
ASTM INTERNATIONAL 
Selected Technical Papers

Performance of 
Protective Clothing 
and Equipment: 
10th Volume, Risk 
Reduction Through 
Research and Testing

STP 1593
Editors:
Brian Shiels 
Karen Lehtonen

Perform
ance of P

rotective C
lothing and Equipm

ent: 
10

th V
olum

e, R
isk R

eduction Through R
esearch and Testing

S
hiels | Lehtonen

S
TP

159
3



Selected technical PaPerS
StP1593

Editors: Brian Shiels and Karen Lehtonen

Performance of Protective 
Clothing and Equipment: 
10th Volume, Risk Reduction 
Through Research and Testing

ASTM STOCK #STP1593
DOI: 10.1520/STP1593-EB

ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959
Printed in the U.S.A.



Library of Congress Cataloging-in-Publication Data

ISBN: 978-0-8031-7631-7

ISSN: 1040-3035

Copyright © 2016 ASTM INTERNATIONAL, West Conshohocken, PA. All rights reserved. This material 
may not be reproduced or copied, in whole or in part, in any printed, mechanical, electronic, film, or other 
distribution and storage media, without the written consent of the publisher.

Photocopy Rights

Authorization to photocopy items for internal, personal, or educational classroom use, or the internal, 
personal, or educational classroom use of specific clients, is granted by ASTM International provided that 
the appropriate fee is paid to the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923, 
Tel: (978) 646-2600; http://www.copyright.com/

The Society is not responsible, as a body, for the statements and opinions expressed in this publication. 
ASTM International does not endorse any products represented in this publication.

Peer Review Policy

Each paper published in this volume was evaluated by two peer reviewers and at least one editor. The 
authors addressed all of the reviewers’ comments to the satisfaction of both the technical editor(s) and 
the ASTM International Committee on Publications.

The quality of the papers in this publication reflects not only the obvious efforts of the authors and the 
technical editor(s), but also the work of the peer reviewers. In keeping with long-standing publication 
practices, ASTM International maintains the anonymity of the peer reviewers. The ASTM International 
Committee on Publications acknowledges with appreciation their dedication and contribution of time 
and effort on behalf of ASTM International.

Citation of Papers

When citing papers from this publication, the appropriate citation includes the paper authors, “paper 
title,” STP title, STP number, book editor(s), ASTM International, West Conshohocken, PA, year, page 
range, paper doi, listed in the footnote of the paper. A citation is provided on page one of each paper.

Printed in Bay Shore, NY  
September, 2016



THIS COMPILATION OF Selected Technical Papers, STP1593, Performance of 
Protective Clothing and Equipment: 10th Volume, Risk Reduction Through Research 
and Testing, contains peer-reviewed papers that were presented at a symposium 
held January 28–29, 2016, in San Antonio, Texas, USA. The symposium was spon-
sored by ASTM International Committee F23 on Personal Protective Clothing and 
Equipment.

Symposium Chairpersons and STP Editors:

Brian Shiels
PBI Performance Products, Inc.

Charlotte, NC, USA

Karen Lehtonen
LION

Dayton, OH, USA

Foreword





v

Overview ix

Synchronizing and Integrating Standards into Next Generation First Responder 
Personal Protective Equipment Development: An Implementation of the National 
Strategy for CBRNE Standards 1

Philip Mattson, John Merrill, Teresa Lustig, and William Deso

Assessing Design and Materials for Flame-Resistant Garments 11
Margaret Auerbach, Thomas Godfrey, Michael Grady, and Margaret Roylance

Theories from Evaluation: How Arc Flash Protective Fabrics Work to  
Protect in the Hazard 27

Hugh Hoagland, Stacy L. Klausing, and Jill A. Kirby

A Heat Transfer Analysis and Alternative Method for Calibration of Copper Slug 
Calorimeters 42

Thomas A. Godfrey and Gary N. Proulx

An Evaluation of the Effects of Bleach Products and Fabric Softener on Properties 
of a Common Flame-Resistant Cotton-Nylon Fabric 63

Jill A. Kirby, Stacy L. Klausing, and Hugh Hoagland

Parametric Study of Fabric Characteristics’ Effect on Vertical Flame Test 
Performance Using Numerical Modeling 78

Esther Kim, Nicholas Dembsey, and Thomas A. Godfrey

Advanced Layering System and Design for the Increased Thermal Protection of 
Wildland Fire Shelters 102

Anita Nagavalli, Alexander Hummel, Halil I. Akyildiz, John Morton-Aslanis, and 
Roger Barker

Contents



vi

A Comparison of Test Methods for Evaluating Textiles for Protection from Hot 
Water Splash 117

Ghulam Murtaza, Jane C. Batcheller, Stephen A. Paskaluk, and Mark Y. Ackerman

Effects of Convective and Radiative Heat Sources on Thermal Response of Single- 
and Multiple-Layer Protective Fabrics in Benchtop Tests 131

