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Abstract 
Chemical protective clothing helps to act as a buffer for wearers from physical, chemical or 

biological risks that may be encountered while at work in an industrial setup. The present 

study was aimed at minimizing these dangers and risks. The study was conducted in two 

phases. The first phase was based on the evaluation of mechanical and resistance 

characteristics of locally manufactured protective coveralls. Performance was measured at 

various washing intervals. This phase was designed to make an assessment of the protective 

coveralls currently in use in chemical industries of Pakistan. It was observed, Cotton and 

Polyester were dominant raw materials used for manufacturing of collected samples. All 

samples failed to pass safety standards. Various factors impacted their performance. Among 

them, low quality of fabric and lamination were most important factors. In the second phase 

of the study, three different types of clothing materials were manufactured by using various 

construction parameters. Based on literature review and results of phase one, Aramid and 

multilayered Cotton-Polyester blends were used for manufacturing. These clothing materials 

were also evaluated for their mechanical and resistance characteristics at various washing 

intervals using the test procedures of phase one and under similar conditions and 

environment. All three experimental materials outperformed all the existing samples tested in 

phase one. Aramid performed better among the three experimental materials. Finally a 

comprehensive comparison based on the collected data for each characteristic of existing and 

newly manufactured clothing materials was carried out. Statistical analysis highlighted the 

difference within and between new and existing clothing materials. The results indicated that 

the existing clothing materials showed poor results for each characteristic and significantly 

deteriorated after successive washing. Whereas experimental clothing materials manufactured 

in the second phase showed excellent results and were less by number of washes. According 

to the overall conclusion drawn from the current research existing materials are not suitable 
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for the workers of chemical industries. They should rather adopt any of the experimental 

materials based on their requirements and needs. 
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Chapter No. 1 
 

Introduction 
 

1.1 General Introduction 

Clothes are mostly discussed in terms of expression and fashion. One very important use 

of clothing is protection. Protective-clothing manufacturers are more interested in the 

behavior of the fabric/material than its aesthetic appeal. According to Smith (1999) Protective 

clothing means: ―garments, or textile related products that are worn, which prevent a person 

(or product) from coming into contact with and protects from, and/or reduces the risk of 

exposure to hostile elements or environments.‖ Protective clothing is considered one of the 

most important parts of the Personal Protective Equipment (PPE) used at work places 

especially chemical industries.  

Chemical industry is a major player in today‘s modern world. In terms of business, this 

industry drives a huge economic activity. Chemical industry in Pakistan did not exist at the 

time of her independence. It was established in early 1950‘s. First chemical industry named, 

Pak American Fertilizers, was developed at Mianwali, district of Punjab (Sohail, 2012).  Over 

the years this industry has grown; Today in Pakistan, chemical industry comprises many large 

and small-scale factories. They are mostly located in urban areas such as Lahore, Faisalabad, 

Karachi, Peshawar, Kala Shah Kako, Hattar, Haripur, Gujrat, Mianwali, Multan, Sialkot and 

Gujranwala etc. Some of the major enterprisers in this sector include Fatima Group, Pak-

Arab Fertilizers, Fauji Fertilizers, Dawood Hercules, Engro Chemicals and Clariant Pakistan, 

etc. (Jaspal & Haider, 2014).  

Many different types of chemicals are used in this industry. Properties of these chemicals 

vary and so their behavior. Different behavioral patterns pose different threats and risks. For 

example, exposing skin to a gaseous chemical can burn it whereas; a liquid chemical may 
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burn or penetrate skin and harm the milieu interieur. Therefore, handling these chemicals in 

an industrial setting is hazardous and sometimes life-threatening. These risks differ in nature 

from chemical to chemical, making safety a cumbersome process yet safety remains a 

fundamental part of an industrial setting. Precautionary measures become essential when 

handling such chemicals (Jaspal & Haider, 2014). 

Personal protective equipment, therefore, becomes vital under these serious 

circumstances. In chemical industry a variety of typical risks such as toxicity, corrosiveness, 

flammability, and other health and safety hazards may occur. Aprons and gloves are typically 

used in chemical industry for providing a shield against such hazards when a worker is 

dealing with small amounts of chemicals whereas, overalls/coats and/or trousers are worn 

when dealing with large amounts of chemicals. Generally a hazard assessment is carried out 

for every industrial setting that uses chemicals. If the assessment indicates an exposure to 

toxic substances or harmful chemical agents then workers must wear protective clothing, 

which fits them properly and is carefully inspected before every use (OSHA, 2003). 

Equipment such as sharp tools also pose a threat to the safety of worker but with the use of 

adequate clothing, one can be protected from these possible threats as well (Health and Safety 

Executive [HSE], 2005). 

Safety and health issues are very important in every industry, therefore professionals 

including chemists, medical personnel, military staff, police officers, fire fighters, food 

handlers, pesticide handlers and others must wear protective clothing. The garments used as 

protective clothing must protect wearer from many safety and health hazards and should be 

comfortable as well. There is a lack of awareness among the workers and management 

personnel regarding the accurate use of protective clothing. For example, it is commonly 

observed that non-flame resistant ensembles are used when working with flammable solvents 

or in areas of open flames (Stellman, 2011). It is the responsibility of the employer to make 
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sure the provision of protective clothing for his employee, who is liable to any injury or risk 

to safety at work area. In order to ensure adequate safety of workers, an assessment in this 

regard must be made. Protective clothing includes jackets, aprons, overalls and body suits 

(Occupational Health and Safety Administration [OSHA], 2003). 

In order to avoid hazards and ensure safety precautions, it becomes necessary to select the 

appropriate fabric for protective clothing. Selection of fabric largely depends on the nature of 

work and working environment and conditions. Thus, it is very important to consider such 

factors during the selection of fabric. Nature and strength of protection offered by a fabric is 

defined by its properties such as strength, transmission and resistance. These material 

properties individually and mutually constitute a barrier against harmful and hazardous 

effects (Hu, 2008). 

Considering the nature of the work in a chemical industry, the protection of workers 

becomes imperative. First line of defense for these workers is their clothing. In fact chemical 

workers‘ protective clothing is the primary component of defense against environmental 

hazards, chemicals, fire, cuts and abrasives. Di Giovanni (2006) mentions there is no silver 

bullet that fends off every attack. There exists no single-magical fabric that can protect 

against all hazardous chemicals. 

Therefore, in order to evaluate the performance behavior of chemical protective clothing, 

certain aspects are necessary to study. Mechanical aspects including tensile and abrasive 

strength distinguish the durability of protective clothing. Resistance aspects such as moisture 

transmission both in the form of water and vapor determine the thermal comfort. Chemical 

resistance provides information about resistance of clothing against hazardous and poisonous 

chemicals. Flame resistance aspect is another important performance indicator of protective 

clothing. Thus, these characteristics are a significant input-parameter for design and 

development phase of the fabric manufacturing.  
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In order to study the nature and strength of protection offered by the fabric, following figure 

shows the performance aspects of clothing materials studied in this research. (Figure 1.1) 

 
 

 

Figure 1.1 Performance Aspects of Clothing Materials 

Fabrics and their combinational variants must be assessed for their performance when used 

for manufacturing protective clothing. Every fabric changes its mechanical properties with 

time, which affects the performance of the protective clothing. Therefore, these changes must 

be studied. Any fabric for protective clothing must be designed keeping these changes in 

consideration (Rossi et al., 2008) Recent developments in the field of fabric manufacturing 

have played a vital role in the development of new fabrics/materials/composites. New 

construction methods have helped to model protective features and rapidly test them to 

evaluate the performance of newly developed fabrics. 
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1.2 Statement of the Problem 
 

Accidents and injuries at the work areas are terrible disasters. A large number of workers in 

Pakistan are exposed to dangerous chemicals on daily basis without any protection or 

inadequate protection. Such exposure in industries has given rise to number of accidents in 

factories and manufacturing units. Necessary attempts should be made in order to protect 

these workers from such risks in the future (Ahasan and Partanen, 2001). Different researches 

show that about ninety percent industrial workers work indoors in closed environments 

(Barro et al; 2009). These closed environments with toxic chemicals necessitate great 

attention to safety standards. Occupational investigation related to health issues in Pakistan 

has not yet received proper importance (Kamal et al., 2011) Therefore it is very important to 

create awareness among workers (Malik et al., 2010) as well as managers and industry 

owners to ensure safety at work areas. It is also very essential to access the current safety 

measures installed at industrial units. Furthermore all protective equipment must also be 

accessed and tested. If need be, better protective equipment must be designed and 

manufactured to ensure the safety of industrial workers in Pakistan. 
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1.3 Objectives of the Study 
For a broader perspective, the research is focused to minimize the risk of injury and hazards with 

adequate type of material used in protective clothing manufactured for the personnel working 

with chemicals in Pakistan. In order to achieve this goal the following research objectives are 

categorized. 

1. To develop a sound understanding of the performance aspects of chemical protective clothing 

materials. 

2. To analyze performance of locally manufactured chemical protective clothing materials by 

investigating mechanical and resistance characteristics after various washing cycles.  

3. To produce new chemical protective clothing materials conforming to various safety 

standards yielding better results than locally manufactured materials. 

4. To analyze performance of newly manufactured protective clothing materials by investigating 

mechanical and resistance characteristics after various washing cycles.  

5. To compare performance aspects of locally manufactured clothing materials with newly 

developed clothing materials.  
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1.4 Hypothesis 

Based on the objectives of the study, following hypotheses are formulated. 

H1: There is a significant difference in tensile strength of existing and experimental clothing 

materials in warp direction at various washing intervals. 

H2: There is a significant difference in tensile strength of existing and experimental clothing 

materials in weft direction at various washing intervals. 

H3: There is a significant difference in abrasive strength (5000, 15000, and 25000 rubbing 

cycles) between existing and experimental clothing materials at various washing intervals. 

H4: There is a significant difference in water resistance between existing and experimental 

clothing materials at various washing intervals. 

H5: There is a significant difference in wicking behavior (in warp direction) of existing and 

experimental clothing materials at various washing intervals. 

H6: There is a significant difference in wicking behavior (in weft direction) of existing and 

experimental clothing materials at various washing intervals.  

H7: There is a significant difference in chemical penetration (Sulphuric acid, Sodium 

Hydroxide, Xylene and Butan1-01) between existing and experimental clothing materials at 

various washing intervals. 

H8: There is a significant difference in chemical repellency (Sulphuric acid, Sodium 

Hydroxide, Xylene and Butan1-01) between existing and experimental clothing materials at 

various washing intervals. 

H9: There is a significant difference in after-flame time of existing and experimental clothing 

materials at various washing intervals. 

H10: There is a significant difference in char length of existing and experimental clothing 

materials at various washing intervals. 
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1.5 Significance of the Study 

Very little research has been done on chemical protective clothing in Pakistan. Currently, 

there are no standards for evaluation and assessment of performance behavior of chemical 

protective clothing in our country, that‘s why most of the large industries and organizations 

import protective clothing for their employees which are very expensive while other 

industries totally ignore health and safety issues regarding their employees‘ protection.  There 

are industries which buy locally manufactured protective clothing for their workers, but these 

locally manufactured clothing are unable to provide complete protection to wearers against 

various work hazards. 

With the passage of time, protective clothing starts losing its performance in terms of 

providing protection to the wearer. The safe limits can be hard to determine, as they are 

difficult to judge through visual examination. Lack of required knowledge about protective 

clothing relevant to the protection levels for which it is supposed to provide, can be extremely 

hazardous for the workers handling chemicals at their workplace. So, it is very important to 

evaluate performance aspects of chemical protective clothing to protect workers. 
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1.6 Study Plan 
FIRST PHASE 
Objectives: 
x To develop sound understanding of the 

performance aspects of chemical protective 
clothing materials. 

x To analyze performance of locally 
manufactured protective clothing by 
investigating mechanical and resistance 
characteristics after various washing cycles.  

 
 

Methodology: 
Study Type. Cross-sectional study 
Sample. Chemical protective coveralls 
Sampling Technique. Random 
Sample Size: 45 
Analysis: Descriptive  

 
 
 
 
SECOND PHASE 
Objectives: 
x To manufacture new chemical protective 

clothing materials conforming to various safety 
standards yielding better results than locally 
manufactured materials. 

x To analyze performance of newly manufactured 
protective clothing material by investigating 
mechanical and resistance characteristics after 
various washing intervals.  

 

Methodology: 
Study Type. Experimental study 
Sample. Experimental chemical protective 
coverall 
Sampling Technique. Purposive sampling 
Analysis: Descriptive 

 
 
 
 
COMPARATIVE ANALYSIS 
Objective: 
x To compare performance aspects of available 

chemical clothing material with newly 
developed clothing materials. 

Methodology: 
Study Type. Comparative study 
Analysis: ANOVA 
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Chapter No. 2 
 

Review of Literature 
 

‗Review of Literature‘ is body of knowledge extracted from articles, journals, book-chapters, 

summaries, prior research-work and other contributions from numerous scholars and 

researchers on the topic of interest. It highlights relevant theories, methodologies and best 

practices from previously conducted studies. It also summaries the conclusions and findings 

of other relevant works. In short it is an organized, systematic and reproducible process of 

recognizing, assessing and synthesizing the existing and recorded work done by various 

researchers and scholars (Fink, 2010). The following section briefly discusses the prior 

studies related to this study.  

This chapter divides the review of literature into three sections. The first section talks 

about the need, importance and evaluation of chemical protective clothing. The second 

section focuses on the role of performance aspects. This section is further divided into two 

parts. First part explains mechanical characteristics, including tensile and abrasive strength, 

of fabric used for manufacturing of chemical protective clothing. Second part discusses the 

resistance characteristics such as water, chemical and fire resistance. The third section 

explains different types of fibers used in the manufacturing of protective clothing. 

2.1 Clothing 

According to American Heritage Science Dictionary (2005) clothing means covering or 

apparel. It is considered a basic necessity of life, used for covering the body. Among many 

reasons clothes are worn as a form of expression. While expressing the wearer‘s personality, 

clothes boost self-confidence of the wearer as well. Though clothes mainly cover body yet at 

the same time they protect wearer against strong breeze, rain, hot and cold weather, and     
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UV rays from the sun. Weather is not the only external element; the whole environment 

constitutes such external elements. From a splinter of ice/wood to dengue mosquito and 

anything in the environment that interacts with human body becomes an external element. 

Clothes must act as a shield against these external elements. Nature of the external element 

determines the seriousness of the threat. Threats can be everyday cuts and bruises or more 

serious and sometimes fatal injuries.  

