1 
was placed at 42 feet and is shown in the upper right quadrant of the figure. Note that remnants of the 
bag are still present, approximately one third of the AN from that source can be seen littering the 
ground (light tan in color) implying a partial explosion or combustion event. The bag placed at code 
distance (54’) is present in the lower right quadrant. In this case approximately half of the initial AN is 
visible on the ground, again denoting a partial explosion or deflagration. The bag located at the longest 
distance (66’) is shown with approximately all of the AN from that acceptor scattered on the ground 
denoting little or no reaction. 
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Figure 14: Qualitative results for the AN storage containers. Clockwise: Before the test, all AN 
Acceptor; After the test, AN Acceptor 1 (42’); After the test, AN Acceptor 2 (54’); After the test, AN 

Acceptor 3 (66’). 

Though the separation distance from a potentially hazardous source to the AN receiver was followed, 
the reaction demonstrated by bag 2 demonstrates that this distance may be unsatisfactory. The NFPA 
400 code, by way of NFPA 495, explicitly states that the separation distance is designed to protect 
against ignition by flying debris.22 For example, A large piece of scrap (3/8” thick, 25 lb.) is present in 
front of bag 1 that could have served as a source of the ignition in this case study for that bag. No such 
large fragments were noted in the vicinity of the other AN receivers, though such fragments were 
observed in the high speed video and could easily have served as ignition sources. 

                                                           
22 See footnote 2 of the ‘Table of Recommended Separation Distances of Ammonium Nitrate and Blasting Agents 
from Explosives or Blasting Agents.’ 
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Figure 15: A frame from the Phantom camera video showing the fireball approaching Acceptor 2. 

 

 

Figure 16: A frame from the Phantom camera video showing debris striking Acceptor 2. 



Separation Distances in NFPA Codes and Standards 
Task 2: Test Report for Separation Distances for Ammonium Nitrate Solids 

  27 

 

Figure 17: A frame from the Phantom camera video showing a secondary fireball beginning to expand 
upward from the surface of Acceptor 2, normal to the direction of propagation of the donor blast 

wave. 

In Figure 15, Figure 16, and Figure 17, a sequence of frames from the phantom camera is presented. In 
Figure 15 the fireball from the explosion is shown approaching the position of Acceptor Bag 2. Figure 16 
shows typical airborne debris traveling at 7,300 +/- 1,200 ft/s contacting the bag, potentially causing a 
chain reaction. [Note that these debris speeds were calculated from a sampling of particles from the 
high speed video and are not direct measurements of particle speed.] Finally, Figure 17 shows a 
secondary fireball expanding upward from the surface of the bag of AN denoting a combustive/explosive 
event. Note that bag 2 was at the separation distance specified by NFPA 400 and a reaction has still 
occurred. 

  

Figure 18: Front and back of the wall used to determine potential injury to personnel in this hazard 
scenario. 
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3.5.2. Qualitative Results of the Witness Plate 

Shown in Figure 18 is the front and back of the wall that was erected with a witness plate mounted to 
the rear to detect to secondary injuries due to damage from debris. After the blast, no damage was 
observed to the wall or witness plate. Video from the GoPro camera mounted at the wall shows slight 
movement at the bottom of the wall during the blast, but no failure of the structure. A still of the wall 
after movement is shown in Figure 19. 

 

Figure 19: A frame taken from the GoPro camera showing the position of the wall and sensors. 

3.5.3. Pressure Gauge Data 

Five pressure gauges were arrayed around the ANFO donor. Three were placed in the nearfield of the 
blast at 54, 84, and 120 feet. Two additional gauges were placed near the wall construction used to 
observe the potential for impact on personnel. Each of these gauges was connected to a MeDAQ using 
cables. The time-pressure histories for each of these gauges are shown in Figure 20 (nearfield) and 
Figure 21 (farfield). Note that the pressure data generated by each of these gauges is not necessarily 
real and is subject to the analysis and clarification below. 
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Figure 20: Time-pressure histories for the three nearfield pressure sensors. 
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Figure 21: Time-pressure histories for the two farfield sensors. 

Though the gauges and recording equipment selected and deployed for this case study performed 
correctly in other tests in the same week, and functionality was verified prior to the test, issues were 
encountered while recording data during this test. 

First, despite the common trigger line providing a good trigger to the Phantom camera, pressure data 
was not recorded on any of the pressure sensors before approximately 18.8 ms post-trigger. In each of 
the traces, two glitches can be observed at 16.1 and 18.8 ms which occur simultaneously in all channels. 
Due to the large standoff distance between the sets of sensors, it is unreasonable for these devices to 
observe simultaneous pressure readings. Therefore, the glitches must be attributed to an electrical 
event in the MeDAQ. 

Second, all channels simultaneous ceased measuring pressure at 113.12 ms with only noise recorded 
after this time. This is evident by the simultaneous glitch and cut to zero observed in all pressure traces 
at that time. This failure can be attributed to a loss of connection between the MeDAQ and its host 
laptop due to ground vibration. The MeDAQ was located approximately 940’ from the explosive source 
and was housed in a durable container to prevent damage. This portion of west Texas has a topsoil 
(sand) layer with a sound speed of approximately 2400 ft/s and a bedrock layer with a sound speed of 
approximately 8600 ft/s.23 The blast wave, passing through the sand layer, propagating through the 
bedrock, and returning through the sand layer would arrive at the MeDAQ at the approximate time of 
loss of communication. The existence of this shaking is corroborated by the GoPRO camera footage by 
observing the seismic vibration arriving before the blast wave. 

                                                           
23 Paine, J. G. “Bedrock Depth and Seismic Velocity Estimates at SRBA Training Sites in Comal, Hamilton, Pecos, 
Taylor, and Travis Counties, Texas.” Report Number FHWA/TX-03/5-2990-01-1. Center for Transportation 
Research, The University of Texas at Austin. 
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The arrival of this ground-borne shockwave is a reasonable explanation for the interruption of MeDAQ 
communication. The MeDAQ is a high-speed data acquisition device connected to a laptop computer for 
data storage using a standard CAT-5 cable and RJ-45 connections. When the ground-borne wave arrived 
at the MeDAQ, the explanation for the loss of communication is a substantial vibration of this cable 
causing the loss of constant communication between the laptop computer and data acquisition board. 

A MeDAQ error of this nature manifests as an error message on the computer screen. Upon discovering 
this error message, the manufacturer was contacted from the field to determine how data may be 
recovered from such an event. Through careful manipulation of the volatile memory of the data 
acquisition unit, the data presented here was recovered. ARA has not encountered this error with this 
equipment when placed in the fragment-resistant box at this separation distance, which occurs 
routinely, and, therefore, could not have foreseen this problem.  

In addition to the overall communication issue, the following problems were encountered with the 
gauges: 

1. The 54’ gauge collapsed after initial contact with the blast wave. 
2. The cable to the 84’ gauge was severed, likely by debris, during the test. Only a portion of this 

data is, therefore, recoverable.  
3. Despite testing positive for functionality before the test, the 120’ gauge and the gauges located 

at the wall assembly produced no discernable blast wave arrivals. The interrupted 
communication is a potential cause of this data being inconclusive. 

Despite a loss of some desirable data, the time-pressure histories still provide some measure of insight 
into the test scenario: 

The 54’ gauge has two notable sections as shown in Figure 22. A clear blast wave arrival is detectable in 
this signal at 20.3 ms. Typically, the largest and most prevalent blast wave would originate from the 
ANFO donor, however, according to ConWep,24 the wave would have arrived at the pressure gauge at 
11.4 ms, before the system was recording data in this test.  