David Torvi, Moein Rezazadeh, and Christopher Bespflug

High-Intensity Thermal Testing of Protective Fabrics with a CO2 Laser 159
John Fitek, Margaret Auerbach, Thomas A. Godfrey, and Michael Grady

Comparisons of Two Test Methods for Evaluating the Radiant Protective 
Performance of Wildland Firefighter Protective Clothing Materials 178

Alex Hummel, Kyle Watson, and Roger Barker

Experimental Study of Heat Flux in Propane Flash Fires 195
Stephen A. Paskaluk and Mark Y. Ackerman

Considerations for Applying Man-in-Simulant Test Methodologies for the 
Evaluation of Fully Encapsulating Chemical Protective Ensembles 212

R. Bryan Ormond

Permeation of Active Ingredient in Pesticide Formulations Through Single-Use and 
Reusable Chemical-Resistant Gloves 233

Anugrah Shaw, Ana Carla Coleone, and Joaquim Machado-Neto

Development and Validation of an Alternative Chemical Permeation Test Cell 250
Christopher J. Mekeel and Pengfei Gao

Interlaboratory Variation for Permeation Test Standards and Considerations for 
Test Materials 272

William Gabler and R. Bryan Ormond

Use of Thermal Mannequins for Evaluation of Heat Stress Imposed by Personal 
Protective Equipment 285

Xiaojiang Xu, Julio A. Gonzalez, Anthony J. Karis, Timothy P. Rioux, and  
Adam W. Potter

Heat Strain in Chemical Protective Coveralls—Are Thermal Sweating Mannequin 
Tests More Informative than Sweating Hot Plate Tests? 296

ShuQin Wen, Jane Batcheller, and Stewart Petersen

Alternative Methodologies for Determining the Impact of Clothing Ventilation in 
Structural Firefighter Turnout Suits 313

Meredith McQuerry, Emiel DenHartog, Roger Barker, and Alex Hummel

Development of a Human Sensation-Relevant Method for Measuring Phase  
Change Materials 331

Daniel B. Howe, Keith R. Blood, Rick R. Burke, and Nathan Lanci



vii

Retraction 351

Why Does the Structural Integrity of Flame-Resistant Protective Clothing  
Hang by a Thread? 374

Vincent Diaz

Back Protector Performance—Standard Methodologies Versus Realistic Testing 391
Jean-Phillippe Dionne, Ming Cheng, Jeff Levine, Matthew Keown, and Aris Makris





ix

This volume contains a collection of 23 peer-reviewed papers from the Tenth Sym-
posium on Performance of Protective Clothing and Equipment held January 28–29, 
2016, in San Antonio, TX. The event was the tenth in an ongoing series of ASTM 
Committee F23 symposia that has spanned 30 years. The symposium theme, “Risk 
Reduction Through Research and Testing,” drew academic and industrial research-
ers alike with a common goal to increase protection for the users of all varieties of 
protective clothing and equipment. 

The symposium was preceded by two very full days of standards development 
during a bi-annual meeting of ASTM Committee F23 on Personal Protective Cloth-
ing and Equipment. To open the event, the symposium co-chairs invited Lieutenant 
Jim Reidy of the San Antonio Fire Department to deliver a welcome speech. The 
lieutenant’s talk served as an excellent reminder to all those in attendance of the im-
portance of ongoing research and testing and gave a personal connection to an end 
user whose life often depends on our success. 

The overall objective of the symposium was to provide a forum for discussing the 
current state and future of the personal protective clothing and equipment industry. 
Specific objectives included:

•	 Showcase current research and advances in personal protective clothing and 
equipment

•	 Define and discuss challenges facing those developing, testing, and using per-
sonal protective clothing and equipment

•	 Promote communication and information sharing between researchers, manu-
facturers, users, and government agencies

•	 Assess the need for new and/or revised standards

Although many of the presentations covered topics involving flame exposures, the 
symposium co-chairs were pleased to welcome several discussions on the topics of 
chemical and biological protection, arc flash protection, and blast protection for mili-
tary and law enforcement. The span of topics also shed light on important emerging 
issues, including a better understanding of physiological impact of protective cloth-
ing, and innovative ways to reduce heat stress. Particularly useful for the F23 Com-
mittee members in attendance were the topics focusing on improving upon existing 
test methods to better serve the protective clothing industry. 

Overview
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The symposium co-chairs express their gratitude to ASTM staff for all their con-
tributions to planning throughout the many months preceding to the symposium. 
Furthermore, this STP would not have been possible without the attentiveness and 
countless hours volunteered by our peer reviewers to ensure that all of the following 
manuscripts were fit for publication. It is our sincere hope that these selected techni-
cal papers contribute significantly to the further advancement of personal protective 
equipment. 

Brian Shiels Karen Lehtonen
PBI Performance Products, Inc. LION
Charlotte, NC Dayton, OH
Symposium Co-chair and Editor Symposium Co-chair and Editor
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