Humans are exposed to different environments, indoors and outdoors, moist and dry, 

office and home etc. Each environment is composed of distinctive components or external 

elements. Thus each environment demands different modes of protection. For example, a 

sportsman wears pads and gloves that provide cushion against hard ball where as a military 

officer wears a uniform that provides protection against ballistic hazards and punctures.  

The aforementioned examples illustrate how clothing, human body and environment 

are invariably interacting. In this recurring interaction, clothing becomes an important 

component because it acts as a barrier between the two. Clothes thus become the protectors of 

body. In consequence clothes are worn all the time and therefore must provide physiological 

comfort to the wearer (Fort & Hollies, 1970) as well. 

Textiles are broadly divided into two categories: conventional and technical. A new 

category of smart and intelligent textiles is also being developed (Wasti, 2016). A 

conventional textile is defined as “textile materials to protect the body from surroundings. It 

is mainly used for psychological comfort and modesty (“Technical textiles”, 2012). Technical 

textile defined as “textile material and product manufactured primarily for their technical 

performance and functional properties rather than their aesthetic and decorative 

characteristics” (Byrne, 2000; Mcintyre & Daniels, 1995). Technical textiles deal with 

designing and manufacturing high performance fabrics specifically for use in an industrial 
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setup. Such fabrics  posses functional abilities which fulfill special needs and requirements in 

respective industries. Air bags in vehicles and parachute of a sky diver are typical examples 

of technical textiles. The term „Technical Textiles‟ emerged in early 90‟s when industrial 

experts segregated textiles on the basis of their end applications. Numerous industries from 

agriculture to medical, sports to engineering and horticulture to construction use textiles for 

performing specialized tasks.  Some industries use textile for the purpose of protecting their 

workers against different hazards. Therefore Protective clothing equipment is the subset of 

technical textiles. 

2.1.1 Protective clothing 

According to a Dictionary of Military and Associated Terms (2005) protective clothing 

means garments that are specifically designed and fabricated to safeguard the wearer against 

certain hazards which may be caused by changes in the physical environment, hazardous 

surroundings or from enemy action. Muza et al. (2002) explained the terms ―protective 

uniforms‖ or ―protective clothing‖ as the garments where protection requirements are 

necessary against injury or risks involved in the working environment. 

First use of protective clothing can be traced back to armor worn by soldiers during 

wars. (Figure 2.1) Japanese are said to have worn iron plates against their torso during 

combat since fourth century. A well-documented uses of chemical protective clothing and 

accessories can be traced back to World War I. Protective coveralls and other accessories 

were manufactured for soldiers to wear during chemical warfare.  
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Figure 2.1 Protective Clothing Worn by Soldiers in the Ancient Times (Wild, C. n.d).  

Since then, protective clothing has surpassed the domain of wars/battles/combats and 

has transitioned into different domains particularly industrial setups. Now it has matured into 

standardized requirements and specifications for various fields (Health and Safety Middle 

East [HSME], 2013). Traditional use of protective clothing was changed by the technological 

and engineering advances. These advances brought many innovations in the field of textiles. 

Science and engineering curriculum at universities along with research projects/studies 

helped to better understand materials, both synthetic and natural. New materials were used as 

fiber and coating material. Industrial revolution provided means to manufacture such 

materials. Influx of knowledge was followed by innovations, the processes were improved 

and newer techniques were developed.  

As a consequence many new forms of clothing were introduced and formalized. One 

such form is Protective clothing. This branch of textiles deals with the functional 

performance of fabrics, rather than focusing on aesthetics for various professions (Matsuo, 

2008). Protective clothing is used by various industries including health care and medical, oil 

and gas, construction and manufacturing, military and police, fertilizer units, firefighting, 
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pharmaceutical, dyeing and finishing textile units, petrochemical and many more. Character 

of protective clothing depends on its intended market. Requirements for protective clothing 

of medical staff inside an operation theater are different from the requirements of personnel 

working in the chemical industries.  This example shows that intended use for both types of 

protective clothing is different therefore they also differ in character. Shape of protective 

clothing is generally similar to the regular apparel, namely gloves, jackets, trousers, hood etc.   

Character is defined by the inherent features and behaviors of the clothing. These 

features and behaviors are defined by the properties of the materials. There are many material 

properties, including, but not limited to, strength, drape, flexibility, weight, stretchability, 

resistance and transmission. In order to evaluate character, number of performance criteria, 

based on these properties, exist. Protective clothing worn by chemical plant workers has to 

respond to chemicals and hazardous substances therefore it should be assessed for various 

characteristics such as durability, moisture transmission, protection from chemicals and fire 

hazards (Mani & Sivakkumar, 2011). In general, the performance criteria for different types 

of protective clothing materials require different physical characteristics, including strength, 

drape, flexibility, light weight and stretch ability, and resistance characteristics such as 

resistance against heat, liquids, vapours, chemicals and bacteria. These contributing 

characteristics for the performance aspects of efficient protective clothing demand innovation 

and development in the production processes of fibers, yarns and fabrics (Khan, 2013).  

2.1.2 Chemical protective clothing 

Chemical protective clothing aims at safeguarding its wearer against dangerous chemicals. 

Humans  in their routine life are not exposed to lethal chemicals under normal circumstances. 

However, factory workers who handle these chemicals in an industrial setup need protection. 

They need protection against potential/expected physical, chemical or even biological 
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hazards while at work (National Institute of Justice [N.I.J], 2002). According to Occupational 

Health and Safety Administration Act, every worker in an industrial setting has a right to 

know dangers/hazards related to his/her work. Chemicals are inherently dangerous. Even 

those chemicals that are not toxic or dangerous; in small amounts may harm after 

lengthy/routine and repeated exposures (OSHA, 2011). Chemicals can be volatile in nature; 

slight change in conditions may dramatically change chemical‘s behavior. Temperature, 

moisture and material-concentration may alter without warning. These hazards are harmful 

and sometimes fatal.  

 Human body is exposed to the environment through its outer layer - skin. Skin 

protects the internal organs from exposure against the harmful effects of external 

environment. Workers handling chemicals during production and transportation are exposed 

to harmful compounds that, upon contact with skin, may cause irritation, burn injuries, acute 

trauma, and even serious chronic diseases such as cancer (International Organization for 

Standardization [ISO], 2005). Following are some possible reactions to the threats posed by 

chemicals to human skin. 

• Skin acts like a shield, protects the human body and minimizing harm. 

• Burn and scalds on skin. 

• Chemicals may penetrate skin and enter the body. The severity of such threats depends on 

the nature of chemicals and amount of exposure. Chemical penetration may cause irreparable 

damage to the human body. 

There are many hazards, as certain chemicals that are not toxic in small quantity, can 

damage health after repeated exposures. Different items of protective clothing offer 

protection depending upon the working environment. Any individual whose work requires 

dealing with different chemicals can easily protect his health with the adequate use of 

clothing items. It is the responsibility of employers or industry owners to make sure that their 
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employees use protective clothing to protect themselves while working with hazardous 

substances (Mani & Sivakkumar, 2011).  

Dangers of this sort make safety an issue of prime importance for all stake holders. 

This becomes a problem for employers and industry owners because by law they have to 

ensure the safety of their workers, especially if the nature of work is very dangerous (Mani & 

Sivakkumar, 2011). It is required by OSHA under 29CFR 1910.120 that workers use personal 

protective equipment (PPE) in order to protect themselves from hazards and injuries that may 

be encountered during work. Thus, protective clothing becomes a top priority issue (Ben 

Meadows Tech Info, 2013). Workers are becoming ever more conscious of the hazards that 

surround them at the workplace and they also demand better safety measures from the 

employer. Technologists and scientists, having realized this problem, are working hard to 

recommend improvements as well as to develop new techniques for manufacturing more 

sophisticated chemical protective clothing (Abbot, 2006). Only adequate form of chemical 

protective clothing is the answer to this problem (Roder, 1990). 

 Different fabrics are used for production of chemical protective clothing. These 

fabrics can be natural fibers (such as cotton, wool or leather) or synthetic fibers (plastics or 

rubbers such as polyvinyl chloride, butyl rubber or chlorinated polyethylene). Performance of 

every clothing item is largely dependent on constituent materials.  For example, a glove made 

from neoprene delivers excellent protection against sulfuric acid but rapidly saturated with 

toluene (Little, 1987). Porous materials cannot be used for protection against fluids. The 

lamination or coating process improves the performance. The materials commonly used for 

blending with other fibers for manufacturing protective ensembles include polyvinyl chloride 

(PVC), polyurethane, polyethylene and Aramid. Additional layers of ensembles not only 

provide strength but also act as an indicator for wear and abrasion properties. Various 
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polymers provide protection against fire hazards, moisture (water/vapour), corrosive and 

toxic chemicals (Little, 1987; Stellman, 2011).  

 2.1.3 Reusable and disposable chemical protective clothing 

Reusable protective clothing 

Reusable clothing can be used repeatedly until ripped or damaged. In some cases, it can be 

repaired, if needed. The protective garment should be totally decontaminated after being used 

because its performance characteristics should never be compromised, as it is supposed to 

provide complete protection (Dupont, n.d.).  

Disposable protective clothing. 

Disposable clothing is commonly manufactured with non-woven materials; It depends on 

fiber bonding technologies, including thermal, physical and chemical, giving clothing its 

strength. Most of the used raw materials include natural substances such as cotton or wood 

pulp and synthetic materials for example polyolefin and polyester (Cerbini & Ioco, 2004). 

Non-woven or disposable items can be reused (in some cases), but they must be washed 

properly between wearings. However, this clothing must be discarded, when the lamination 

or coating on its surface is damaged or removed. It is recommended that reusable or 

disposable clothing when heavily contaminated with undiluted solutions must be replaced 

because most laundering processes cannot remove these contaminations. (―Disposable 

Protective Clothing‖, 1990). 

  2.1.4 Classification of chemical protective clothing 

• Overall/coverall 

• Apron 
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• Coat/jacket 

• Trousers/pants 

• Full body suits 

• Hoods 

• Helmet/headgear 

• Gloves 

• Face shield/masks 

• Boots 

• Shoe cover 

 2.1.5 Challenges in chemical protective clothing 

Following are the few challenges, highlighted by Shishoo (2002) faced during manufacturing 

of protective clothing: 

• Better protection from environmental hazards. 

• A Reduction in bulk and weight of the clothing material. 

• Protection from fire hazards. 

• Improving compatibility between, and even within, various components of clothing 

system. 

• Improved efficiency against moisture transmission. 

• Better protection from chemical risks.  
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• Ability to maintain thermal comfort. 

2.1.6 Protective clothing standards 

According to Collins English Dictionary (2014) a standard is an approved example or best 

practice of anything against which other similar processes/items are evaluated/judged. 

Products are evaluated against standard methods, developed by authorized agencies or 

bodies. Quality assurance assessments ensure that these standards are met. It assures both 

manufacturer and consumer about the expected performance of the product. Many 

organizations, globally as well as locally, are responsible for developing test methods and 

standards for end-to-end evaluation. 

 As business processes, manufacturing techniques, design procedures, raw-material 

availability, rules and regulations, and cultural behaviors vary from country to country, 

sometimes it is hard to develop standards that can be followed globally. However certain 

notable international institutions/organizations have developed standards that are followed 

around the globe. These standards are developed by experts, based on best-practices of the 

industry. Some of the well-known organizations are: International Organization of 

Standardization (ISO), Occupational Health and Safety Administration (OSHA), American 

Society for Testing Materials (ASTM), American Association of Textile Chemists and 

Colorists (AATCC) and National Fire Protection Association (NFPA). 

 Hu (2008) explained that test procedures developed by several organizations are 

aimed at meeting the requirements of manufacturers, producers and consumers. Test 

procedures developed by these organizations are clearly communicated to evaluators who 

conduct inter-laboratory trials. These inter-laboratory trials are very useful in identifying 

flaws; based on these results improvements and refinements are made. These tests further 

identify whether a particular method is applicable to only one type of fiber/fabric or to all. 



20 
 

These trials also establish the integrity of the test-results. Tests are performed repeatedly to 

check for consistent results. According to Li et al; (2013), OSHA in the U.S. developed basic 

standards for industrial protective clothing in 1971. OSHA was later joined by the National 

Institute for Occupational Safety and Health (NIOSH), the National Fire Protection 

Association (NFPA), and various other safety equipment associations.  

Factories act in Pakistan 

Laws in relation to this industry are framed in Pakistan under the Factories Act 1934 titled as 

‗The West Pakistan Hazardous Occupations (Lead) Rules 1963‘. According to its rule no. 10, 

it is the responsibility of employer to provide adequate clothing which includes overalls, 

gloves, head coverings, footwear and respirators to their personnel who work under 

dangerous/threatening conditions. It also states that no person should be allowed to work 

under dangerous conditions without using protective clothing (Shafi, 2013). 

2.1.7 Evaluation of protective clothing materials 

An assessment of the fiber, yarn or fabric characters evaluate its strength as a protective 

shield. This evaluation is based on technical knowledge about the assessment of factors 

affecting their behaviour of clothing materials in various conditions (Hu, 2008). These 

evaluations are of immense importance to textile and garment manufacturers, consumers, 

regulatory authorities and lastly researchers and scientists. With increasing demand of health 

and safety by workers and government agencies, different standard-developing institutes have 

recommended evaluation and testing methods. These evaluations give statistical evidence for 

the protectiveness of the fabric/fiber. 

Billing et al. (1988) highlighted the need for evaluating the materials in laboratory  

with testing conditions to be similar to the real-world (actual industrial) conditions.  In order 
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to interpret and compare the results which can confidently be applied to the real-world 

working conditions. Billing‘s study pointed various controlled variables other than 

temperature and humidity; some of them are: thickness, weight, contamination levels etc. 

More controlled variables yield accurate test results. Evaluation provides information about 

how much protection can be anticipated by a particular protective ensemble. So, samples 

should be analyzed against standards provided by authentic organizations. 

Application of clothing has expanded to its end uses for industrial purpose due to their 

unique characteristics regarding comfort and performance. But understanding of its 

mechanical behavior is still limited and needs to be elaborated for better functions and 

various end-uses. Evaluation of fabric behavior usually becomes complex in theoretical 

approach, so it is important to have its verification by conducting experiments for its 

mechanical and physical properties (Bassett et al., 1999) Testing of chemical protective 

clothing materials is essential due to the differences in the generic materials from which they 

are manufactured (Mickelsen & Hall, 1987). Chemical protective clothing is not supposed to 

be reused unless it is tested for certain characteristics to determine its resistance level against 

hazards that can be faced by the wearer. For example, fabric testing assists in determining the 

effects of decontamination in terms of losing its performance (Berardinelli & Hall, 1988). 