Instead, this arrival can be attributed to the deflagration/explosion of the AN acceptor closest to the 
sensor. Assuming an AN source of 1653 lbs., a blast wave would take 8.9 ms to cover the distance of 
39.5’ between the AN acceptor and the 54’ gauge. The time elapsed from ANFO blast to AN acceptor 
plus the time elapsed from AN acceptor to pressure gauge is precisely the 20.3 ms observed on the 
pressure gauge. In addition, the pressure observed at the pressure gauge is approximately 62 psi 
whereas the expected pressure from ConWep is approximately 59 psi. 

The second notable section of the time-pressure history occurs near 44 ms. At this time, the signal is 
impacted such that it over-ranges the sensor. The likely cause of this behavior is the sensor and test 
stand falling over due to interaction with the residual blast debris. Figure 23 shows both the interaction 
of the debris cloud with the sensor at 44.1 ms and the final resting position of the sensor. 

                                                           
24 All model calculations are performed with the ConWep software package produced by the United States Army 
Corps of Engineers Protective Design Center. For a given source, this software package produces time of arrival, 
peak pressure, and pulse duration as a function of range. 
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Figure 22: Notable sections of the time-pressure history for the 54’ gauge. (1) Arrival of the blast wave 
emanating from the code-distance (54’) AN target. (2) Noise over-ranging the gauge as it falls over. 

The gauge situated at 84’ from the ANFO source also produced useful information in two notable 
sections. The first section shows the arrival of a blast wave at approximately 26 ms, as shown in Figure 
24. The time of arrival of this wave and the measured peak pressure are consistent with model 
predictions for the ANFO donor at 24.7 psi/26.8 ms measured versus 25.6 psi/25.9 ms, respectively. 
Therefore, the primary blast wave is observed with this sensor. 

The second section demonstrates a discontinuity at approximately 31 ms, as shown in Figure 24. This 
type of discontinuity is typical of damage to the signal wire carrying data from the sensor to the MeDAQ. 
Figure 25 shows the interaction of the blast wave with the sensor at the moment of loss of contact. Note 
that the debris cloud is just beginning to envelop the sensor. As shown in the right pane of the figure, 
the cabling is scattered about the base of the sensor after the shot, typical of a damaged cable from this 
type of event. 

  

Figure 23: Collapse of the 54’ pressure sensor. Left – Interaction of the blast with the pressure sensor 
and test stand at the moment of erroneous signal, sensor location denoted by the red oval. Right – 

Position of the pressure sensor after the event. 

(1) 

(2) 
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Figure 24: Notable sections of the time-pressure history for the 84’ gauge. (1) Arrival of the blast wave 
emanating from the ANFO source. (2) The signal over-ranges due to the data cable being cut by debris. 

  

Figure 25: Disconnection of the 84’ pressure sensor. Left – Interaction of the blast with the pressure 
sensor at the moment of erroneous signal. Right – Loosened state of the pressure sensor cables after 

the event. 

Unfortunately, due to the technical challenges with the data acquisition system, the other three sensors 
provided no useful information. The 120’ sensor produced no discernable pressure peaks despite testing 
positive for functionality before the event. The farfield pressure gauges did not record pressure during 
the arrival of the blast wave due to the loss of communication between the MeDAQ and host computer. 
Therefore, pressure data on the potential for human injury was not collected. 

However, given the accuracy of the models used to predict pressures for this type of source in the 
farfield, estimates of the pressure can be calculated. For each of the pressure sensor positions, the 
calculated peak pressure is shown in Table 4. The probability of two major blast-related injuries is also 

(1) 

(2) 
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presented. The probability of eardrum rupture is computed using the model developed by Hirsch.25 The 
probability of lethality due to lung damage is computed using the US Department of Defense Blast 
Effects Calculator. 

Table 4: Predicted pressure for sensor standoff distances and 3,000 lb ANFO source including 
probability of injury. 

Sensor Standoff [ft] Predicted Pressure [PSI] Probability of Eardrum 
Rupture [%] 

Probability of Lethality 
due to Lung Damage [%] 

54 70.2 100 2.4 
84 24.3 73.5 0 

120 12.0 39.8 0 
1160 0.43 0 0 

As shown in the table, when close to this type of event, injuries are likely to be severe. If personnel were 
standing at the approved storage separation distance, for example, both eardrums would be ruptured 
and major injuries sustained, including possibility of death from lung damage. As the standoff distance 
increases, the chance for injury lessens. At the specified distance for an inhabited building, the chance of 
serious injury is approximately zero regardless of whether or not personnel are inside or outside of the 
structure. Note that the sound pressure level will be approximately 163 dB, however, which is loud 
enough to cause partial temporary hearing loss but without lasting effect. 

3.6. Conclusions 

This case study addressed the separation distances outlined in NFPA 400 for both process-to-process 
and process-to-personnel storage of industrial grade AN solids. Pressure signals were recorded at 
various distances from the source, though quality data was not available for portions of the test. High 
speed video was captured, which qualitatively describes all relevant findings. 

Two important conclusions can be made. First, there is little danger to personnel if the separation 
distance for an inhabited building is implemented. No permanent injuries should be expected at this 
range. However, if personnel are in a situation where they are interacting with the materials during a 
hazardous event, serious injury or death could occur. 

The second conclusion that can be drawn from this case study is the inadequacy of the separation 
distance for storage of AN solids. As stated in NFPA 400, Table 9.4.2.2 of NFPA 495 defines the 
separation distance intended to protect against fragments from a silo or bin igniting an energetic 
reaction in the acceptor material. However, as shown by the high speed video and pressure signals 
obtained by the nearfield sensors, it is clear that the bag of AN placed at the code specified separation 
distance ignited upon coming into contact with an energetic fragment. It is the opinion of the authors 
that the results of this test are likely to reoccur; it is believed that these results would be typical for a 
source contained in a metal silo or storage bin and unarmored acceptors. 
  

                                                           
25 Hirsch, F. G. (1966). Effects of Overpressure on the Ear, DASA-1858. DOE. 
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4. Task 3: Validation and Discussion of Separation Distance Development 

This task is focused on the future development of technically based separation distances. As 
practitioners who work with hazardous materials, the authors will first present comments regarding 
impressions on shortcomings of the existing separation distances. Then, a testing scheme will be 
presented which is designed to improve the separation distances using a hybrid risk/consequences 
approach. Finally, comments on implementation of these methods will be presented. 

4.1. Comments on Separation Distances in NFPA 400 

As an example of a storage situation the authors are concerned about, in Chapter 15 of NFPA 400, the 
code defines separation distances for a Class 3 Oxidizer in detached, unsprinklered storage. The code 
states that the oxidizers need to be separated from the following: flammable or combustible liquid 
storage, flammable gas storage, combustible material in the open, building, passenger railroad, public 
highway, or other tanks. It states the minimum separation distance shall be governed by NFPA 5000 
which, in Section 34.3.4.3.1 is defined as 50 ft. for this type of material. When Table 15.3.2.4.5(a) of 
NFPA 400 is consulted, a pile limit of up to 20 tons of a Class 3 Oxidizer is permitted in a detached or 
unsprinklered building, despite exceeding the MAQ.  

Obviously, there are many factors to take into account when it comes to Class 3 Oxidizer storage. There 
is a high risk of accelerated fire damage associated with this particular group of oxidizers which is well 
addressed by the MAQ and design standards. However, a factor that is not taken into account with the 
current code is the risk of quantities. Oxidizers speed the development of a fire and encourage it to burn 
much more intensely. When at a distance of 50 ft., exposure control of these hazards would be a 
problem when as much as 20 tons of an oxidizer could be exposed to spark or flame. A puncture of an 
oxidizer-filled vessel could result in a fluid spill or gas jet which could easily exceed these distances. 

Similarly, Chapter 13 of NFPA 400 covers storage requirements for Flammable Solids. These solids 
include finely divided materials which, when dispensed in air as a cloud, may be ignited and cause an 
explosion. Examples of a flammable solid would be sawdust or camphor. There are obviously some very 
difficult issues when it comes to fire protection with regard to these materials due to the broad range of 
materials and storage methods; sawdust and camphor, for example, will both be generated and stored 
in different ways. As stated previously, large quantities of these chemicals are often permitted close to 
highways, railroads, or other types of storage. This creates an increasingly hazardous situation as 
quantities increase. 

All of these hazardous materials create large challenges for business owners and fire protection agencies 
to prevent accidents from occurring. Beyond following the code that is set forward, it takes training of 
not just first responders, but personnel working with the chemicals on a daily basis. History has shown 
that there is frequently a lack of training of personnel in knowledge about such chemicals creating a 
more hazardous scenario. More training would help to provide a safer facility due simply to awareness 
of a person’s surroundings and dangers therein. 

4.2. Methods for Developing Technically Based Separation Distances 

Technically based separation distances are necessary for safe and accurate planning of facilities handling 
hazardous materials. Current methods which focus on historical or best-practices estimation methods 
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are not supported as well as desired for confidence in their efficacy at preventing or mitigating a 
dangerous event. 

Therefore, the authors propose two major approaches to studying and better defining the separation 
distances in NFPA 400. The first method is a statistical study of hazard probability to provide risk-based 
separation distances. The second method is testing of hazardous materials in a manner such as this case 
study to determine the potential damage caused by a catastrophic event and form consequence based 
separation distances. 

4.2.1. Risk-Based Approach 

Different types of facilities and different types of hazardous materials can tolerate different separation 
distances when operating with similar equipment and operating procedures. For example, a tank filled 
with acid will require certain safeguards, whereas the same tank filled with liquid AN or compressed 
natural gas will require different safeguards altogether. Therefore, testing of critical common 
components found in different processing facilities in a rigorous statistical manner will provide the basis 
for risk-based design.  

A sample test program for this type of separation distance development revolves around repeated 
testing of general design elements for use in facilities employing hazardous materials. For example, 500 
gallon holding tanks used for an array of materials would be considered rather than a specific tank 
typically used for only one type of material. By testing these general components, an understanding of 
potential failure modes for each component can be used to design facilities with an acceptable level of 
risk. 

A typical test series to determine vulnerability of tanks would require a well-known and understood 
source term. The tanks in question would be placed at an array of distances ranging from the closest 
realistic installation distance to the donor to a large distance which would be very safe but economically 
prohibitive to implement. Explosive of a given relevant charge weight would be set off and the damage 
to the tanks, if any, would be noted. The explosive shot would then be repeated, noting new damage on 
each tank after each shot. 

Multiple risks could be determined from analysis of the test samples. Any damage which produces a 
hole would count as a failure in one category, whereas damage such as dents or abrasions would count 
as a failure in another category. Since it takes more effort to create a hole in a tank rather than simply 
dent the metal, the hole category would have a lower chance of damage than the dent category. This 
type of ‘percent chance of injury’ methodology is frequently used in human injury studies to account for 
variations in response of different subjects to the same stimuli. 

Since the tests will be repeated, the chance of damage for each category as a function of range would be 
established. These probabilities could then be used as a risk assessment tool for facility design. For 
example, a facility handling a high concentration acid may want to design to the 1% probability of 
damage distance, whereas a facility with a low concentration acid may be able to tolerate a separation 
distance with 10% probability of damage in a severe event due to simpler secondary hazard mitigation 
measures. In this way, the risk of exposure for each hazardous material can be evaluated and the 
appropriate risk achieved. 

In a similar way, other material or storage options can be incorporated into the risk-based design. For 
example, the availability and capability of emergency personnel can be taken into account when 
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designing facilities. The Insurance Services Office (ISO) grades fire departments are graded on a scale 
from 10-1, with “1” being the best.26 Much of this is based on response time, number of members, 
training aids, water supply, etc. This grade is publicly available and can serve as a guide for design risk. 
For example, in Pecos, Texas there are many small town departments in the surrounding area composed 
of volunteer firemen who do not have the same capabilities and resources that a larger city department 
would have access to. Being in a rural setting, with volunteer firefighters, the response time to any type 
of large incident will be longer than a more populated area. Therefore, the separation distance could be 
increased for areas with low-ranked stations and decreased for areas with stronger fire protection 
capability. 

4.2.2. Consequence-Based Approach 

The focus of the consequences-based approach is the attempt to determine what will happen during a 
catastrophic event. Events such as the fertilizer plant explosion in West, Texas demonstrate that 
understanding of potential impacts of such an event on the community must be acknowledged during 
the design phase of a facility. It is acknowledged that the event in question involved a pre-existing plant 
where vulnerable buildings were built at its periphery, but its use as an illustration will suffice. 

To test the consequences-based method, tests similar to the case study presented in Section 3 will be 
performed. In this case, a central source charge will be positioned in the center of a pad. Representative 
receivers, such as silos filled with the hazardous material in question, will be placed at standard 
proposed separation distances from the source. It is the intent of this test to determine the type and 
severity of damage to the targets, in this case silos, and determine the response of the target (container 
plus material) to the catastrophic event. 

Upon firing the source, damage to the targets will be ascertained. For the case of pressurized gasses or 
highly reactive materials, the result may be a clear explosion. For acids and other liquids, the size of the 
leak detected from the container can be analyzed for the amount of damage that will be caused. In this 
way, the consequences of selecting a particular separation distance for a particular hazardous material 
can be determined. 

4.3. Recommendations for Further Development 
By approaching development of separation distance codes in a technical manner, solid, concrete proof 
of safety can be provided to the public and a cost-benefit analysis can be performed by the stakeholders 
in a project to determine concretely what the effect of a catastrophic event may be. 

It is the opinion of the authors that, at minimum, the risk-based approach outlined above be pursued to 
allow for the most flexibility in facility design. By allowing different grades/concentrations of the same 
compound to conform to different separation distances, facilities manufacturing high purity materials 
can set large separation distances while those processing lesser grades which are inherently more safe 
can enforce shorter distances. In addition, a facility may choose to consolidate equipment in a specific 
area to reduce manpower costs while providing additional hazard mitigation such as a blast-proof 
enclosure or liquid retention reservoir to account for this increase in risk at their discretion. 

                                                           
26 See the Insurance Services Office webpage at: http://www.isomitigation.com/ppc/0000/ppc0001.html 
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Focusing solely on risk, however, is shortsighted. Catastrophes do occur and industry must be prepared 
for extreme situations. An understanding of the behavior of vessels, equipment, and materials to 
extreme situations, whether they be fire, explosion, or electric shock, is important to preventing an 
environmental or social disaster. Though an extreme case, placement of habitable buildings close to the 
fertilizer plant in West, Texas was likely the result of a risk assessment, whereas a consequences 
assessment with respect to property damage and loss of life may have prevented some of the building 
that occurred.  

It is very important to consider both risk and consequence based methods for the broad array of 
potential hazardous materials. Focusing on only risk-based methods for vapor cloud explosions, for 
example, ignores the possibility that a large vapor cloud explosion could occur, whereas only observing 
the consequence-based methods provide a more burdensome standard which may be difficult to 
achieve due to cost, even when the possibility of such an event is remote. Therefore, it is the opinion of 
the authors that, ideally, a technical-based approach consisting of both risk and consequence be 
instituted. Using this hybrid approach, a base level of risk may be assumed by the facility managers 
while understanding of and preparations for a worst-case event can be evaluated and methods for 
mitigating such an event can be handled by methods other than strictly separation distances. 
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5. Conclusions 

The scope of NFPA 400 is very broad in the types of hazardous materials it addresses. From flammable 
solids to organic peroxides, there are very challenging storage problems that need to be addressed for a 
vast array of different reactants. History has taught us that when these storage conditions are not 
precisely met, devastating accidents can occur. These catastrophic events and the risk of their 
occurrence need to be further investigated and the code needs to reflect and be checked against 
industry and regulatory standards to prove that standards are indeed correct.  