Roder (1990) explained that evaluation of chemical protective clothing needs 

information about different chemicals used in various industries, their severity and toxicity 

levels. For example, a particular chemical is in the form of vapor and this vapor exposure 

may be dangerous or can cause severe diseases like cancer, so, the worker should equip 

himself with a completely encapsulated ensemble that covers his whole body. It is very 

essential to know that either chemical contact is limited or used for a much longer period of 

time. Moreover, information about the likely contact with open flame should also be 

obtained, as most of the chemical protective clothing items are flammable.   
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Evaluation can be done by either qualitative or quantitative methods. These two 

methods are entirely different, but their objectives are almost the same. Both methods are 

used in the field of textiles in order to evaluate the characteristics of fabrics for various 

purposes. Quantitative analysis includes use of instruments to collect required information. It 

leads to more objectivity as it does not involve researcher‘s sensitivity or biasness.  Whereas, 

qualitative analysis is said to be simpler in nature. It requires less instrumentation and more 

involvement of a researcher. Results are interpreted on the basis of researcher‘s experience in 

the particular area of interest (HSME, 2013; Hu, 2008). 

2.2 Performance Components of Chemical Protective Clothing 

Figure 2.2 shows the main component of chemical protective clothing along with its sub 

components and their various characteristics which can affect the performance of clothing 

items. Fiber is the main raw material used for making clothing components. Yarn is made 

from twisting a number of fibers to make fabric structure. So the nature and kind of fibers and 

yarns can greatly affect the performance behavior of clothing materials. Moreover, fabric 

construction methods like weaving, knitting, felting or others can affect the quality of the end 

product. Finishes applied over the surface of clothing materials also change and impart new 

characteristics to fabrics. So, clothing materials should be assessed for their mechanical 

aspects, such as tensile and abrasive strength, and resistance aspects such as chemical 

resistance, fire resistance and moisture transmission.  
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Figure 2.2 Chemical Protective Clothing Components and its Performance Characteristics 

 

Mechanical characteristics and resistance characteristics 

The response of textile material to external forces depends on its molecular arrangement and 

structure. These molecular characteristics are described as the resistance of the material 

against the application of an external force which can cause change in the shape of the 

material. There are various factors which can influence the mechanical behaviour of woven 

fabric, such as the class of fiber and yarn used and type of finish applied over its surface. 

Various aspects should be considered to determine the performance of protective clothing. 

Foremost is the durability of its material, its tensile and abrasive strength. If a material 

performs its other necessary functions, except providing adequate strength, then it can no 

longer be considered appropriate for a specific end purpose.  
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 The resistant characteristics of a textile material help determine its behavior under 

various conditions. These characteristics cover different aspects of performance, such as 

resistance against chemicals, moisture transmission, heat and flammability. Some protective 

clothing materials require special care in order to enhance their durability. For example, 

moisture may decrease the life of a fabric for the purpose of which it is intended to be used 

over a period of time. It is also necessary to study the thermal comfort of the wearer. 

Chemical resistance of clothing materials provides safety guidelines for the wearer against 

hazardous effects of certain chemicals. Only chemical-resistant or vapor-resistant clothing 

with an appropriate and adequate level of protection helps guard against chemicals or vapors. 

Flame resistance aspects are very necessary to study because it is nowadays considered a 

desired quality, especially for industrial clothing in order to protect the wearer (American 

Society for Testing Materials [ASTM], 2008; Environmental Health and Safety, 2008). 

2.2.1 Tensile strength 

Tensile strength is defined as an extent of a material to withstand a longitudinal stress, 

expressed as the greatest stress that a material can bear without breaking (Collins English 

dictionary, 2014). It is also defined by American Heritage Science Dictionary (2005) as a 

measure of the ability of a specific material to resist a certain force that tends to pull it apart.  

Tensile strength determines the quality of fabrics rather than its serviceability (Yi, 

2011; Smith, 1999). Therefore, the strength of fabric has a strong relationship with the quality 

of material, like low strength demanded by a manufacturer means using a low quality fiber or 

yarn in the manufacturing of clothing items (Gordon & Hsieh, 2007;  Malik. et al., 2011). It is 

the strength of fabric that is predicted when a specific force is applied either in warp or weft 

direction and is affected in some degree with almost each and every feature of construction 

technique and finish applied over its surface. Therefore, the minimum criteria are always set 

for the tensile strength in developing performance specifications by well-known large 
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organizations. A newly manufactured product is always tested for its strength against the 

specified minimum values (Malik et al., 2011;  Hearle & Morton, 2008 ) 

The performance of protective clothing depends on the functions it performs, for 

which it is made. In order to provide safety to the wearer, it is necessary to consider the 

tensile strength of the materials from which the protective clothing is made (Witkowska & 

Frydrych, 2005).  Apart from the individual protective measures, the strength characteristics 

are considered as the most necessary criteria of evaluating the fabrics used for various end 

purposes (Hearle & Morton, 2008; Gordon & Hsieh, 2007). 

Many researches on the tensile characteristics of fabrics and materials are based on 

the patterns of interlacing of one load bearing yarn with one or more interlacing yarns. These 

yarns affect the performance behavior of the end product. Change in the pattern of weaving 

and number of yarns involved in weaving process are the most crucial aspects to consider, 

while studying the tensile strength of woven fabrics (Mishra et al., 2013) 

2.2.1.1 Stress strain curve 

Tensile properties identify performance behavior of fabrics under various forces or 

deformations, which are applied along its longitudinal axis. Stress is considered as the 

internal force applied whereas strain is the amount of deformation (Figure 2.3). Stress strain 

curve suggests a relationship between stress and strain of a material (fabric). It is obtained by 

finding the amount of deformation at certain levels of applied force.  
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Figure 2.3 Stress Strain Relationship (Stress Strain Graphs, n.d.) 
 

Stress strain analysis is the quantitative evaluation of internal stress and strain which 

is produced in a material as a result of external load and deformation. This phenomenon is 

very important in textile and mechanical engineering of fabrics where quantitative 

determination is very much required for the end purpose. The geometric formation of fibers 

helps to identify their behavior in which they react to the external force applied, and 

influences the end use of a material. Stress-strain curve of woven fabrics gives valuable 

information about response of fibers against applied load or extension before breaking point 

(Hearle & Morton, 2008). 

Generally stress and strain have linear relationship at the initial part of this curve. 

When less stress is applied to the fabric, polymeric chains move from their original position 

and after removing the force or load, they revert to their original position and finally able to 

completely recover from deformation. This stage is known as elastic deformation of the 

material. Then this curve enters into a nonlinear portion or region where polymers are not 

further strained and they start to move past another. This is a stage where deformation will be 

irreversible after applying force. This phase is known as plastic deformation.  The point at 

which stress-strain curve shifts from linear stage or elastic deformation to plastic deformation 
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is called yield point or yield strength. The starting up of first deformation is known as 

yielding where the slope of the curve shows remarkable decrease. (Hosseinali, 2012). 

The first region of the stress strain curve resembles the moment when tensile tests are 

initiated. During tensile tests, fibers are exposed to longitudinal stress. As a result, the strain 

makes an orientation of fibers which creates an interaction of fibers. This region resembles 

the pre-tensioning of fibers and the fibers are oriented and directed according to deformation 

axis. So, the structure of fibers moves to a new orientation before yarn deformation initiates 

from this zone. The second region shows the elastic nature of yarn. This region is associated 

with linear deformation. And the connection between deformation and stress is relative in this 

zone.  This relative factor is shown by Young‘s modulus. This modulus is very important 

until a specific extreme limit reaches, beyond this; the deformation is no more elastic. This is 

the stage of plastic zone. Fibers with low modulus are considered as soft materials or fabrics. 

This modulus is also related to the handle and drape of the fabric, which means high modulus 

depicts stiff and harsh fabric handle and low modulus provides much softer handle. The 

manner of transference of elastic region to plastic region is well recognized by this point 

(Figure 2.4). The third region of this curve shows the nonlinearity, which is determined by 

the damage to fibers. During this zone, destruction of fibers occurs with beginning most 

strained one (Wang. et al., 2008; Serwatka, 2006). 

 
Figure 2.4 Elastic and Plastic Regions in Stress Strain Curve 
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In most of the engineering materials, it is observed that low stress deformations result 

in small strains relevant to stresses in a linear form. Whereas, on the other hand stress strain 

curves of fabrics are complex. They are nonlinear in low stress deformations and convert to 

linear beyond a specific stress level. This level differs in various modes of deformation. It is 

extremely low or almost zero for bending and high in the case of tension. This distinctive 

stress strain curve of fabrics is characterized by crimped and loose structure of woven 

textiles. At low stress, straightening of the crimped yarns occur under tension, which causes 

the low tensile stiffness at the initial stage. At high stress, where decrimping occurs and inter 

fiber friction is improved, it results in consolidated fabric structure and helps in better 

orientation of fibers. This shows the linearity in stress and strain relationships is much similar 

to that of a solid. This curve becomes nonlinear in the intermediate stage, with consolidation 

and reorientation process of yarns (Hu, 2004). Tensile deformation of fabrics includes 

loading and unloading of cycle by creating a stress-strain curve, where fabric is extended 

from zero to maximum level of stress. The slope of a stress-strain curve in loading process 

increases sharply at the initial region. This slope is low in the initial region due to 

decrimping, whereas slope in the final region largely depends on the crimping behavior. The 

loading process moves towards the unloading process where stress is released from maximum 

level to zero (Winnie, 2001). 

Woven fabrics have anisotropic characteristic in which they show different values in 

different directions, that‘s why they are measured in both warp and weft directions. The 

effect of loading direction on tensile properties of fabrics is very important and frequently 

examined by many researchers (Kovar, 2010). The yarn differs in the principal directions due 

to the differences in crimp, sizings applied on it, yarn count and twist. So, no relationship can 

be made between these two directions for measuring the mechanical properties of yarns. The 

mechanical properties also vary in diagonal or oblique directions of fabrics. Any force or 
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stress applied to such fabrics especially those made from satin or twill weave, in diagonal 

direction or bias, produce varied results, as compared to warp and weft directions (Winnie, 

2001). 

2.2.1.2 Factors affecting tensile strength of fabrics 
 

Literature review exposes that there are a lot of factors that depend on the tensile strength of 

woven fabrics. These include fiber strength, yarns strength, yarn structure or type, linear 

density, twist type, twist direction, number of twists per inch, fabric geometry, warp density, 

weft density, type of weave, pattern of interlacings, and finishing treatments. There are some 

other factors which indirectly influence the end results. These include humidity, temperature, 

yarn tension during weaving (Malik et al, 2011; Gabrijelcic, 2008; Chattopadhyay, 2008). 

Tensile characteristics of fabrics are also based on complex fiber arrangement such as its 

length or diameter (Hosseinali, 2012). The woven fabrics have varied tensile strength in their 

warp and weft directions. For example warp yarns are stronger than weft yarns, as there are 

more yarns in this direction. Similarly, warp yarns are given more twist as compared to weft 

yarns, because they have to be kept under tension during the weaving process. This also 

causes warp yarns to be presented with high tensile strength (Hearle & Morton, 2008). 

As clarified by Wang et al. (2008) the size of a sample can also affect the end results. 

As a small sample size will not be able to generalize the results, so, a large number of 

samples should be evaluated in order to obtain accurate results as they do not involve any 

bias effects. Variation in gauge length can result in variation in the obtained results for 

maximum load or tensile modulus. As the longer gauge shows lower result for initial 

modulus. So, the length of the fabric should remain consistent with all types of samples to get 

accurate results.  Mishra (2013) suggested that test samples should be properly gripped by the 

jaws, so that they do not slip and help to avoid inaccurate results. In the process of tensile 

testing, the fabric threads which are placed near the jaws are supposed to have greater 
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constraint in the deformation, as compared to those which are held in the middle of the 

specimen.  

 
2.2.2 Definition and importance of abrasion 

Abdullah et al. (2006) explained the term abrasion as the rupture of fibers, yarns or fabrics 

due to the rubbing of their surface over the other surface. During the lifetime of fabrics, they 

go through many rubbing actions caused by wearing or moving which results in deterioration 

and loss in their functionality. Brown (2006) explained that wear and abrasion are almost 

similar terms which are used for the same concept. Abrasion is basically the rubbing of two 

surfaces with each other and wear is a much broader term, associated with damage of 

material in almost every way.  

Abrasion can occurr during wear, when sitting or crawling over the floor or even 

when rubbed with upholstery material as it helps to pull the yarns out of the fabric and ruins 

the material. It is always hard to relate a list of conditions associated with rubbing while 

using the clothing material (Hu, 2008). Abrasion causes loss in the performance of clothing 

and also produces a bad appearance in the fabric (Collier & Epps, 1999). (Figure 2.5) 

 

   
Figure 2.5 Surface Appearance of Fabrics (Ozdil et al., 2012). 
 

(a) Fabrics Before Abrasion, (b) Fabrics After Abrasion  
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Abrasive wear is a term which is used when a rough surface area moves across a soft surface 

area (Ozdil et al., 2012) The harshness in abrasive wear largely depends upon the nature of 

particle, its size and shape,  amount of stress caused by particle, and the frequency of the 

interaction of abrasive particle with the surface (ASTM International, 2010). There are two 

modes used in abrasive wear. These are classified as two body and three body modes. Two 

body mode of abrasion occurs when hard and solid particles displace or damage the materials 

from the opposite surface area. This process is similar to creating damage through ploughing 

action or cutting. On the other hand, three body abrasive wear occurs in a case when particles 

are not in a constrained state, and can freely roll or slide down the surface (Ozdil et al., 2012) 

2.2.2.1 Types of abrasion 

Abrasion is divided into three types, which alone or in combination with each other occur on 

the surface of fabrics. 

x Flat  

x Edge 

x Flex 

Flat abrasion 

Flat abrasion is rubbing up of a flat material with the flat surface area. As explained by 

Kadolph (2007) flat abrasion occurs with a gradual curve and shallow bent like in a 

shirt/jacket when it curves from the back of the person wearing it or while sitting on the 

upholstered chair. 

Flex abrasion 

Flex abrasion is a commonly used type of abrasion among protective garments, which occurs 

with flexing or bending of clothing items (Booth, 1996). 
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Edge abrasion 

Edge abrasion occurs when the material is folded back over itself while being 

abraded. Edges of the garment such as collars, cuffs, hems or pockets are more prone to edge 

abrasion as compared to the rest of the material (Kadolph, 2007). 

2.2.2.2 Factors affecting abrasion resistance of fabrics 

Abrasion of fabrics is influenced by certain factors such as kind of fibers, size and structure 

of yarn, twist, fabric construction technique, type of weave, texture of fabric and finish 

applied (Hu, 2008).  It is observed that different factors may cause an increase in resistance to 

abrasion such as tightly twisted yarns, more linear density in yarns, tightly woven surface 

with higher number of interlacings and compact structure of fabrics, because these factors are 

helpful in prevention of protruding fibers and yarns from the surface (Raadnui, 2006). It is 

observed in many studies that reasonable increase in mass per unit area and thickness of the 

fabrics adds a higher level of resistance against abrasion (Collier & Epps, 1999).   

Longer fibers in a specific fabric provide better resistance against abrasion as compared 

to the shorter fibers as they find it difficult to release themselves from the fabric structure 

(Wang, et al., 2008) Frictional forces which are developed by abrasive cycles, shift fibers 

from their original position and move them to some other location. This causes the rupture of 

yarns that is further propagated with flexing and bending action (Abdullah et al., 2006) 

The production process of yarns affect the abrasive strength of fabrics for example 

combed yarns provide high abrasion resistance as compared to the carded yarns (Manich et 

al., 2001) The reason is that compact yarns provide a dense structure, as they are held closely 

with each other over the surface area. Also a large number of fibers are used to constitute the 

yarn structure to give it a compact look, as compared to the carded yarns. Compact yarns as a 

result have low hairiness and resistance to tensile strength which provides good resistance 

against abrasion (Akaydın, 2010). It is highlighted by Omeroglu and Ulku (2007) that 



33 
 

compact yarns have less mass loss, so they are better able to provide resistance against 

abrasion.  

Structure of yarn can create different variation in abrasive behavior of fabrics. It has 

been observed that finer the yarn the better its resistance against abrasion (Kalaoglu et al., 

2003) Coarse yarns are more prone to yarn hairiness as compared to the finer ones. An 

increase in yarn hairiness reduces fabric resistance of abrasion because so many fibers are 

protruding from the surface of yarns. Similarly the increase in number of ply threads in a yarn 

improves thickness and increases mass per unit area which results in better resistance against 

abrasion (Ozdil, et al., 2012) Uneven yarns have thick and thin areas creating an uneven 

fabric structure yet creating an interesting surface, but they are low in their abrasion 

resistance. This is due to the unevenness because yarns at the places where they are thin, are 

not able to bear the pressure imposed by abraders (Pant & Gupta, 2010). 

It can be easily concluded that the type of weave and its patterns have a significant effect on abrasion 

resistance. Floats in woven fabrics also affect its resistance against abrasion. For example, satin weave is constructed 

by using floats, so it is more susceptible to abrasion as compared to twill weave with short floats (Collier & Epps, 

1999). Long floats cause breakage of yarns more quickly due to the increase in mass loss which makes the fibers 

harder to remain in contact.  So long floats are more prone towards abrasive destruction of textile materials. 

Moreover, higher number of interlacings helps to increase fabric resistance to abrasion and vice versa (Kaynak & 

Topalbekiroglu., 2008) Fabrics constructed from plain weave offer good abrasion resistance 

than many of the other weaves because they are closely interlaced with each other. Similarly 

loosely woven fabric has lower abrasion resistance than tightly woven structure (Hu, 2008). 

Twist also plays an important role in abrasive strength of fabrics. There should be 

adequate amount of twist in a yarn to give it tensile and abrasive strength. Low twisted yarns 

allow the fibers to be easily pulled and reduced in their diameter. In high twisted yarns, fibers 

are tightly packed with each other and the yarn becomes stiffer and harder which will prevent 

damage due to pressure of abrasive cycles (Saville, 2000).  
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Finishes are applied over the fabric surface by mechanical as well as chemical 

processes, which also affect the ability of the fabric to resist against rubbing. Grey goods 

possess low abrasion resistance as compared to the finished goods. Dyeing is one of the 

important finishing treatments applied on most of the fabrics. Dyes make the fibers adhere 

more strongly onto the surface of fabrics, making it difficult to shift their places thus 

increasing resistance to abrasion (Akaydin & Can, 2010). Bleaching is another important 

chemical treatment applied onto the fabrics, which assists in increasing resistance against 

abrasion (Kretzschmar, 2007).  

Fibers which have high elastic recovery, elongation rate and work of rupture are 

considered to have high abrasion resistance. Nylon has the highest abrasion resistance among 

synthetic polymers. Polyester and polypropylene are also considered to have good resistance 

against abrasion. Fabrics with low abrasion resistance are blended with high resistance 

fabrics for many end uses. Saville (2000) explained that synthetic polymers, for example 

nylon or polyester, can be blended with natural fibers such as wool or cotton to increase 

resistance of natural fibers against abrasion, as they have moderate degree of resistance but at 

the expense of their other physical properties. As the manufacturers can manipulate the 

production process of synthetic fabrics in many different ways, therefore it is hard to rank 

these fabrics according to their resistance characteristics.  

2.2.2.3 Evaluation of abrasion resistance 

Workers may face challenges in dealing with the harsh and sharp, cutting edges of 

instruments during their work, so they require some protective clothing that will resist cuts, 

puncture or abrasives in order to save the worker from getting injured. So, materials used in 

protective clothing should be tested for their durability in this respect before use (Sethi, 2012; 

Mansdorf, 1986). 
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Abrasive strength is a parameter of predicting lifetime of a fabric under various wear 

and tear conditions. At the initial stage of abrasion, fabrics become damaged at their surface 

and it is because of the change in the distribution of pile over the surface and the change is 

seen at the fiber ends due to rubbing. Then it moves to the inner structure for further 

damaging effects (Kalaoglu et al., 2003) At the second stage, all fibers are removed from the 

surface leaving a clear area and a loss in mass can be well observed at this stage. At the third 

stage, yarn degradation is followed by its breakage and the whole fabric is finally ruined and 

becomes useless in fulfilling the purpose for which it was intended to be used (Miguel et al., 

2007) 

 Available testing techniques for abrasion rely heavily on abrasion cycles. Therefore, results 

from multiple tests vary a lot. They help in an overall assessment of the quality of the final 

product (Association for Contract Textiles, 2011; Skoc and Pezelj, 2012). 

There are two approaches which can be considered in assessing the abrasion of fabrics.  

x First approach as suggested by Saville (2000) is to abrade the specific sample until a 

predefined point reaches such as the appearance of a hole or the rupture of yarns in 

the fabric. Record the number of cycles which create this specific destruction and also 

note the time (ASTM International, 2012). It also proposed that the point of rupture 

helps to determine the abrasive strength of fabrics. It is the breakage of yarns after 

getting abraded. Some yarns break at the initial stage whereas others resist this rupture 

for a much longer period. 

x Second approach is to abrade the specific sample for a set time as well as a number of 

cycles and then evaluate its relevant characteristics such as loss in strength and 

thickness or any other visible change which occurs in its appearance (Bird, 1984; 

ASTM International, 2012). There is a strong relation between abrasive strength and 

thickness of fabrics (Amirbayat and Cooke, 1989). 
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These approaches have their limitations in use. The first approach is time consuming and 

forces the evaluator to stop at the predetermined point of destruction. Whereas, the second 

approach may involve subjectivity in evaluation. For example texture and luster can be 

different for two evaluators or even the same evaluator may not give the same response to 

medium luster or poor luster when he or she has to replicate the results. So, in this way bias 

can be involved in the assessment. So, it is recommended to evaluate certain characteristics 

like lack of strength, lack in mass or thickness by applying objective analysis through certain 

adequate equipment and apparatus.  

Some factors are highlighted by Skoc and Pezelj (2012) such as the place of testing 

along with humidity and temperature which have a significant effect on the end results for 

evaluating abrasion resistance. It is always recommended to perform such tests in the 

standard testing environments to obtain accurate findings. 

Conditions under which tests are performed also affect the results. These involve the 

kind of abradant used, varied action of abradant over the sample which is to be abraded, 

tension of the sample, pressure between sample and abradant (Wang, et al., 2008) There are a 

variety of instruments available to test abrasion resistance, as flex abrasion cannot be 

evaluated with the instrument suitable for edge abrasion. Different types of abrasion such as 

flat, flex and edge or a combination of these can cause different results. According to 

Bagherzadeh (2007) an overall design of any pilling tester has played a significant role in the 

evaluation of abrasion resistance for fabrics. It has been observed that most of the findings 

depict the fact that different testers may interpret varied pilling results even for the same type 

of fabric structure. 

There are different types of materials which are used as abradants for example steel 

plates, abrasive papers, abrasive stones (aluminum oxide and silicon carbide). Various 

finishes are applied over these materials which can also alter the results. It is recommended to 
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choose the abradant that matches the actual conditions which are encountered during the use. 

Moreover, it is also observed that the abradant itself can be damaged by rubbing and thus 

give incorrect information. So, it should also be checked for its durability and strength after 

intervals (Saville, 2000). The abradant should be accurately assessed at intervals so that no 

external matter from specimens remains intact with it, to damage the findings. Disposable 

abradants should be discarded after single use and permanent abradants must be checked for 

their cleanliness before use (ASTM International, 2013). 

Pressure applied between the abradant used and specimen affects the accuracy of 

results. The pressure must be constant, neither too excessive nor too less. Varied pressures 

can change the ranking of fabrics while using a specific abradant. High pressure can ruin the 

test samples which results in false interpretations of tests (Bird, 1984). The change in 

pressure causes the change in abrasion mechanism that may be quite different from the actual 

wear conditions. This is one of the major limitations of laboratory tests which differ from real 

life experiences (Brown, 2006). Specimen as well as all attachments of the instruments 

should be clean. Because any foreign matter, such as wax or dirt, can cling to the surface of 

specimen and give fake results. Similarly attachments of instruments which have a direct 

contact with the specimen should be carefully examined for any spots or grease stains before 

starting the test (Booth, 1996). 

2.2.3 Water transmission and resistance of fabrics  

Numerous researches have been conducted to analyze how water passes through the clothing 

system in order to improve the performance of garments. Water resistance in textiles refers to 

the features of a specific fiber, yarn and fabric to resist wetting as well as penetration by 

water (Ding, 2008). Water transmission involves the study of clothing materials with respect 

to their wicking action and absorbent behavior (Singh et al., 2010) A manufacturer should 
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know the mechanisms involved in the study of behavior of water droplets or toxic liquids, 

when they come in contact with the fabric structure.   

There are so many factors which are involved in water transmission and resistant 

behavior of clothing such as physical activity of the person, moisture content in the air, air 

movement, thickness/density of fabric, basic structure and physical characteristics of fabric, 

fiber content and nature of yarn (Berger & Sari, 2000; Hepburn, 1998; Slater, 1986). The type 

of finish applied onto the surface of fabrics is a major contributor in determining this 

behavior for multi layered or laminated fabrics (Das & Biswas, 2011).  

Many mechanical characteristics of fibers are affected by the amount of absorbed 

water such as its tensile strength, elasticity, crease resistance, rigidity and so on. Most fabrics 

are hygroscopic in nature which means they can absorb water vapour in moist atmosphere 

and desorb water in dry environment (Ozen, 2012). As far as tensile strength of a specific 

fabric is concerned, water molecules present in the fabric weaken the fibers by reducing the 

magnitude of forces which hold the molecular chains in contact with each other. But 

vegetables fibers like flax and cotton behave differently by increasing the strength. Whereas, 

other fibers show variations in stress strain curve by decreasing strength and their yield point 

also changes its location (Booth, 1996). 

Hydrophilic fibers have the affinity to absorb water molecules and diffuse in the 

fibrous structure. This absorption makes the swelling of fibers and reduces the size of air 

space between them which finally reduces the diffusion process. This reduction is supposed 

to be caused due to the fabric relaxation (Pause, 1996). Hydrophillicity of fabrics makes them 

absorb high number of water molecules which show high moisture regain in a standard 

atmospheric temperature. So, moisture regain and water absorbency in a textile material 

identifies the amount of water vapour or liquid that can be absorbed by clothing items from 

the skin. Not only the absorption properties of fabrics but other elements such as drying time, 
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wicking characteristics and permeability of water vapour are also greatly associated with 

thermo physiological aspects of clothing (Das et al; 2009) 

Water repellent fabrics allow only air and gaseous water to penetrate through but have 

pores of such size which do not allow the liquid water to pass through. They allow water / 

liquid to penetrate in the presence of high rate of hydrostatic pressure. Whereas, water proof 

fabrics resist penetration of water even under the presence of high hydrostatic pressure. This 

is because they have less open pores to allow air passage and water vapour to transfer through 

their structures.  Fabrics can be made water repellent with the deposition of hydrophobic 

material on their surface. However, waterproof fabrics need filling of pores as well to block 

the transmission of air and moisture (Ozen, 2012). 

The process of transmission of liquid/water through the fabric surface is dependent on 

the fiber-liquid molecular attraction that takes place on the surface of fabrics, and is also 

associated with the surface tension as well as the pore distribution between yarns. 

Transportation process of moisture and its capillary action is very important to know in order 

to get deep understanding of this phenomenon. Hydrophillicity of fibers assists in this 

transportation of molecules. Other aspects which affect this process are fiber content, nature 

of yarn, amount of twist, fabric structure and finish applied onto the surface of fabrics (Slater, 

1986). 

 

2.2.3.1 Capillary action 

Capillary action also referred to as capillary motion or capillarity. It is the flow of liquid in 

narrow cracks or tubes due to the surface tension of liquid. Liquid absorption in fabrics is 

greatly affected by the size and type of capillaries present in them. Narrow capillaries assist 

in greater capillary action as they take up moisture easily and quickly whereas, wider 

capillaries result in lower capillary action. In wicking action, capillaries in the fabric transport 
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the water/liquid that is stored into the capillaries formed between the fibers and yarns. When 

all areas of clothing are equally wet, capillary action stops at that moment. It is based on 

intermolecular forces of cohesion and adhesion. Adhesion is the force of attraction between 

many dissimilar molecules whereas, cohesion is the attraction between the same type of 

molecules.  Capillary action occurs when forces of adhesion of liquid are greater than 

cohesion forces (Simile, 2004).  

When fibers get wet by liquid, capillary forces move the liquid into capillaries 

through spaces in the fibers during wicking action (Hsieh, 1995). Moisture wicking away 

from the skin is crucial in the case of a cold environment where evaporation of perspiration 

from the skin may result in great heat loss. Reducing the heat loss from body in cold 

atmosphere provides comfort. Similarly, evaporation of perspiration from the body also 

assists in thermal comfort. When clothing becomes completely wet, conduction takes place 

and results in discomfort (Bishop, 2008). In the case of warm environment, where 

perspiration rates are higher as compared to evaporation rates, the fabric can be wet, opposing 

the worth of wicking but assisting conductive heat loss. Here wetting takes place in varied 

portions or rates at different areas of the clothing.  At any rate, clothing that better wicks 

away moisture from the skin is supposed to be more comfortable (Wickwire et al., 2007) 

 

2.2.3.2 Mechanisms involved in water transmission 

Transmission of water in a material has two step by step processes. These are: 

x Wetting and  

x Wicking. 