In an effort to test the ‘safe’ separation distance for storage of Ammonium Nitrate, a case study was 
performed. The scope of this task was to focus upon process-to-process separation and process-to-
personnel separation to test a provision of the code. It was shown that the process to process 
separation distance inadequately prevented an ignition event and needs to be further assessed, not only 
with more testing, but also modeling to take into account variables such as scrap metal and debris 
thrown from the explosive donor. The process-to-personnel separation distance, however, adequately 
prevented damage to the structure designed to protect personnel and, therefore, personnel would be 
safe from the explosion hazard presented. Absolute safety of personnel with this separation distance 
would need to be validated with more testing of different structures and reactants to determine the 
absolute safety of a one-size-fits-all separation distance.  

A technical approach to further study of separation distances is proposed which can address both a risk 
and consequences based approach to hazard mitigation. To test risk-based separation distances, tests of 
particular types of storage vessels could be conducted to determine the actual hazard for a given 
material. Once the hazard for a given tank style/size and hazardous material was determined, mitigation 
measures appropriate to that material could be developed. Similarly, for a consequences based 
approach, damage to a storage vessel from a specific threat could be analyzed and the amount of 
damage sustained could guide mitigation measures. This testing, though arduous, would be most useful 
for common materials and could then be expanded to more specific materials as testing progressed. 
These test methods would provide the most definitive measure of the hazard posed by a substance and 
the amount of mitigation necessary to prevent unnecessary damage or injury. 
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6. Investigator Biographies 

Dr. Ted Argo has a Ph.D. in Mechanical Engineering, specializing in Acoustics, from The University of 
Texas at Austin. While at The University of Texas, he participated in the FPRF project “Evaluation and 
Enhancement of Fire Fighter PASS Effectiveness” under Dr. Ofodike Ezekoye. Since joining the Applied 
Sciences Group of the Rocky Mountain Division of Applied Research Associates in 2012, Dr. Argo has 
participated in projects to develop devices for hearing protection and aerosol manipulation. In addition 
to this work, Dr. Argo participated in programs to perform underwater acoustic measurements on sand 
and bubbles, development of novel methods for observing bubble dynamics, and designing test 
protocols for measuring the acoustic radiations patterns of frogs. He has 9 years of experience in 
designing experiments for a broad range of applications including acoustic, blast, and environmental 
applications.  

Mr. Evan Sandstrom has an Associate’s Degree in Fire Science and worked for four years as a certified 
Firefighter/EMT-Basic for the Wheat Ridge Fire Protection District. His certifications include: Colorado 
Firefighter I, Colorado Firefighter II, Emergency Medical Technician-Basic, Driver Operator-Aerial, Driver 
Operator-Pumper, Hazardous Materials Operation, Certified Wildland Firefighter, Ice Rescue Technician, 
and Swift Water Rescue Technician. Since joining Applied Research Associates in 2012, Mr. Sandstrom 
has become the Assistant Safety Officer of the Rocky Mountain Division. Applying his expertise in 
hazardous materials handling and the fire code, he ensures fire systems and chemical inventories are 
maintained. Mr. Sandstrom also maintains the inventories of explosives at ARA’s Pecos research and 
testing center in Texas in addition to design of the fire suppression system for use in that facility. 

Mr. Fred Sandstrom has a M.S. in Materials and Metallurgical Engineering from the New Mexico 
Institute of Mining and Technology. He has over 26 years of experience in experimental shock and 
detonation physics, explosives and weapons characterization and effects testing, and counter-terrorism 
technologies. He has extensive lead technical and program management responsibilities for a wide 
variety of explosives and terminal ballistics RDT & E programs for DoD, DoE, private sector and foreign 
government customers. He has managed explosive testing facilities with responsibilities for technical, 
administrative and safety operations for outdoor and contained firing facilities, fabrication/assembly 
buildings and storage magazines.  
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Appendix A. Technical Information on Test Materials 

A.1 Ammonium Nitrate – Fuel Oil 
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A.2 Ammonium Nitrate 
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A.3 Trojan Spartan Cast Booster 
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A.4 Nonel Detonation Cord 
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A.5 Nonel Lead Line 
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1.0 INTRODUCTION 

NFPA 400 [NPFA 2013] addresses storage, use and handling of a specific set of hazardous 
materials.  A key part of such standards is the recommended minimum physical separation 
distance between the hazard source and other entities (e.g. other hazards, items, or people).  
Many standards, industry practice documents and technical reports address this issue.  However 
events have occurred that have challenged the bases of recommended separation distances.   
 
A literature survey was conducted to explore how various published sources have addressed 
separation distances among entities for specific hazards.  This report summarizes the results of 
that literature survey. 
 
 
 
 
2.0 SOURCES 

Current separation distance methodology and resulting distances vary widely depending on the 
user and the intended protected entity.  In general, the methodologies can be categorized into 
three groups: 

 Consequence based 

 Risk based, and 

 Look-up tables. 

The bases of a method could be historical information, reconciliation of an accident or near-
misses, modeling, or experimentation.  Generally, with historical information, distances that had 
been used were based on ad-hoc decisions with no historical accidents or events refuting the 
decision.  There have been certain historical events (accidents or near-misses) that have pointed 
to the inadequacies of the practices at the time of an event.  Reconciliations of those events have 
lead to new separation distance practices.  In some cases, the consequences of a postulated 
release or accident are computed and the zone of influence of the event is estimated.  Similarly, 
experimentations have been conducted to establish the zone of influence. 
 
A review of various sources that may address separation distances was conducted and the 
various methodologies, parameters, values were compared amongst each other and against 
NFPA 400 statements.  The strengths and weaknesses of each have been cataloged. 
 
Various industry, regulatory, and academic sources were consulted to identify literature 
published by these entities that address separation distances.  The sources that were approached 
are listed below and a complete list of literature that was reviewed is provided in Appendix A. 

 American Petroleum Institute (API) 

 American Society for Testing and Materials (ASTM) International 

 Center for Chemical Process Safety (CCPS) 
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 European Committee for Standardization (CEN) 

 Chemical Manufacturers Association (CMA) 

 U.S. Chemical Safety and Hazard Investigation Board (CSB) 

 Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek or TNO 
(Dutch Organization for Applied Scientific Research) 

 Environmental Protection Agency (EPA) 

 European Industrial Gases Association (EIGA) 

 Factory Mutual 

 Imperial Chemical Industries (ICI) 

 International Organization for Standardization (ISO) 

 Sandia National 

 National Aeronautics and Space Administration (NASA) 

 Nuclear Regulatory Commission (NRC) 

 United Kingdom Health & Safety Executive (UK HSE) 

 U.S. Department of Commerce 

 U.S. Department of Defense 

 Various journals and books 
 
The documents listed in Appendix A were reviewed; from that a subset that contained 
information directly useful to NFPA 400 separation distances was selected for thorough review.  
These documents are identified and discussed in the next section. 
 
From a review of the available literature it was concluded that these documents provided a set 
of prescriptive separation distances, guidance on how to assess separation distances, and/or a 
methodology to arrive at separation distances.  Therefore, each document selected for thorough 
review for this study was identified as to its type, i.e. prescriptive, guidance, methodology or a 
combination of these types. 
 
Literature which recommends specific separation distances (i.e. data which is prescriptive in 
nature) and was thought to be pertinent to NFPA 400 was reviewed and the summaries of which 
are included in this section.  Each document’s separation distance data set is parameterized 
below by: 

- Scenario application 
- Accounting of preventative, geometric and mitigative measures 
- Basis of data (historical, experimental, calculated, other) 
- Soundness of data1. 