Wetting and wicking are discussed separately by many researchers, but they can also be 

explained by a single procedure through flow of liquid in response to the capillary pressure.  

Wetting and wicking are strongly related to each other and this process occurs when a fibrous 
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structure such as a fabric is involved (Hsieh, 1995). Wetting is a precondition for wicking. A 

liquid which cannot wet the fiber or fabric will also not be able to wick the material. In short, 

wetting is the initial contact of liquid with the structure of fabric and wicking is the next stage 

that takes place after wetting (Hepburn, 1998). Wetting and wicking findings are helpful tools 

to make a comparison of a fabric‘s ability to transport the liquid (Ghali et al., 1994) 

 

Wetting 

Wetting is the transposition of the fiber-air interface with the fiber-liquid interface 

(Kissa,1996).  The fabric should get wet by the liquid to start the wicking action. The balance 

of forces that wets the surface of fiber initiates the process of wicking (Saville, 2000). It is the 

initial step to spread the liquid over the surface of the material. (Figure 2.6) 

 

Figure 2.6 Wetting of Porous Substance (Das et al., 2007) 

 

Liquid interaction with fabrics involves various physical phenomena like wetting properties 

of fibers depends on the intermolecular relation between surface area of fiber and liquid, 

fabric or surface structure and capillary action (Hasan et al., 2008) The contact angle is very 

important to consider this aspect. For example a low contact angle between the fiber and 
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liquid gives high wettability of the fabric. When liquid comes into contact with the surface of 

the material, wetting characteristics of fabric surface greatly affect the performance behavior 

of the end product (Booth, 1996).  Similarly hydrophobic fibers show high contact angle and 

hydrophilic fibers exhibit low contact angle (Gudiyawar & Goud, 2013) (Figure 2.7).  Hsieh 

(1995) studied the wetting behavior of different woven fabrics and concluded that wetting 

characteristics of a single fiber are very much like wetting characteristics of the fabrics with 

the same kind of fiber.  

 

   

Figure 2.7 Contact Angle of Hydrophilic and Hydrophobic Fibers (Gudiyawar & Goud, 2013) 

 

Wettability increases with a decrease in surface tension between solid (a fabric surface) and 

the liquid. For example, when the temperature of liquid increases the surface tension 

decreases which causes high rate of wettability in material (Chatterjee, 1985). Whereas, when 

there is an increase in liquid viscosity or thickness, it increases the surface tension, that 

reduces the wetting in a material.  

Wicking  

Movement of liquid in capillary action (parallel path) of fabric is known as wicking. It is the 

transfer of liquid through the capillaries and is an important aspect that affects the 

performance of clothing during high physical activities in hot environments. Better wicking 
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action in fabrics increases quick drying and promotes faster cooling action in the body 

(Andersson, 1999). Wicking is the capacity to withstand the capillary flow and in textile 

fabrics it occurs when a liquid travels lengthwise on the surface of fiber but does not 

penetrate into the core structure of the fiber (Harnett & Mehta, 1984).  It is also highlighted 

by Das et al. (2007) that the liquid wets the fabric surface, then it enters into the spaces 

between them and thus capillary action is initiated. The liquid is pushed through this pressure 

and dragged along the capillaries because of the narrow spaces and curved nature of yarns 

which are placed in fabrics (Figure 2.8). 

 

Figure 2.8 Capillary Wicking Action (Das et al; 2007) 

 

There are certain factors that affect the behavior of liquid with textile materials such as 

wetting of fabrics surface area, liquid transportation, adsorption of fabric surface and 

dispersion of liquid in the inner surface of fibers (Kissa, 1996). Fabrics should be 

manufactured in such a way that they can carry moisture away from skin through wicking 

action. There are certain elements which may change wicking and wetting characteristics of 

fabrics such as different conditions of fabric during its processing. For example, if the fabric 

is obtained from the same lot and then divided into two different portions; one portion is 

scoured for a lesser time period and the other one is scoured for a longer period. The less 

scoured portion will have some hydrophobic substances which will restrict water/moisture 

absorption and result in restricted wicking action. Fabrics manufactured with low twisted 

yarns provide the capillary with wider diameter and thus leads to poor wick ability. 



44 
 

Moreover, binders used in printing of fabrics are also hydrophobic which limits wetting as 

well as wicking action (Chinta & Gujar, 2013). 

2.2.4 Importance of chemical resistance 

Chemical resistance is the amount of mass or thickness loss from materials upon their 

exposure to chemical environments. Chemicals exhibit certain hazards like toxicity, 

flammability, corrosiveness, skin burn and may even cause oxygen deficiency (hypoxia). A 

specific chemical can cause any one or a number of these hazards. There is a risk of chemical 

exposure in an industrial area, where workers have to deal with chemicals and similar 

substances.  

Many chemical agents adversely affect the human organs on their exposure to the 

skin. The results can be in the form of disability or even death depending upon the volatility 

of chemicals. Volatility of substance refers to its ability of becoming a vapour at relatively 

low temperatures. A high volatile substance has a higher level of risk as compared to a less 

volatile substance or chemical (National Institute of Justice, 2002).  

Few chemicals and similar substances can cause severe risk and trauma through skin 

permeation as compared to the dreaded carcinogens.  Some substances although not very 

toxic, pose a greater risk to the skin due to their corrosive nature which may be more harmful 

than toxic chemicals / solvents. For example, skin contact with hydrofluoric acid (more than 

70% concentration) is very harmful; only 5% skin burns from fluoride ion can be fatal. Coal 

tar can also cause dermal hazard, though not at extreme level, but can lead to skin cancer 

(Mansdorf, 2011). There are a few liquefied gases that can cause toxic or harmful hazards to 

the skin. For example, chlorine in the form of liquefied gas is corrosive in nature, and shows 

more poisonous results with wet skin, whereas hydrogen cyanide in the form of liquefied gas 

may permeate the skin that results in the death of a person (National Institute for 

Occupational Safety and Health, [NIOSH] 1998). A barrier may protect against one chemical 



45 
 

quite well, but perform poorly against another or a mixture of chemicals. Therefore, fabrics 

used in manufacturing of protective clothing should always be checked for their resistance 

against chemicals before use (Forsberg & Mansdorf, 2007; Mani & Sivakkumar, 2011). 

Handling low quantities of chemicals may only need the use of aprons which act as a 

barrier against any accidental splashes. Whereas, when workers handle large quantities of 

strong chemicals, they must require a complete ensemble including jackets, coats, trousers or 

even face masks for their safety (HSE, 2005). Chemical protective clothing acts as a 

protective measure to reduce the risks of hazardous chemicals when other measures fail to 

provide protection to the worker.  Performance of protective clothing is very much affected 

by the amount and toxicity of chemicals as well as their duration of exposure. Its behavior in 

terms of chemical resistance is determined by the type of fiber and yarn (Canadian Centre for 

Occupational Health and Safety, 2011).  

There are certain important considerations regarding chemical hazards such as risk 

identification, possible toxic exposure of a particular chemical, possible route of its entry 

such as through inhalation or skin absorption, exposure during work that largely depends on 

the nature of performed task, duration of task and heat stress. Out of all these, toxicity is the 

key factor, as it can be the direct route of entry into the skin that leads to more hazardous 

effects such as skin cancer, corrosion, physical sufferings like skin burns and cuts. These 

factors are helpful in assessing a hazard for a particular situation (Odierno, 2012). Once the 

toxicity of substances and their routes for entry into the body have been examined, then the 

possibility of exposure should be determined. For example, it is necessary to know that either 

workers have enough contact with a particular chemical that completely wets their protective 

clothing or exposure is unlikely in a working condition where clothing simply behaves in a 

redundant manner. When deadly chemicals are handled, though their exposure to the contact 
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is far off, it is recommended to provide a high level of protection in the form of complete and 

adequate ensemble to the worker (Mansdorf, 2011). 

The adsorption of chemical vapors on structure of the fabric is the key mechanism in 

evaluating performance of chemical protective clothing. The rate of skin absorption is studied 

with the toxicity of absorbed chemical into the skin; one can judge the possible risk to the 

skin area. Those workers who do not wear protective clothing are more likely to have their 

skins contaminated as compared with those who use protective clothing regularly during their 

work hours, it is observed that they are successful in protecting their skin from adverse 

effects of chemicals (Sata et al., 2013; Boeniger, 2003). 

Many highly reputed international standard bodies collectively prepared the manual 

and explained the different types of risks related to chemical exposure. It can be elaborated 

by two phenomenon of acute or chronic exposure. Acute exposure symptoms are seen during 

or soon after the exposure with high concentrations of chemicals. The level of exposure 

varies from chemical to chemical depending on its severity. And chronic exposure is the one 

with low concentrations for a much longer period of time. Chronic exposure can lead to acute 

exposure depending on the chemical nature, length of exposure and consistency in exposures. 

The effect of these two exposures may be temporary such as nausea, rashes, tearing, 

headache and coughing or permanent such as disability, chronic diseases like cancer or even 

death (NIOSH, OSHA, USCGA & EPA, 1985). 

2.2.4.1 Chemical resistance characteristics 

There are three chemical resistance characteristics associated with the health and safety issues 

of the wearer. These are permeation, degradation and penetration. Most acceptable clothing 

material depends on the nature of chemicals involved during work as well as nature of task 

and time. The clothing should be able to resist permeation, degradation and penetration. 

Permeation 
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Permeation is the passing of a chemical through the protective clothing materials. It involves 

the dispersion of chemical substances on molecular level through clothing materials.  There 

are three stages of permeation which includes the chemical absorption at material surface 

level that is the outer surface of chemical protective clothing, dispersion through the material 

or polymer and then desorption of chemical from other surface which is the inner surface of 

chemical protective clothing (Figure 2.9). These three steps are influenced by many features 

such as structure of polymer, nature of chemical, physical deformation, relation between 

chemical agent and polymer etc. (Aminabhavi et al., 1989)  

 

Figure 2.9 Layers of Protective Clothing (Gopalakrishnan et al., n.d) 

 

The time of the initial chemical contact with the outer surface until its recognition on 

the inner surface is called ‗breakthrough‘ time. This time is used to analyze the compatibility 

of material and chemical. Florus and Otrisal (2012) elaborated the concept of breakthrough 

time by explaining that it is measured from the time of initial action of a specific chemical till 

it penetrates in such an amount that does not provide any risk in terms of toxicity. An 

adequate and satisfactory material is the one that exceeds the breakthrough time versus 

expected period of clothing use. A change in temperature and pressure affects the permeation 

level such as a small rise of temperature can bring reduction in breakthrough time and barrier 
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properties of protective clothing. Krzeminska and Rzymski  (2011) concluded that longer 

breakthrough times indicate a high level of resistance to chemical exposure which provides 

valuable information in the selection of fabrics for making protective clothing of workers 

who are exposed to these hazardous chemicals at their workplace. 

Clothing materials which present no penetration or no breakthrough against many 

chemicals are considered as chemical-resistant materials. Clothing materials which have 

breakthrough time of more than one hour are considered as acceptable materials in 

performing better behavior against certain chemicals. It is also observed that permeation is 

affected by thickness. For example, if two similar materials with different thickness are taken, 

it is observed that the chemicals take much longer time to permeate through the thicker 

sample (Kirsteins, 1991; Krzeminskaa & Rzymski, 2013). Different layers of fabrics can be 

used to increase the thickness of the materials for better protection against chemicals 

(Environmental Health and Safety [EHS], 2008).  

Degradation 

Degradation is the physical deterioration of material through chemical exposure that causes 

drastic changes in its mechanical properties such as loss in tensile and abrasive strength, 

stiffening, wrinkling, discoloration, flaking or swelling (Mani & Sivakkumar, 2011). 

Swelling can be used as a measure of degree of resistance against chemicals. Polymers 

absorb liquid in large quantities as the chemical dissolves and mixes with a particular 

polymer (Kirsteins, 1991). The slower process of degradation in the presence of a specific 

chemical provides better protection by the clothing material against that chemical (Industrial 

Safety and Hygiene News [ISHN], 2013). 

Penetration 

Penetration is the movement of chemical through poorly constructed garments, cuts, zippers, 

seams or pinholes or the like inadequacies. This can be avoided by adequate designing of 
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garments (Lee and Obendorf, 2001). The materials which are excellent in providing chemical 

resistance, can become ineffective barriers if a material is torn, cut, abraded or punctured  

after being worn frequently or even cuts can develop due to poor manufacturing processes 

(ASTM International, 2010). Even when the exposure is less likely or the toxicity is at 

minimal, penetration is one of the important considerations. Penetration and permeation of 

chemicals through skin can result in deadly situations faced by workers which are exposed to 

these chemicals at work place (Krzeminska & Rzymski, 2011). 

Boeniger (2003) described that liquid chemicals find their way through pinholes or 

zippers to reach to the skin and remain there for much longer period of time, if they do not 

evaporate. Liquid chemicals have low molecular weight and can get quickly absorbed 

through the skin. New protective clothing material resists chemical exposure but with the 

passage of time, when abraded or ruined, start losing their resistance characteristics. In this 

case, for example, double gloving helps in developing extra layer over the previous one and 

minimizes the possibility of skin having contact with the chemical due to pinholes, cuts and 

permeation. Clothing should be checked periodically and replaced when it fails to provide 

protection to the worker.  

National Fire Protection Association (NFPA) is focusing on developing and testing 

new methods for evaluating the performance of chemical protective clothing for permeation, 

degradation and penetration by different types of corrosive chemicals. The protective 

materials should always be tested before use (Smith, 1999). It is the responsibility of a textile 

manufacturer to provide the details of chemical protective clothing materials regarding their 

permeation resistance such as the name of a chemical, its breakthrough time, permeation rate 

of the chemicals. Manufacturers try to make their findings in simple interpretation so that a 

person who is a layman in the field of textile technology can easily understand the level of 

resistance for a particular chemical in a specific situation to avoid any hazard. 
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2.2.5  Flammability of clothing materials 
 

Flammability of clothing materials is one of the major reasons of burn injuries at the work 

area throughout the world. Federal and local governments, public as well as private industries 

and other businesses require protective apparel for the workers to deal with fire situations 

(Raheel, 1994). 

There are multiple conditions which can be encountered in exposure to fire like 

handling with hazardous chemicals, acids, toxic fumes and gases in a chemical industry. 

Considering very serious cases due to ignition of clothing that caused burn injuries and 

fatalities, most of the chemical industries are trying to focus on use of fire retardant clothing 

to ensure the safety of their workers. It has been observed that protective clothing helped the 

workers to get a few extra seconds of escape which reduced their level of injury and thus 

protecting themselves (Neal & Lovasic, 2002). Flash fire is one of the potential hazards for 

chemical workers during their work. Exposures to these flash fires are mostly of short period 

just few seconds and normally ends when an individual escapes from the area of fire. This 

exposure may cause skin injuries depending upon the duration and intensity of fire and ranges 

from first degree burn to third degree burn (Ghazy, 2011).  The high temperatures put the 

workers at high level of risk due to heat stress which may result in dehydration, increase in 

heart rate of the wearer and loss in strength of clothing materials (Bumbarger, 2000).  

The terms which are most commonly used in connection with flame-resistant ability 

are sometimes confusing. So, it is necessary to understand these terms. 

 

Flame resistant materials 
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Flame resistant materials retain their shape and do not ignite after exposure to temperatures 

up to 600 ºC. These materials do not continue burning after the source of ignition has been 

removed. But it can bring a change in the physical and chemical characteristics of the 

materials (Smith & Block, 1982).  

 

Flame retardant materials 

Flame retardant materials may or may not ignite after exposure to the heat source. If they 

ignite, they will burn for a shorter period of time after the removal of ignition source and will 

be self-extinguishing (Smith & Block, 1982). 

 

Fire proof materials 

Fire proof materials resist flames completely. They do not bring a change in the physical or 

chemical characteristics of materials (Panda, 2010). 

Textile materials ignite easily and quickly as compared to other substance due to their 

high surface and mass ratios. Due to the thin structures, these textile materials have different 

burning characteristics than other solids or liquid fuels. Moreover, they have an open 

structure that makes it convenient for air to travel between yarns while burning. Non 

thermoplastic fibres usually experience thermal decomposition and pyrolysis deeply whereas 

other fuels go through pyrolysis process as surface decomposition. Thermoplastic nature of a 

few fabrics causes shrinkage and curling upon melting and may lead to molten drips of flame, 

that can transfer heat or flame to the other materials such as body of a wearer (Nazare & 

Horrocks, 2008).   

 

2.2.5.1 The fire cycle 
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Interaction of flame retardants takes action at different stages depending on their 

chemical behavior. Figure 2.10 explains the fire cycle in the following manner (American 

Chemistry Council [ACC], 2014; Smith & Block 1982). 

1. Initial source of ignition can be heat, fire or any luminous material. 

2. Transmission of energy produced by the initial ignition source to a polymer substance 

causes degradation where pyrolysis takes place. Pyrolysis is a stage where long chain 

molecules of polymers are degraded into smaller hydrocarbon molecules. 

3. At this point, the condensation phase results in carbonized material known as char. 

4. Flammable gases are released in the gas phase.  

5. In the gas phase, flammable gases are combined with the oxygen of air. After proper 

mixing of fuel and oxygen, they enter the combustion zone, where many exothermic 

reactions take place including high energy free radicals such as H. and OH., oxygen 

and fuel. 

6. Complete combustion would produce H2O and CO2. But in a real situation, 

incomplete combustion products (such as CO or HCN) can also be released during a 

fire. 

7. Energy is being released with exothermic reactions which are then transmitted to a 

polymer that strengthens the pyrolysis process. This helps the process to withstand 

itself.   

 



53 
 

 

Figure 2.10 The Fire Cycle (ACC, 2014). 

Human skin is very sensitive to heat. It has been observed that a person experiences the feel 

of fire at 45 ºC and his skin is totally burnt at 72 ºC (Bajaj & Sengupta, 1992). It is observed 

that many burn injuries occur from the outer side of flaming envelope.  Generally workers do 

not fight against fire from the inner portion of flaming envelope because the attack is initiated 

from the outer area of flaming environment (Lawson, 1997).  

Burn injuries are directly related to a worker‘s thermal exposure and protection 

behaviour of clothing worn by him. So, chemical protective clothing should be designed in 

such a way that it should provide protection against thermal environment produced by the 

flame (Lawson, 1997). There are various kinds of high performance materials such as 

Aramidor Polybenzimidazole (PBI) which are effective in terms of providing protection 

against fire.  Conventional systems of manufacturing protective clothing consist of heavy and 

thick multilayered or laminated materials with poor air permeability and transmission of 
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water vapours. Moreover, these fabrics are not cost effective as compared to other commonly 

used synthetic materials such as nylon or polyethelyne (Wu, 2012).  

 

2.2.5.2 Flame retardants 

Flame retardants are those substances which can resist the spread of fire in materials. These 

are basically the chemicals added in the natural and synthetic polymers in order to impart or 

improve the flame-resistance characteristics (Pettigrew, 1993). They can be applied in the 

form of a coating or incorporated in a combustible material to minimize the burning action 

(Onuegbu et al., 2007) 

Flame retardants rescue the wearer against fire hazards starting with small source of 

heat such as with cigarettes, candle or any electric fault. These flame retardant agents are 

applied on the surface of fabrics to slow down the combustion and stop the fire from 

spreading in surrounding areas (Ganesan and Kala, n.d). These chemicals react with 

combustion process at different stages such as during heating, at decomposition stage and at 

the time of ignition of fire-spread. For any substance to burn, it is necessary for it to turn into 

a gas phase. A textile fabric when exposed to a heat source experiences a rise in temperature. 

If the source of heat like electric shock or gas flame is quite high and the net rate of heat 

transfer to the fabric is more, then a fiber will result in a pyrolytic decomposition. The end 

product of this decomposition will comprise combustible gas, noncombustible gas as well as 

carbonaceous char. The combustible gas is supposed to combine with the surrounding 

atmosphere. The mixture burns and produces a flame, as the temperature becomes favorable, 

part of the heat produced within the flame moves to the fabric to propel the burning stage and 

the other parts are lost into the surrounding area (Gunaseelan, n.d). 
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Types of flame retardants 

There are two classes of flame retardants such as reactive and additive. The flame retardants 

which are added by a reaction are known as reactive flame retardants and which are mixed 

with a polymer are known as additive flame retardant. Reactive polymers form a chemical 

bond and do not migrate from the polymer surface. Whereas, additive flame retardants are 

introduced at the stage of polymer production or thereafter. As, they are not chemically 

bonded with the polymer matrix, so they can be easily released from it (Mercimek, 2010). 

Mode of action 

 
The following steps of action process of flame retardants are explained by (Bourbigot & 

Duquesne, 2007). 

x Development of protective layer: The flame retardants prevent the heat transfer from 

the heat source and stop oxygen flow to a flammable material. They also restrict the 

supply of pyrolysis gases to the surface of the material.   

x Cooling effect: The chemicals can initiate an endothermic process that cool down the 

material to a temperature, so that an ignition temperature cannot be reached.  

x Dilution effect: The additives evolve non- flammable decomposition gases and help to 

dilute the fuel in gas / solid phases, in order to make the flammable gases fall down to 

concentrations below the ignition limit restricting ignition. The most important 

chemical reactions that flame retardants act is in the combustion process taking place 

in the solid and gas phases. 

2.2.5.3 Flame retardant fabrics 

Broadly flame retardant fabrics are divided into two categories including ‗treated flame 

retardant fabrics‘ and ‗inherently flame retardant fabrics‘. Treated flame retardants are 
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manufactured by imparting flame retardant properties through chemically engineered 

processes, which are not previously present in the fabric. Inner structure fire retardant 

clothing is chemically processed and the outer surface is given a chemical treatment to make 

it resistant against ignition, flame or other hot objects. Chemical treatment can be removed 

during washing or cleaning processes as well as it may lose its tensile and abrasion resistance 

after a number of washings. These fibers rely highly on the nature of chemical reaction. The 

action is activated by the heat of fire at the specific time when the material is exposed to a 

flame.  (Zhou et al., 2005)  

Inherently flame retardants are those materials which naturally have these properties 

in the fabrics. They have an advantage of providing durable results as their resistance is not 

removed during washing and cleaning processes. They do not lose their tensile and abrasive 

strength but have the disadvantage of providing low moisture absorption and can create 

discomfort for the user (Safety matters at work, 2012). When aramid fibers are exposed to 

fire, they swell up and become thicker and form a barrier between the source of heat and the 

human body.  This protective barrier remains supple unless it cools and gives the wearer few 

precious seconds of safety to escape (Dupont, n.d).  

Nowadays, most of the clothing materials are chemically engineered and 

manufactured by humans, to make them resistant against fire hazards (Margolin, 2012). 

Flammable materials like nylon can melt on the wearer‘s skin that aggravates burn injuries. 

Synthetic polymers are lighter in weight as compare to 100% cotton materials. These 

materials ignite at much lower exposure energy and burn with much higher flame rates as 

compared to heavy weight fabrics. Ignition of protective clothing materials continue to burn 

and can produce even more severe injuries with quick spreading of fire to the areas of human 

body which were not initially exposed to the source of flame (Neal & Lovasic, 2002). 
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Whereas, some synthetic fibers like polyesters are slow to ignite and sometimes self-

extinguishing.  

Natural fibers like cotton or linen fibers without application of flame retardant 

finishes ignite quickly and result in spreading of a high flame (Wakelyn & Rearick, 1998). 

Whereas, wool and silk burn slowly and are difficult to ignite. So, performance behavior of 

protective clothing largely depends on the right selection of materials for its manufacturing. 

For example a blend comprising of natural and synthetic fibers such as cotton and polyester, 

can create trouble, as they have a combination of fast ignition material and high flame spread 

of natural fiber with the melting feature of synthetic fabric (Bankar & Dudagi, 2010). 

2.2.5.4 Manufacturing of flame retardant clothing materials 

There are three techniques of making flame retardant fabrics. Firstly, by applying topical 

treatment with chemical agents on the fabric surface to resist flames. Secondly, by adding a 

flame retardant chemical or agent in the spinning solution for manufacturing synthetic fibers 

or even covering the surface of the fabrics with these coatings. And third option is to use 

inherently flame retardant fabrics or high performance polymers for this purpose (Bourbigot 

& Duquesne, 2007; Bajaj, 2000; Raheel, 1994). 

Protective clothing that helps in reduction of combustion is composed of basically 

three layers. First layer or the outer shell serves as the outer covering of clothing and is 

considered as the primary line of defense in response to fire, cuts or other abrasions 

(Cinnamon, 2013). It provides around 25-30 % of total thermal safety against heat, flame or 

chemicals. This layer gives the prediction about the condition of the material as the other two 

layers are not visible from the outer side of clothing (Di Giovanni, 2006). The second layer is 

an important component of protective ensemble that assists in making the material resistant to 

fluids and other liquids (National Fire Protection Association [NFPA], 2008). It acts as a 

moisture barrier, attached to the inner side of the outer shell with a liquid film through 
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lamination process and provides thermal comfort. And, the third layer is the inner most layer 

or a thermal liner, having a direct contact with the skin of the wearer. It is made by batting of 

non-insulation material and provides around 70 % protection against thermal aspects (Di 

Giovanni, 2006).  Mostly these liners are formed by using a face cloth as woven material and 

batting with a nonwoven material. The face cloth assists in wicking action that moves 

perspiration away from the body and keeps the wearer dried, whereas batting offers air gaps 

which help in maximizing the thermal insulation thus providing comfort to the body 

(Cinnamon, 2013).  

2.2.5.5 Factors affecting flame resistance of a textile  

material 

All types of fibers and fabrics burn, but they differ in their degree of burning. There are 

certain parameters which are associated with flammability behaviour of textile fibers such as 

rate of burning (degradation and heat release rate), rate of fire spread (flame, burn-out, 

pyrolysis or smolder), ignition properties (ignition temperature, critical heat flux or delay 

time), smoke production or chemical emissions etc. (Bourbigot, 2008). These factors are 

greatly influenced by certain characteristics of textile materials such as their chemical 

composition, type of blends involved, structure of fabric and point of ignition like at the top, 

bottom, or edge of the fabric (Nazare & Horrocks, 2008; Kotresh et al., 2005). It is 

commonly observed that ignition of fabrics is very much affected by the weight and weave of 

fabric structure. For example, light weight fabrics with loose weave tend to burn more rapidly 

than heavy weight and tightly woven fabrics. Fabric surface and its texture also affect the 

flammability behaviour, for example napped fabrics (like velvet and velour) are more easily 

attracted to the fire than fabrics with a smooth and fine surface (Bankar & Dudagi, 2010 & 

Niir Project Consultancy Services , 2000). Moreover, yarn structure also plays a major role in 

the flammability behaviour of fabrics. A yarn with zero twist gives high values for burning 
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whereas, yarns with (0-1.37 twist per centimetre) show reduction in burning rate up to 40% 

(Miller and Coswami, 1971).   

 
2.2.6 Materials used in the manufacturing of protective 

clothing 

Fabrics are manufactured to produce desired characteristics by using adequate type of fiber, 

bonding procedures and various finishes. Reusable clothing materials are mostly reinforced to 

induce and improve their required features and in case of particular applications, some other 

useful materials are added to them in the form of added layers, coatings or laminates 

(Cerbini, & Ioco, 2004). 

  There are various factors which should be considered while selecting a 

clothing material for protective garments. These factors may include the level of protection 

required by the wearer, application area, type of different chemicals that can be exposed to 

the skin during work activities, breathability of the material, total cost, productivity and 

durability (Gibson & Barry, 2004). Appropriate materials/fabrics which can be used in the 

manufacturing of protective clothing should act as an effective and accurate barrier against a 

variety of chemicals and other hazards (Krzeminska & Lezak, 2012). The presence of 

multiple exposure such as toxic chemicals or fumes and gases, have improved the 

manufacturing processes of protective clothing for workers in various fields (Neal & Lovasic, 

2002). Regulatory bodies are forcing the chemical industries to restrict the direct exposure of 

workers to the chemicals. However it is not possible to make such a clothing that will 

guarantee total security against all kinds of hazardous or toxic chemicals.  

 As highlighted by Mansdorf (2011) porous materials do not provide liquid penetration 

and permeation so they are not feasible to use in conditions where liquid or gas protection is 

required. Inherently nonflammable fabrics and other fabrics treated with special finishes to 



60 
 

make them nonflammable provide protection against electric arc or flash fire in  

petrochemical industries. But they do not give safety against heat exposure. Chemical 

protective clothing should resist burning, act as a water barrier and be able to provide 

protection from extreme high temperatures as well. Protective clothing is manufactured from 

various natural fibers (cotton, wool or leather etc), synthetic fibers (nylon and polyester) and 

many polymers including plastics or rubbers such as butyl rubber, polyethylene or polyvinyl 

chloride.   