 

                                                 
1 Within this literature review, historical data based on post-accident review is equivalent in soundness to 
experimental data.  Historical data based on ‘unchallenged’ separation distances is assumed much less sound. 
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Literature which provides guidance on the appropriate type of methodology, describes how to 
apply such methodology to determine separation distances and was thought to be pertinent to 
NFPA 400 was reviewed.  Each of these separation distance guidance document was 
parameterized by: 

- Types of scenarios discussed 
- Approach selection guidance. 

 
Literature which provides methods to calculate separation distances and was thought to be 
pertinent to NFPA 400 was reviewed.  Each method is parameterized below as: 

- Determining severity and probability of an event2, 
- Accounting for preventative/geometric/mitigative measures 
- Scenario application 
- Basis of method (experimental vs. calculated) 
- Soundness of method1, 
- Overall conservativeness of method (with respect to NFPA 400 and/or other relevant 

methods as noted) 
- Other parameters as appropriate. 

 
 
 
 
3.0 REVIEW OF SPECIFIC DOCUMENTS 

3.1 Guidelines for Facility Siting and Layout [CCPS 2003] 

CCPS 2003 addresses the facility siting issue of Process Safety Management regulation, which 
is primarily concerned about locations within process facilities (e.g., refineries and chemicals 
manufacturing sites) where personnel may spend considerable amount of time (e.g., control 
rooms, break rooms and office areas).  Additionally this document provides guidance and data 
on separation among equipment and piping. This document can be regarded as prescriptive and 
guidance type.  It provides very specific separation distance instructions.  The separation 
distance data within this document has the following characteristics: 

 The following scenarios are addressed in this document: 

- Primarily flammable materials 

- Open-air process facilities (not equipment within building, reactors within bays or 
containment walls) 

- Horizontal single-level arrangement of equipment 

- Assumes a minimal level of site fire and related flood protection.  It states: 

“...such as fire hydrants, manual firefighting capabilities, and adequate 
drainage to prevent flooding during a major firefighting effort.” 

                                                 
2 Of the safety distance methods reviewed, if a method only prescribes a way to determine severity, one could 
assume an event probability of 1 (i.e., the event will certainly occur) for a simplified conservative risk based 
method.  To expand upon such methods, appropriate application of mitigators could be applied selectively 
where physical plant spacing is limited. 
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 Preventative, geometric and mitigative measures: 

- Most of the data has no weighting factors for preventative / geometric / mitigative 
measures 

- Two mitigations are accounted for with respect to separation distances for pumps 

 Basis of separation distance data: 

- Historical and current data including industry practices and standards from refining, 
petrochemical, chemical, and insurance sectors 

- Insufficient individual data point reference.  It states: 

 “...experience and engineering judgment (not always on calculations) and 
were updated based on incident learnings.” 

 Soundness of separation distance data: 
- Given the separation distance data is based on a variety of sources and each point is 

not identified with its source and some sources are stronger than others (see Footnote 
1), then the strength of an individual separation distance value is not known.  It 
states: 

 “...typical distances based on a review of the above data and were not arrived 
at by a statistical analysis of this data. Frequently the data offered a range of 
numbers from which a representative value was chosen.” 

 
As noted above, this document does not provide sufficient basis for the separation distances.  
Most importantly, it states that spacing tables are not to be used for explosions or toxic releases, 
rather that consequence modeling should be used.  It states: 

“If the spacing table is not applicable to the process being built, OR if the concern is an 
explosion or a toxic release, then use the second method [“...develop spacing distances 
for the site’s specific layout and process parameters through fire, toxic, and explosion 
consequence modeling.”] as described in the following paragraph.” 

 
In Section 7.1 of CCPS 2003, it also emphasizes that even if spacing tables are used for fire 
hazards, that development of a facility layout is an iterative process where these tables would be 
useful at the beginning of a siting study and that the safety of a site would be best served if 
consequence modeling is used to refine and ensure the quickly attained tabular values were 
appropriate to a site.   
 
Most of the separation distance data is tabulated (Table 6.3 and Appendix A of CCPS 2003) 
based on equipment type.  Also, additional explanatory information is located within the body 
of the document.  The separation data in Appendix A of CCPS 2003 is based on potential fire 
consequences i.e. the data is applicable to flammables and may not be applicable to highly 
reactive, exotic, toxic materials or those that have a possibility of dust explosion.  It states: 

“Distances may be reduced or increased based on risk analysis or when additional layers 
of protection are implemented (such as: fire protection or emergency shutdown 
systems).” 

“Fire protection measures include: fireproofing, automatic water-spray systems, fire 
detection systems, emergency shutdown systems, and mobile firefighting equipment.” 
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Safety measures are also noted (Section 6.1 of CCPS 2003) that can be included in a risk 
analysis to be used as the bases for modifying separation distances.  However, with the 
exception of the information provided in Table 6.3 of CCPS 2003, systems utilizing prevention / 
mitigation devices are not generally assigned different separation distances and no weighting 
factors are provided.  Layer of protection analysis (LOPA, see Reference CCPS 2011) is 
suggested as a method to discern the degree of benefit (reduction in separation distance) 
particular protection provides.  Most of the distances within the tables are identified as 
“typical”, although some distances between fire hazards are labeled as “minimum” and in the 
case of the few distances sited for emergency response access / protection equipment, 
“maximum” values are given.   
 
This document also suggests methods for determining separation distances for facilities, 
chemicals and designs which are outside the bounds of the prescribed separation distances data 
provided within CCPS 2003.  The following documents provide additional information: 

 For toxic, reactive, or a dust explosion hazards - “Guidelines for Safe Storage and 
Handling of Reactive Materials” (CCPS, 1995)  

 For location of occupied buildings and for toxic or explosion hazards - “Management of 
Hazards Associated with Location of Process Plant Buildings” (American Petroleum 
Institute (API) Recommended Practice (RP) 752, 1995),  

 For location of occupied buildings and for toxic or explosion hazards - “Guidelines for 
Evaluating Process Plant Buildings for External Explosions and Fires” (CCPS 1996)  

 For adjacent facilities, safe distance fire criteria and for flare spacing calculation 
methods -  “Guide for Pressure-Relieving and Depressuring Systems” (API RP 521 
1999)  

 
 
3.2 CCPS Guidelines for Evaluating Process Plant Buildings for External 

Explosions, Fires, and Toxic Releases [CCPS, 2012] 

Of the set of documents reviewed for this report, CCPS 2012 provides the most, however 
limited, information that is relevant to NFPA 400.  It is a practical approach for compliance 
with API 2007 and API 2009, which are concerned about impact of fire, explosion and toxic 
material release on buildings within process facilities.  Clearly, the main focus of this document 
is refineries and oil and gas operations.  This document is a guidance and prescriptive type.  
These are siting evaluations which involve equipment-to-occupied building separation 
distances.  It should be noted that these recommended practices do not address process to 
process separation distances, nor process to person in open area.  This CCPS document 
addresses both temporary and permanent buildings. 
 
The following notes summarize key characteristics of this document: 

 Types of scenarios discussed:  

- Explosions, fires, and toxic material releases  

- Events initiating external to buildings within process plants 
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Brief discussion of internal explosions of one building affecting another building 
states that even with computational fluid dynamics (CFD), many variables are not 
included leading to high degree of uncertainty.  Section concludes that other external 
siting decisions may have greater influence on siting decisions.   

- On-shore portable and permanent buildings  

It may be noted that temporary buildings are specifically addressed in this document.  

- Equipment-to-occupied building separation distance  

 Approach selection guidance:  

- For consequence-based analysis it recommends use of maximum credible event 
(MCE)  

- For risk-based analysis it recommends evaluation of three severity levels denoted as 
small, medium, and large scenarios of each hazard type 

 
It should be added that this document, in addition to process-to-process, does not address 
secondary or “knock-on” effects if it develops relatively slowly (i.e., there would be sufficient 
time for occupant evacuation.)   Also, this document does not address siting with respect to 
facility neighbors3. 
 