Cotton 

Cotton fiber is the most commonly used textile fiber throughout the world.  It is a natural 

fiber which is unicellular and obtained from the boll of a cotton plant. It has a staple length 

range from 0.31 to 6.35 centimeters. It varies in color from white to greyish tone. Cotton fiber 

contains 91% cellulose and 9% other components such as protoplasm, waxes, pectin, fatty 

substances, water, salts and organic acid (Yi, 2011). It is composed of different layers. The 

cuticle layer is a thin layer attached to the outer side of the primary wall. In fact, cotton fiber 

is surrounded by a cuticle layer which protects it from mechanical as well as chemical 

damages.  It contains wax and other pectin materials. Primary wall is made up of cellulose 

and also contains pectin and few waxes.  Secondary wall has different layers which 

contribute to the thickness of fiber and makes around 90% weight of lint (Figure 2.11). These 

layers consist of fibrils in the form of spirals. Lumen is present in the center of growing fiber 

(Mishra, 2005; Lewin and Pearce, 1985; Seagull & Alpspaugh, 2001).  
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Figure 2.11 Structure of Cotton Fiber (Seagull & Alpspaugh, 2001) 

 

When viewing it longitudinally under the microscope, it looks like a flat slightly twisted 

ribbon and its cross-sectional view represents a kidney or bean shaped structure (Yi, 2011). 

(Figure 2.12) 

    

Figure 2. 12 (a) Longitudinal and (b) Cross sectional view of Cotton Fiber (Yi, 2011). 
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 Polyester 

Polyesters are the polymers with repeating units of carboxylate groups in their main chain. 

Most commonly used kinds of polyesters are poly ethylene terephthalate (PET) and poly 

butylene terephthalate (PBT) (Mohammad, 2007).  

 Polyester was first manufactured by Dr. Carothers and his great work was further 

continued by a team of British scientists who were able to successfully develop the first 

synthetic polyester fiber known as Terylene in 1941. Few years later, another type of 

polyester fiber Dacron was manufactured by a Dupont company. Now-a-days polyester is 

blended with cotton to achieve better results (Ziari, 2009). It is a smooth fiber and has an 

even diameter which usually falls between 12-25 micrometers. It has around 35% crystalline 

regions and 65% amorphous regions. It shows a rod like appearance in longitudinal view and 

represents circles with dots when its cross section is viewed under the microscope. (Figure 

2.13) Polyester fibers are hydrophobic in nature and do not absorb water. They do not help to 

wick the moisture from the body due to their less hydrogen bonding as compared to cotton 

fibers. These fibers can also resist chemical attack. Polyester is extensively used in the field 

of apparels, protective clothing, upholstery, sportswear and many industrial sectors 

(Bourbigot, 2008). 
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Figure 2. 13 (a) Longitudinal (b) Cross sectional View of Polyester Fiber (Malik, 2006). 

Polyethylene terephthalate 

Polyethylene Terephthalate is commonly abbreviated as PET or PETE. It has a linear 

thermoplastic chain molecule that consists of repeating units. It is made up of terephthalic 

acid and ethylene glycol monomers and extensively used in making synthetic fabrics for 

various purposes (Ball et al., 2011)  

 Its long chains help in transference of load in a more efficient way to the backbone of 

a polymer by strengthening the intermolecular interactions. Thus providing high strength to 

the polymer (Stein, 1988). These fibers provide increased tensile and abrasive strength, flame 

retardancy, chemical resistance, moisture transmission, as well as heat transmission. 

Similarly, it is considered to be fifteen times stronger than steel and aromatic polyamides 

(Doyle, 2000). It is used for manufacturing anti-cut gloves and coveralls, as it resists cuts, 

abrasives and punctures  (Sethi, 2012; Bourbigot, 2008; Smith, 1999; Jacobos & Mencke, 

1995).  

The main purpose of chemical protective clothing is to provide protection against 

harmful chemicals agents. The clothing materials used for giving protection to the wearer 
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generally consist of neoprene or rubber, but these materials are very thick, heavy, and stiff as 

well as exhibiting poor permeability to water vapour. These type of clothing create physical 

and psychological discomfort for the wearer. It has been discovered that materials such as 

polyethylene in combination with polyvinyl alcohol or polyvinyl alcohol co-ethylene can 

overcome these problems. This combination helps to provide better protection against liquid 

chemicals and at the same time gives good permeability to water vapours (Brewer et al; 

2004). 

Polytetrafluoroethylene (PTFE)  

Polytetrafluoroethylene (PTFE) is a crystalline flouropolmer that consists of long and parallel 

macromolecules made of carbon chains enclosed by fluorine atoms with repeating structure 

in a linear form (Kopeliovich, 2013). It was first discovered by Dr. Roy Plunkett, in 1938 

who worked at DuPont.  Molecular bonding in the polymer chains makes PTFE resist harsh 

chemicals like concentrated acids and alkalis. They have high tensile and abrasive strength. 

One of the example of polytetrafluoroethylene is Teflon (manufactured by Dupont) 

commonly used in chemical protective coveralls because they can resist chemicals. For this 

reason, now-a-days it is commonly used in coatings, sheets or membranes to protect the 

material underneath (Smith, 1999; Clough, n.d).  

 
Polybenzimidazole (PBI) 

Polybenzimidazole is abbreviated as PBI. It is an organic fiber manufactured from 3,3 

diaminobenzidine and isophtalic acid by poly-cyclic condensation (Klaehn, 2013; Anandhan 

et al., 2012). It gives excellent thermal stability in high temperatures. It does not ignite or 

melt and drip. After exposure to fire, it retains its flexibility and strength. Due to its good 

resistance against chemicals and better moisture transmission, it can be efficiently used for 

making protective fabrics and fire resistance materials which can be used in various 
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industries. It is not very good in its physical properties and is also very expensive, so it is 

usually blended with other materials such as aramid or carbon fibers for improved 

performance and to make it cost effective for use (Shishoo, 2002; Smith, 1999). 

 
Aramid 

Aramid is a manufactured fiber with a long chain of synthetic polyamide where around 85% 

of amide linkages are directly attached to two of the aromatic rings (Yang, 1993). They have 

excellent heat resistance and strength. They tend to ignite with difficulty at 538 ºC.  So, that‘s 

why they are usually used in making firemen‘s costumes (Mercimek, 2010; Taylor, 1990). 

x Meta Aramid 

It is a polymer backbone that contains meta linkages between phenyl rings. It does not burn 

and melt upon exposure to fire as well as providing excellent resistance against high 

temperature (Branching in polyethylenes, 2012). 

 It is used as a basic material in the production of protective clothing materials. Due to 

a good combination of strength (tensile as well as abrasive), heat and flame resistance, these 

fibers are mainly used in making whole garments like protective coveralls (Shishoo, 2002). 

They are also very good at providing thermal resistance and do not melt or burn easily. Thus, 

they can also help maintaining physio-thermal characteristics by shielding the body against 

high temperatures (Shufei & Schwaiger, 2010; Gorashi & Stocks, 1995; Miraftab, 2000). 

Aramid fibers have better resistance to chemicals (most of the acids) than nylon. They can be 

blended with carbon fiber for improved protection (Raheel, 1994). They are considered 

flame-resistant materials which thickens when exposed to heat, and creates a protective shield 

between the user‘s skin and source of heat (Grad, 2013). 
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x Para Aramid  

Para aramid is a polymer backbone that contains para linkages between phenyl rings. It 

provides very high strength and modulus for which they are commonly used for body armor. 

Para aramid fiber is extensively used in high strength textile materials where high resistance 

characteristics against cuts and abrasives are required (Chatzi & Koenig, 1987). 

Butyl rubber 

Butyl rubber is a synthetic rubber that is manufactured by copolymerizing isobutylene with 

very small quantity of isoprene (Selda et al., 2004) It has high permeation resistance against 

gas as well as water vapours (Schrager, 2013). Gloves made from butyl rubber are more 

resistant to ketones, alcohols, acids and alkalies as compared to Neoprene and polyvinyl 

chloride which have better resistance against the acids and bases only (Kirsteins, 1991).  

2.2.6.1 Weaving as fabric construction technique 
 
Weaving is a process of manufacturing fabrics by using two sets of threads interlaced with 

each other at a right angle. The threads that run lengthwise are known as ‗warp‘ or ‗end‘ 

whereas, the threads which run crosswise or from selvage to selvedge are known as ‗weft‘ or 

‗picks‘.  Woven fabrics used in the field of technical textiles are able to meet the specific 

requirements for the end purpose. Their certain characteristics such as strength, mass, 

extensibility, porosity or durability largely depend on the type of weave used, nature of yarns, 

number of yarns, type of twist and thread count. Woven fabrics are able to produce higher 

strength and better stability in material as compared to any other fabric construction 

technique. Fabric with different structures can be produced by using warp and weft yarns 

with various properties (Sondhelm, 2000; Taylor, 1990). 

The pattern of interlacing of warp and weft yarns makes various weaving structures 

used for multiple purposes.  
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Plain weave 

It is the simplest and easiest pattern to weave. It is constructed by alternating raising and 

lowering one warp wise thread over one weft wise thread. Figure 2.14 shows the construction 

of this weave. Most technical woven fabrics are manufactured by using simple weave 

patterns, out of which 90% use plain weave (Taylor, 1990). Fabric woven with plain weave is 

largely symmetrical, having better stability and porosity. The weave gives high ratio of crimp 

in fibers which show low mechanical characteristics as compared to other weave variations. 

Therefore, it is not recommended for use in heavy weight fabrics (Net composites, 2014). 

 

Figure 2.14 Construction of a Plain Weave (Sondhelm, 2000). 

Twill fabrics 

It is a type of weave that is made up of using at least three yarns repeat pattern which 

produces a diagonal line on the front of the fabric structure. These lines usually run from one 

selvedge to the other selvedge. When this diagonal line runs from bottom left to the top right 

side, it is known as ‗right hand twill‘ or ‗Z twill‘. Whereas, when this line runs in the 

opposite direction i-e from lower right to the upper left, it is called ‗left hand twill‘ or ‗S 

twill‘ (Adanur, 2000; O‘Connor, 1981). Figure 2.15 explain the pattern of construction of 

twill weave. 
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Figure 2.15 Construction of Twill Weave: (a). Right Hand Twill    (b). Left Hand Twill   (O‘Connor, 

1981). 

Twill weave can be classified as regular or balanced weave and irregular and unbalanced 

weave. The regular or balanced weave shows equal number of harnesses raised and lowered 

such as 2/2, 3/3, 4/4 etc. whereas, irregular and unbalanced weave shows varied number of 

harnesses in their construction. A total of at least three harnesses are required to make this 

weave (Gokarneshan, 2009). Twill weave has reduced crimp which gives the fabric smooth 

surface and slightly better mechanical properties (Net composites, 2014). 

Twill weave has many varieties that affect its appearance. If the diagonal or twill line 

is made at 45º, it is said to be common twill where the initial point of interlacing of each warp 

is on the adjacent weft. If this twill line makes an angle greater than 45º, it is known as steep 

twill. When twill line forms angle less than 45º, it is known as reclining twill (Adanur, 2000). 

Satin weave 

It is considered as a warp faced structure where binding places are arranged in such a way as 

to produce a typically smooth and lustrous structure without creating strong diagonal lines 

like twills. The number of harness used such as 4, 5 or 8 shows the total number of fibers 

crossed under, before the yarn repeats the pattern. Figure 2.16 shows the pattern of 

interlacing of satin weave. 
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Figure 2.16 Construction of Satin Weave (Sondhelm, 2000). 

Satin is a warp faced structure and weft is a weft faced structure. Both these types are 

commonly used for making uniforms, industrial and protective clothing items. Satins are 

more popular because they are cheap to produce as they usually have low number of weft 

yarns as compared to the warp threads (Sondhelm, 2000; Adanur, 2000). Satin weave gives 

low crimp to the yarns which results in good mechanical characteristics. This weave pattern 

allows fibers to weave in a closer proximity and they can develop fabrics with a much tighter 

weave (Net composites, 2014). 

 2.2.6.2 Manufacturing process of chemical protective 

clothing 

Conventionally protective clothing is made from hundred percent cotton, polyester, or a blend 

of cotton / polyester and cotton / nylon. Nylon and polyester are blended with cotton fabrics 

to improve their strength and make them light weight. As far as flammability is concerned, 

nylon and polyesters are synthetic fibers which are prone to melting and stick to the skin. 

And if clothing material is ignited, it causes burning of skin and can reach those areas which 

were not primarily exposed to the fire hazard. In order to cope with this problem, flame 

retardant agents can be used to protect the body from burn injuries (Neal & Lovasic, 2002). 
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 Chemical protective ensembles have an outer shell or layer made from flame resistant 

materials. The outer shell resists ignition when exposed to thermal conditions or with short 

time exposure to the flame. It provides primary safety from fire risks and also makes the 

fabric abrasion resistant. Second layer acts as a thermal barrier which can be made from 

neoprene coated fabric, a low cost material and PTFE membrane lamination that allows 

moisture vapour transmission through it. This layer is placed under the outer shell to resist the 

penetration of fluids  and creates a hot steam inside the clothing when worn near the fire area. 

(Smith, 1999; Lawson, 1997). A thermal liner is placed beneath the thermal barrier, that 

increases the air space and also adds to the multi layered characteristics of clothing. Aramid 

can be a best choice for thermal liner in most of the protective clothing (Smith, 1999). 

 These fabrics are either coated or laminated to improve their performance 

requirements. The diversity of water proof and water vapour fabrics has improved with the 

strengthening of laminating and coating processes. Mostly surface coatings are applied onto 

the surface of porous fibrous materials in order to block the penetration of dangerous liquids, 

particles and gases to the wearer‘s skin (Ibrahim & Mahmoud, 2013). 

Coating 

Coating is a process of making a fabric with at least two or even more layers joined together 

with an adhesive. Coated fabrics are manufactured with a combination of textile material 

(fabric) and a polymeric film applied in the form of a thick paste or liquid that can be solvent 

based or water based, over the surface of the fabric.  Figure 2.17 shows coating of a fabric 

applied in the liquid form that helps to penetrate its structure and fill up the air spaces (Fung, 

2002; Coating and lamination, 2014). 
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Figure 2.17 Schematic of a Coated Fabric (Coating and lamination, 2014). 
 