Siting Analysis Approaches 
This document discusses the following siting approaches:  

 Consequence based,  

 Lookup table, and  

 Risk based.   
 
In consequence based approach, a set of release scenarios are postulated to the hazard zones of 
the events are completed.  The separation distance is then established according to the results of 
those computations.  For this approach, it is recommended that maximum credible event (MCE) 
scenarios to be selected to represent each applicable type of hazard (explosion, fire and toxic 
material release).   
 
In risk based approach, the likelihood of the postulated scenarios are also included in the 
analysis and the risk values of all of postulated scenarios impacting the building are summed to 
arrive at an overall risk value. 
 
The lookup table approach only addresses fire hazards.  The lookup tables address spacing 
between equipment and buildings that are normally occupied.  The values are generally 
experienced based.  The following is stated: 

“When the spacing table approach is used for fires, the definition of fire scenarios is 
simply limited to the identification of potential fire sources.” … “In addition to spacing 

                                                 
3 CCPS 2012 states “The assessment of potential hazards to neighbors is outside of the scope of the building 
siting evaluation but is addressed by regulations in many countries and by industry programs such as the 
American Chemistry Council's Responsible Care program (CMA, 2010).”  
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criteria, many standards provide requirement for building design and construction to 
provide fire resistance and protect occupants.”  

 
The lookup tables for fires do not account for the other effects that could be occurring in 
conjunction with a fire such as over pressure (i.e., due to an explosions) and release of 
projectiles.  Table 6.2 of CCPS 2012 lists four prescriptive sources for protecting buildings from 
fire hazards: NFPA 80A [NFPA 2007], CCPS Guidelines for Facility Siting and Layout [CCPS 
2003], 2008 version of Factory Mutual Data Sheet 7-32 [FM 2008].  Even though one of these 
sources, FM Data Sheet 7-32, contains a lookup table that include spacing for both fires and 
explosion hazards, API RP 752 and this CCPS guidance document only permit use of lookup 
table for fire hazards.  
 
In Section 6 of CCPS 2012, it is suggested that for a fire hazard assessment, a site could use a 
consequence-based or look-up table approach first and then use a risk-based approach for those 
buildings which do not meet the predefined criteria.  However, if a fire is likely to have been 
preceded by an explosion, the effects of the explosion on a building need to be assessed before 
fire susceptibility of the potentially fire-protection-compromised building is assessed. 
 
In Section 6.4 and Table 6.3 of CCPS 2012, the application of consequence-based and risk-
based building siting evaluations to fire hazards is compared.  The section points out that if a 
site wants to take credit for non-passive mitigations, a risk-based evaluation shall be performed.  
A passive control, such as a fire wall, typically does not have active parts to accomplish its 
intent.   Table 6.3 provides additional guidance on how to handle parameter inputs within risk 
and consequence-based evaluations.   
 
Fire Hazard Siting Evaluations 
Sections 6.4.1 and 6.4.2 of CCPS 2012 provide brief discussions on fire modeling (it references 
CCPS 2010) and building response analysis.  Section 6.4.1 also mentions that fire may form 
toxic combustion products and that this needs to be assessed to see if it “is a significant 
additional hazard…” [CCPS, 2012]  Section 6.4.2 points to various publications for material 
temperature response and it adds that there is a need within a proper analysis for a quantified 
relationship between thermal radiation level (typical model output) and temperature.  The only 
reference given for such relationship, although containing information on a limited number of 
materials, is TNO 1992.  An interesting note provided pertaining to the effect of fire on 
buildings is that since blast resistant modules (BRMs) have been used more widely, more 
workers are exposed to fire hazards since they are placed closer to or even within a process unit.  
Section 6.4.3 discusses the weaknesses in models relating to accurately depicting building 
occupant thermal risk if a person cannot self-evacuate or are to shelter in place (e.g. assuming 
building's integrity is not affected).  TNO Green Book [TNO 1992] is referenced in CCPS 2012 
as a source providing “effect of elevated temperature on people”.  
 
Section 6.5 of CCPS 2012 discusses effects of combustion products including carbon monoxide 
and smoke on building occupants and their ability to function per emergency response plan 
(ERP).  This section references various NFPA and SFPE documents for information on design 
of ventilation systems. 
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Tables 6.6 and 6.7 of CCPS 2012 include thermal radiation exposure limits from API RP 521 
[API 1999] and EN 1473 [CEN 2007] that could be useful when determining a fire evacuation 
path.  This section also notes that heat fluxes can be adjusted by “separation distance, water 
sprays, fireproofing, radiation screens or similar systems.”  
 
Toxic Hazard Siting Evaluations 
Section 7 of CCPS 2012 states that acute toxic hazard impact is a function of specific 
concentration or specific outcome.  This can be assessed either as an external concentration 
affecting egress or as an internal concentration.  If there is a potential for a toxic release, a site 
needs to perform dispersion modeling to show that its building siting criteria is met.  Similar to 
Table 6.3 for fire assessments, Table 7.1 of CCPS 2012 provides additional guidance on how to 
handle toxic parameter inputs within risk and consequence-based evaluations.  If a risk-based 
assessment is performed, credit could be assigned for mitigation such as containment, isolation, 
detectors, dilution and location (e.g., based on prevailing wind information).  Similar to 
preceding discussion, passive mitigation (e.g., proper sheltering) can be credited in the 
consequence modeling.  An assessment's sensitivity to event duration also needs to be addressed 
carefully, since a large volume release in a short time may be less hazardous than a long 
duration release of smaller quantity. 
 
CCPS 2012 urges proper documentation of the supporting analysis.  Documentation should 
have accurate records of the method used, assumptions, and parameters used when preforming a 
toxic hazard analysis.  CCPS 2012 discourages the use of lookup tables for toxic release 
analysis.  It states: 

“a toxic lookup table for separation distance would likely lead a site into a false sense of 
certainty that would be unjustified and potentially perilous or if the table were 
conservative, would encompass an entire site in many instances.” 

 
Lookup tables usage within a risk-based assessment is discussed in section 7.3.1.5 of CCPS 
2012 where it is stated that such a table should be developed with site specific parameters in 
mind. 
 
Site-Specific Evaluations 
CCPS 2012 strongly supports site-specific evaluations for facility siting even though spacing 
criteria is available from recognized organizations including CCPS, NFPA, API, and Factory 
Mutual (FM) Global.  As an example, these documents provide values which range between 50 
to 1200 ft for control rooms and process units.  This wide range is a function of hazards, facility 
types and objectives of the source.  In CCPS 2012 it is stated that: 

"…no single spacing standard is appropriate for all applications."  
 
CCPS 2012 further states that for building design and siting criteria there should be site-specific 
evaluations of:  

1) In-process materials and conditions,  

2) Building location, occupancy, design, materials of construction, and  

3) Effectiveness of process safety management (PSM).   
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Evaluation Criteria 
Development of evaluation criteria is dependent on the analysis approach selected i.e. 
consequence-based, risk-based, or lookup table; each one of these analysis approaches are 
discussed below. 
 
Consequence-Based Approach - Section 4.1 of CCPS 2012 discusses the differences between 
exposure criteria and consequence criteria for a consequence-based approach to building siting 
analysis.  In brief, exposure criteria are in terms of physical properties of the scenario’s physics 
(e.g. maximum overpressure, maximum heat flux, or maximum toxic material concentration).  
In contrast, consequence criteria are in terms of damage to a building with an “implied 
correlation to the potential injuries”.  
 
Risk-Based Approach - Risk-based criteria can be based on an individual or population.  
Within the U.S., the Department of Defense (DOD) Explosives Safety Board established high 
explosive risk criteria for operations under their purview.  Similarly, Nuclear Regulatory 
Commission has established risk based criteria for changes in a power plant [NRC 2002]. 
Chemicals processing industries within the U.S. have no such established criteria for fire, 
explosions, or toxic hazards.  However, as it is stated in CCPS 2012, “Some non-U.S. 
jurisdictions have regulatory requirements that include specific risk criteria.”  
 
Section 4.7 of CCPS, 2012 presents information on individual, societal, and aggregate risk 
measures including various criteria values used by organizations around the world.  This section 
distinguishes societal risk values as typically applied to studies of off-site population risk and 
aggregate as applied to either on or off-site populations.  Aggregate risk values are typically 
applied to studies of occupants of one building even if an event could affect multiple buildings' 
populations however, aggregate risk values could be applied using sitewide values and therefore 
the basis should always be noted.  This section references CCPS Guidelines for Developing 
Quantitative Safety Risk Criteria [CCPS 2009]. 
 
Lookup Table Based Approach - For prioritizing buildings for in-depth evaluation, Dow Fire 
and Explosion Index [CCPS 1994] and Mond Index [ICI, 1985] are noted in CCPS 2012 to 
determine separation distances for fire events. 
 
Here are a few general criteria development guidelines of note:  

▪ Appropriate criteria that correlate to building damage are more readily available than 
criteria that correlate to occupant vulnerability.   

▪ When developing criteria for fire and toxic hazards one needs to consider prolonged 
exposure.   

 
The following paragraphs cover evaluation criteria for each core hazard type: fire, explosion, 
and toxic exposure. 
 
Fire Hazard Criteria - Section 4.4 of CCPS 2012 discusses the following topics to developing 
criteria for fire hazards: spacing table, thermal exposure level, and vulnerability of occupants.  
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When adopting data for lookup tables, it is important to make sure data is relevant to building 
occupant safety and not just property protection.   
 
Explosion Hazard Criteria - Section 4.3 of CCPS 2012 discusses explosion hazard criteria for 
existing buildings but does not specify if the data provided are empirical or modeled.  
 
Toxic Hazard Criteria - Section 4.5 of CCPS 2102 addresses toxic exposure criteria and 
demonstrates that separation distance determination process should include an evaluation of air 
intake and other related values for each building.  UK HSE, 2011 is specifically referenced for 
toxic dose to specific impact level correlation values. 
 
 
3.3 Comparison of NFPA and ISO Approaches for Evaluating Separation 

Distances [LaChance 2009, 2011 and 2012] 

Sandia National Laboratories (SNL), in their support of NFPA 2 preparation, conducted a series 
of studies focused on separation distances between hydrogen containing equipment and vessel 
and other entities. These documents can be regarded as Guidance type. They summarize SNL 
evaluation of NFPA and ISO’s approaches to gaseous hydrogen facilities separation distances.  
It is noted that both sources use Quantitative Risk Assessments (QRAs); however, NFPA uses a 
risk-informed concept while ISO uses a risk-based concept in developing gaseous hydrogen 
facility codes and standards.  A risk-informed concept is distinguished as a technically more 
thorough approach compared to a risk-based concept.  It is important to note, neither the NFPA 
nor ISO standards solely rely on specifying separation distances – “standards… specify the 
facilities have certain safety features, use equipment made of material suitable for a hydrogen 
environment, and have specified separation distances.”  It is also important to note that while 
the goal of both organizations was to use “defensible, science-based approach”, some of the 
separation distances resulted from subjective arguments. 
 
The guidance provided or discussed in these documents has the following characteristics: 

▪ Types of scenarios discussed: 

- Non-catastrophic 

- Jet fires 

- Gaseous hydrogen bulk storage facilities and gaseous fueling station 

- States impacts of concern are people, equipment, and structures however, the only 
risk acceptance criteria sited was related to people (see following paragraph) 

▪ Approach selection guidance: 

- Risk-informed versus than risk-based 

- Include QRA within the approach 

- Ensure a “defensible, science-based approach”  

- Distinguish between self-ignition and external ignition 

- Document bases of numerical risk criteria  

- Ensure failure data is applicable to how the material will interact with a component 
of consideration 
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It is noted that the scope of ISO is focused on fueling stations while NFPA focused on bulk 
storage.  The two organizations also use different risk acceptance criteria, consequence models, 
pressure ranges, exposures, failure and ignition data, and weighting of results. 
 
When gathering and assessing data for the QRA (including to develop risk criteria/guidelines 
and failure and ignition datasets), both groups had to decide what data was relevant to its study.  
Due to hydrogen’s small molecular size, low viscosity, and high diffusion rate, leaks and 
ignition probabilities need to be appropriately assessed with these factors in mind.  As was 
shown in SNL’s analysis, component leakage frequency differentials between generic data and 
hydrogen specific data were significant; in other words, one must gather and analyze the 
appropriate data for the material of concern down to its component level interaction to know if 
generic data is sound for a particular analysis.  NFPA and ISO assessed the data differently; 
mainly NFPA used a Bayesian statistical approach to assess leakage frequencies and ISO used a 
linear approach to simplify the data to allow interpellation.  SNL and some members of the ISO 
working group would have found ISO’s method sound but not optimal however.   
 
As stated above, NFPA and ISO have used different risk criteria.  NFPA’s “...selected fatality 
risk guideline of 2E-5/year (yr) was based on three inputs: maintaining the risk at an equivalent 
level to gasoline stations, using a value that is consistent with countries that have established 
risk criteria, and limiting the risk from hydrogen releases to a fraction of the risk to an average 
person from accidental causes.”  ISO chose to use 1E-5/yr for fatality risk (based on 
International Energy Agency Task 19 on Hydrogen Safety recommendations) and 4E-6/yr for 
risk of ‘critical’ exposures (no documented basis).  It is worth restating that both ISO and NFPA 
chose to define a fatality risk criteria; even though in general, the U.S. processing industries 
have not established risk criteria. 
 
 
3.4 Determination of Safety Distances [EIGA 2007] 

This document among all the documents reviewed for this report, after CCPS 2012, provides the 
most information and again in a limited way, that is relevant to NFPA 400.  This document 
provides a method for determining safe separation distances within the industrial gas industry in 
Europe.  Although the emphasis is on fire and explosion hazards, the method covers toxic 
hazards as well.  The separation distance method within this document has the following 
characteristics: 

▪ It requires that probability of occurrence and severity of the impact to be addressed and 
suggests methods and parameters to calculate severity (referred to as ‘hazardous 
effects’).  

▪ It takes into account preventative, geometric and mitigative measures. 

▪ It provides probability and frequency values through examples 

▪ It covers industrial (including medical and specialty) gas industry equipment (including 
pipework and storage) with cryogenic liquid, pressurized liquid, and gaseous. 

▪ Bases of suggested method:  
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- Uses a criteria for determining harm exposure, including societal risk 

- Failure probabilities and frequencies are based on either historical or calculated 
values  

- Severity (hazardous effects) depends on method chosen  

▪ Limitations of method: 

- Does not cover severe catastrophic events, e.g. tank rupture, offsite transport or 
pipeline failure events 

- Does not provide clear guidance on how to account for mitigative measures. 

▪ Information needed to apply the method: 

- Site specific data (e.g., equipment type specific enough to apply failure rate data, site 
weather conditions, etc.) 

- The nature of the hazard (i.e., toxic, flammable, oxidizing, asphyxiant, explosive, 
pressure etc.). 

- The equipment design and the operating conditions (e.g. pressure, temperature) and 
physical properties of the materials 

- Any external mitigating protection measures (e.g. fire walls, diking, deluge system 
etc.) which can reduce the escalation of the incident. 

- “The “object” protected by safe distance (e.g. people, environment or equipment). 

▪ Recommends use of computerized methods (e.g., dispersion analysis software) to 
calculate hazard zones.  

 
 
3.5 Research to Improve Guidance on Separation Distance for the Multi-energy 

Method (RIGOS) [TNO 2005] 

The focus of this document is on the separation distance between two or more sources located 
within a confined space (e.g., within a building) that have the potential for creating an explosive 
vapor cloud.  This document describes a method for determining impact of vapor cloud 
explosions (VCEs), propagation and speed of the shock wave within the confined spaces and 
more specifically the critical separation distance between VCEs where each explosion can still 
be considered to have separate blast waves.  By method definition, this also defines the 
minimum separation distance between congested areas which could have VCEs.  The separation 
distance method within this document has the following characteristics: 

▪ Determines severity of an event Does not account for preventative and mitigative 
measures  

▪ Addresses vapor cloud explosion (VCE)  
▪ Accounts for the impact of geometry on the severity of the explosion 
▪ Addresses ignition location, direction of blast effects and impact of obstacles 
▪ Uses experimental data for low explosion overpressure range, extrapolation to high 

(>100 kPa) explosion overpressure range  
 
This document describes the Multi-energy Method and provides a summary of related TNO gas 
explosion experiments, validations and comparisons with other separation distance parameters.  
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It proposes “practical guidance with regard to the Critical Separation Distance”.  No 
preventive measures or mitigators are taken into consideration and no probabilities are part of 
the method.  It should be noted that this document is practically the only one among those 
reviewed for this report that specifically addresses tank or pressure vessel rupture.  All other 
documents are mainly concerned about leaks.  
 
 
3.6 Property Loss Prevention Data Sheets, 7-44 Spacing of Facilities in Outdoor 

Chemical Plants [FM 2012a] 

FM Global has developed a set of data sheets for the purpose of guiding engineers, owners and 
operators on safe practices addressing specific issues.  FM 2012a is a data sheet that addresses 
fire and explosion risk associated with chemical plant equipment for facilities where the 
processes are outdoors and operators work within the process area.  It is generally a guidance 
document that references several other documents where separation distances or analysis 
methods are provided.  However, it provides specific charts for establishing the hazard severity 
that can be used to establish the separation distances among vessels and equipment based on 
quantity of material and pressure rating of the vessel.  It recognizes locating of high value 
facilities (e.g., central control building) or items with respect to the potential sources of hazard 
(e.g., a source of vapor cloud explosion).   
 
 
3.7 Property Loss Prevention Data Sheets, 1-20 Protection Against Exterior Fire 

Exposure [FM 2012b] 

FM 2012b is a data sheet that addresses fire risk among buildings and outside storage but does 
not address ignitable liquids, equipment fire, explosions or toxic effects.  It prescribes specific 
design conditions and recommends distances among buildings and storage area.  It recognizes 
the benefits of mitigative measures.  For example, if the exposing building is equipped with 
sprinkler system, it assumes that the fire risk is eliminated.  It prescribes separation distance 
based on the building design conditions.  For example, for ordinary occupancy with 2-hour 
rated exterior wall, the separation can be as close as 10 ft and for the same type of wall an 
outside storage between 31 and 45 ft tall the separation should be no less than 40ft.   
 
The guidance provided in this document takes into account the effects of mitigative system 
(e.g., fire sprinklers), wind effects, height and length of buildings and storage, presence of 
windows and other openings, etc.  It provides simple formulations on how to arrive at minimum 
safe distances.  It does not discuss the bases of the distances or methods prescribed.  It is 
inferred that the distances are based on a combination of historical information and fire 
modeling. 
 
 
3.8 Safe Use of Liquefied Petroleum Gas (LPG) at Small Commercial and 

Industrial Bulk Installations [UK HSE 2013] 

This document addresses a flammable liquefied gas, which is not within the scope of NFPA 
400.  However, it is included in this literature survey as an example of current published 
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prescriptive separation distance data therefore relevant to determining consistent formatting and 
ranges of published data.  This is mainly a prescriptive document with some guidance provided 
on how to arrive at safe distances.  It provides a summary table addressing the use of Liquefied 
Petroleum Gas (LPG) at what the United Kingdom Health & Safety Executive (UK HSE) refers 
to as small bulk installations.  The document refers the reader to the Liquefied Petroleum (LP) 
Gas Association Code of Practice (COP) for additional separation distance information on 
different facility configurations.  The separation distance data within this document has the 
following characteristics: 
 Applicable scenarios:  

- LPG use at small bulk installations (vessels sizes 0.05-4 Tonnes LPG) 
- Data provided for distance between ignition source and occupied space or between 

vessels 
 Preventative, geometric and mitigative measures:  
  Limited yes – data is provided for sites with firewalls and sites without firewalls 

▪ Basis of separation distance data is not given. 
 
NFPA 400 does not regulate LPG.  However, for five specific types of occupied areas (Tables 
5.2.1.3, 4, 6, 8, 10.1), NFPA 400 provides 20 lb as Maximum Allowable Quantities (MAQ).  
This amount is less than amounts in UK HSE LPG Separation Distances data therefore UK HSE 
LPG Separation Distances data is not directly useful to modifying separation distances within 
NFPA 400.  This UK HSE LPG data may be of use to modifying NFPA 58, Liquefied 
Petroleum Gas Code and/or NFPA 59, Utility LP-Gas Plant Code. 
 
 
3.9 Property Loss Prevention Data Sheets, 7-32 Flammable Liquid Operations [FM 

2010] 
 
This Data Sheet addresses flammable liquids, which are not within the scope of NFPA 400.  
However, it is included in this literature survey as an example and indirectly relevant to the 
topic of this study.  This version of Factory Mutual Data Sheet (FMDS) 7-32 is superseded by 
Property Loss Prevention Data Sheets, 7-32 Ignitable Liquid Operations.  CCPS Guidelines for 
Evaluating Process Plant Buildings for External Explosions, Fires, and Toxic Releases 2nd 
edition sited FMDS 7-32 2008 as having an explosion and fire hazard spacing table (note: CCPS 
only permits use of the fire hazard spacing table).  Since there are currently two later versions of 
FMDS 7-32, we have reviewed these two documents given 1) 2008 version is not available, and 
2) we do not have insight as to all of the reasons for 2012 superseding information within prior 
documents. 
 
This document provides fire and explosion property protection and prevention 
recommendations (including prescriptive separation distances) for facilities handling, 
processing, or transferring flammable or combustible liquids (with a fire point) indoors or 
outdoors.    
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4.0 CONCLUSIONS 

Many standards, industry practice documents and technical reports address the various aspects 
of minimum separation distances for hazardous materials containing equipment, piping, vessels 
and structures.  The bases of the recommended distances are challenged by recent accidents.  
The available literature was reviewed to identify sources that are relevant to the hazardous 
materials within the scope of NFPA 400.  From a large number of sources only a few were 
found to be partly relevant to NFPA 400.   
 
The sources can be categorized as prescriptive or guidance type or a combination of the two.  
Prescriptive sources provide tabulations of distances for various conditions for specific 
applications.  Guidance type sources discuss methods and in some cases provide some of the 
necessary data to conduct analyses to arrive at separation distances.  The latter sources are 
generally aimed at large industrial facilities whereas prescriptive sources may include small 
installations in their scope. 
 
Existing prescriptive sources are overwhelmingly focused on non-catastrophic events (i.e., 
leaks).and of fire hazards.  For explosion and toxic effects, generally guidance is provided on 
how to arrive at separation distances by analysis.   Recommended minimum separation 
distances can be a function of mitigative measures.  Mitigative measures include means to 
minimize occurrence of the event, geometric characteristics of the area of the hazard (e.g., fire 
barriers) and active response systems (e.g., fire sprinklers).   
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