This polymeric film or coating imparts new features in fabrics and also improves the 

existing characteristics for better performance. A layer that consists of a textile fabric helps to 

improve certain characteristics such as its tensile or tear strength, dimensional stability and 

elongation. Whereas, polymeric film is responsible for certain properties such as its resistance 

against chemicals, cuts, abrasives and also decreases its permeability to dust particles, fluids 

or gases. However, many fabric properties depend on the combination of both layers (i-e 

fabric and polymer), so both the components must be selected carefully keeping in mind the 

purpose of the end product (Fung, 2002; Abbot, 2006).  

There are many natural and manmade fibers which are extensively used in making 

coated fabrics. For example, natural fibers such as cellulosic fibers (cotton) and other 

vegetable fibers are used and many synthetic polymers such as polyester, polyamide, 

polypropylene, polyethylene and aramid fibers. These are used in the production of protective 

materials through various construction techniques such as weaving, knitting and non-woven 

composites (Matukonis, 2006). 

Lamination 

Polymers which are difficult to form into a thick paste essential for coating process, can be 

mixed with a specific fabric by making a film of polymer and then laminated onto the fabric 

surface. Lamination is a process of making a fabric with two or even more layers, out of 

which one must be a textile fabric whereas, other layer or layers consist of either a fabric or 
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any other material, bonded together with an adhesive or adhesive characteristics of these 

component layers.  (Fung, 2002; Coating and lamination, 2014). Figure 2.18 explains the 

lamination process on fabric structure that allows the fabric to retain air spaces and the 

laminate shows few points of contact. 

 
 
Figure 2.18 Schematic of a Laminated Fabric (Coating and lamination, 2014). 
 
  

Lamination helps to maintain the original characteristics of fabrics and is able to produce 

required performance characteristics such as handle, appearance and durability. Mostly 

laminated fabrics are used as breathable and water resistant protective clothing (Fung, 2002). 

Polymers which do not possess good mechanical characteristics are manufactured with 

layered materials for protective clothing to increase their lifetime (Singha, 2012).  Common 

support fabrics include polyester, nylon, fiber glass or aramids. Different polymers belonging 

to the poly family are also used as laminated materials including polyurethane, polyethylene 

or polyvinyl chloride (Mansdorf, 2011). 

 Workers who handle chemicals in an industrial setup need protection against 

potential/expected physical, chemical or even biological hazards while at work. Protective 

clothing acts as a shield for its wearer against numerous hazards including toxic chemicals. 

Evaluation of performance characteristics, primarily mechanical and resistance, of protective 

clothing before usage is paramount to the safety of the wearer.  
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Chapter No. 3 
 

Materials and Methods 
 

 

This research study titled as ‗Performance Criteria of Chemical Protective Clothing‘ was 

started at College of Home Economics, Gulberg, Lahore and was further carried out in Nishat 

Mills Limited.  

3.1 Sample Collection 
Chemicals are used in various types of industries from fertilizers to pharmaceuticals. 

Operating conditions and environment vary among these industries; therefore protective 

coveralls only used in fertilizer-manufacturing industry were selected.  

A list of fertilizer units in Pakistan was gathered with the help of internet. Companies 

with units and/or head offices located in Lahore were shortlisted. Selected companies were 

then reached by telephone. Companies agreed to provide relevant information but only if 

there identity is not revealed/published in the study. It was observed that a few units / 

companies ignored safety standards as they were not using any type of protective coveralls or 

gowns. 

Samples, both new and fresh, were bought from the selected chemical units. Some 

companies / units referred to the markets from where they buy coveralls for their employees. 

These markets included Shah Alam market, Barandeth Road, Anar Kali, and Davis Road 

Lahore. Sample coveralls were collected from these markets as well. 

All collected samples were then categorized based on the type of material. A total of 

15 categorizes were made and each category was labeled. Three random samples from each 
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 category were selected; a total of 45 coveralls were used (Figure 3.1). Number of tests were 

performed on these coveralls. Each coverall was new and never used by a worker. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Sample Collection Procedure 

 

This research was completed in two phases. In the first phase of the study, construction 

parameters of the existing chemical protective coveralls were determined and they were 

assessed for their performance characteristics. Second phase consisted of manufacturing of 

new clothing materials for protective coveralls and they were also assessed for the same 

performance characteristics. 

 

 

Chemical Protective Coveralls 

Nine different types of 
coveralls 

A total of forty-five 
coveralls 

Chemical Industry 
(Fertilizer 

Manufacturing Units) 
Markets 

Three samples from 
each category 

Three samples from 
each category 

Six different types of 
coveralls 
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3.2 First Phase  
 

Firstly, raw materials of every selected coverall were identified. Their content ratios were 

also measured. Secondly, selected performance characteristics were evaluated for each 

coverall.  Performance characteristics were measured at varying laundering cycles starting 

from zero to twenty with an increment of 5 cycles. 

Following performance characteristics were evaluated during this phase: 

• Tensile strength 

• Abrasive strength 

• Water transmission 

• Chemical resistance 

• Flame resistance 

The collected samples of protective coveralls were labeled and their particulars were given in 

Table 3.1 
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Table 3.1 

Particulars of Collected Samples 

Sr. No Sample 
Name 

Type of 
Construction 

Color Cost per Coverall 
(Pak. Rupees) 

Sample Picture 

1.  A Twill weave White 

500 

 

2.  B Twill weave White 

530 

 

3.  C Plain weave White 

515 

 

4.  D Twill weave Blue 

925 

 

5.  E Plain weave White 

915 

 

6.  F Basket weave White 

900 

 

7.  G Plain weave White 

925 

 

8.  H Satin weave White 

680 

 

9.  I Twill weave Blue 

600 
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10.  J Twill weave White 

650 

 

11.  K Plain weave White 

890 

 

12.  L Plain weave White 

460 

 

13.  M Plain weave White 

400 

 

14.  N Plain weave White 

520 

 

15.  O Plain weave Yellow 

550 
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These samples were firstly evaluated for their construction parameters by the following 

procedures. Since sample coveralls were made with unknown combinations of the yarns, both 

qualitative and quantitative analysis were performed to determine the type of fibers and their 

respective concentrations that were used for constructing each coverall. 

 

3.2.1 Fiber Analysis: Qualitative 

Qualitative analysis of all samples was performed by following AATCC test method 20-

2013.  Main purpose of this part of the study test was to determine the generic type of all 

fibers used in manufacturing of fabric for respective coveralls (AATCC, 2013).  

 In order to achieve accurate results, every coverall was preprocessed. The 

representative samples from every coverall were pretreated in hot distilled water for 

removing any foreign matter such as starches, oils, waxes and other coatings etc. They were 

further treated with solution of 0.5% sodium hydroxide for separating the vegetable fiber 

content. Lastly, they were rinsed with water and dried. Colored fabrics were strip dyed by 

heating for 30 minutes at 50° C with sodium hydrosulfite solution. After preprocessing, 

following three tests were performed: Visual examination, burning tests and microscopic 

tests. 

3.2.1.1 Visual Examination 

Yarns were unraveled and separated in their warp and weft directions for visual examination. 

These yarns were separately assessed for variations in their physical characteristics such as 

color, fineness, length and uniformity in appearance. 
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3.2.1.2 Burning Test 

Small tuft of fibers obtained from the fabric was held with tweezers and placed near the 

burner. The fibers were noted for their melting-and-shrinking response, Fabric‘s response, 

while approaching flame, was noted with regards to melting and shrinking of fibers. Once 

they were moved into the flame, they were observed for their burning behavior. After 

carefully removing them from the flame, they were again inspected. They were blown-out if 

burning continued even after removal from flame. The odor of the smoke was noticed and ash 

was observed for its color and nature as well (Figure 3.2). All observations at every stage, 

pre-burning, burning and post-burning such were compared with Table 3.2 

 

Figure 3.2 Examination of Fiber Ash  
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Table 3.2 
Reaction of Fibers Against Flame 

Fiber type Melts near 

flame 

Shrinks from 

flame 

Burns in flame Continues to 

burn 

Appearance of 

ash 

Natural fibers 

Silk  

Wool 

Cellulose 

Asbestos 

 
 

Yes 
 

Yes 
 

No 
 

No 

 
 

Yes 
 

Yes 
 

No 
 

No 

 
 

Yes 
 

Yes 
 

Yes 
 

No 

 
 

Slowly 
 

Slowly 
 

Yes 
 

No 

 
 

Soft black bead 
 

Irregular black 
 

Light greyish 
 

May blacken 

Manmade fibers 

Acrylic  

Acetate 

Azlon 

Nytril 

Polyester 

Nylon 

Olefin 

Vinal 

Modacrylic 

Saran 

Vinyon 

Metallic 

Glass  

Rubber 

Spandex 

Anidex 

Rayon 

Aramid 

Novoloid 

 
 

Yes 
 
 
 
 
 
 
 

Yes 
 

Yes 
 

Yes 
 
 
 

Yes 
 
 
 
 
 

Yes 
 

Yes 
 

Yes 
 

Yes 
 

Yes 
 

No 
 

No 
 

No 
 

 
 

Yes 
 
 
 
 
 
 
 

Yes 
 

Yes 
 

Yes 
 
 
 

Yes 
 
 
 
 
 

Yes 
 

Slowly 
 

Yes 
 

No 
 

No 
 

No 
 

Yes 
 

No 
 

 
 

Yes 
 
 
 
 
 
 
 

Yes 
 

Yes 
 

Yes 
 
 
 

Yes 
 
 
 
 
 

No 
 

No 
 

Yes 
 

Yes 
 

Yes 
 

Yes 
 

Yes 
 

Brief 

 
 

Yes 
 
 
 
 
 
 
 

Yes 
 

Yes 
 

Yes 
 
 
 

No 
 
 
 
 
 

No 
 

No 
 

No 
 

Yes 
 

Yes 
 

Yes 
 

No 
 

No 

 
 

Hard black 
irregular shaped 

bead 
 
 
 
 
 

Hard black round 
bead 

Hard grey round 
bead 

Hard tan bead 
 
 
 

Hard black 
irregular bead 

 
 
 
 

Metal bead hard 
clear bead 

 
 

Irregular mass 
 

Fluffy black or 
grey 

Brittle black 
irregular bead 

None 
 

Hard black bead 
 

Carbon 
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3.2.1.3 Microscopic Analysis 

Microscopic slides were prepared to determine the longitudinal views of the specimens. Few 

fibers were raveled out from the fabric and placed onto the glass slide. They were teased  

apart with the help of tweezers. A drop of mineral oil was used to fix fibers onto the slide. 

They were covered with the cover slip and examined under the microscope at 100 X through 

transmitted light. The examination was made by comparing the views with the images of  

known specimens of various fibers.  

3.2.2 Fiber Analysis: Quantitative 

Quantitative analysis of all samples was performed by following AATCC test method 20A-

2014. Chemical test method was followed to determine the fiber composition of fabrics used 

for manufacturing coveralls (AATCC, 2014).  Sample was cut in such a way that all types of 

yarns were included in the complete pattern.  

3.2.2.1 Chemical Analysis  
Fabric specimens were unraveled into individual yarns and these yarns were cut into lengths 

less than 3mm. The cut pieces were thoroughly mixed and a representative part was chosen 

for the fiber determination. This test method in Table 3.3 helped to show the relative 

solubility of different fibers in all reagents. The table was used to select the appropriate 

method and sequence for the determination of multi natured fiber mixtures.  
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Table 3.3 
Fiber Solubility in Reagents Used for Chemical Method 
 
Reagent No.1 

100% 
Acetone 

 No. 2 
20% 
HCL 

No. 3 
59.5%  
H2SO4 

No. 4 
70% 
H2SO4 

No. 5 
 
NaOCL 

No.6 
90% 
HCOO
H 

Acetate 

Acrylic 

Cotton 

Hair 

Hemp 

Linen 

Modacrylic 

Nylon 

Olefin 

Polyester 

Ramie 

Rayon 

Silk 

Wool 

S 
 
I 
 
I 
 
I 
 
I 
 
I 
 
S or I* 
 
I 
 
I 
 
I 
 
I 
 
I 
 
I 
 
I 

I 
 
I 
 
I 
 
I 
 
I 
 
I 
 
I 
 
S 
 
I 
 
I 
 
I 
 
I 
 
PS 
 
I 

S 
 
I 
 
SS 
 
I 
 
SS 
 
SS 
 
I 
 
S 
 
I 
 
I 
 
SS 
 
S 
 
S 
 
I 

S 
 
I* 
 
S 
 
I 
 
S 
 
S 
 
I 
 
S 
 
I 
 
I 
 
S 
 
S 
 
S 
 
I 

I 
 
I 
 
I 
 
S 
 
I 
 
I 
 
I 
 
I 
 
I 
 
I 
 
I 
 
I 
 
S 
 
S 

S 
 
I 
 
I 
 
I 
 
I 
 
I 
 
I 
 
S 
 
I 
 
I 
 
I 
 
I 
 
PS 
 
I 

 
Key:  
S   = soluble 
PS = partially soluble (method cannot applicable) 
SS = slightly soluble (can be used but correction factor required) 
I    = insoluble 
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Through the burning and microscopic tests, specimens were identified for their fiber content. 

Whereas, the specimens were also identified through chemical tests for more accuracy. For 

example, Cotton fibers were treated with 70% Sulfuric Acid (as indicated in the Table 3.3) 

where they were completely dissolved and the other fiber content remained insoluble. The 

procedure was as follows. 

The specimen was cleaned and dried. It was weighed to an accuracy of 0.5-1.5g. The 

weight was recorded to the nearest 0.1mg. It was transferred to 250 mL flask, having 70% of 

sulfuric acid. The flask was then shaken for about one minute. It was kept for 15 minutes at a 

temperature of 20 C. This shaking process was repeated three times. The mixture was then 

filtered by a fritted glass crucible that was oven dried, cooled in a desiccator and weighed to 

the accuracy of 0.1mg. Any residue left in the flask was washed out by three portions of 

10mL solution of 70% sulfuric acid. The excess liquid was drained out with suction from the 

residue, after the addition of each 10mL solution. The fiber residue was washed by using 

50mL of sulfuric acid, and then it was washed with water till the filtrate was neutral to the 

litmus. The draining suction was disconnected and 25mL ammonium hydroxide was added 

into the crucible. The residue was soaked for 10 minutes before draining. Then it was washed 

with 150mL water and soaked in it for 15 minutes. After wards, excessive water was 

removed. The crucible and residue were then dried in an oven at a temperature of 105 – 110C 

to a constant weight. The dry fiber residue was weighed to the nearest of 0.1mg and recorded. 

The procedure was repeated for rayon fibers by treating them with 59.5% Sulfuric Acid (as 

indicated in the Table 3.3)   

When the fiber was soluble in the reagent, it was calculated by the following formula. 

X = G – H /G x 100 
And when it was insoluble in the reagent, it was calculated by the following formula. 
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X = H / G x 100 

Where, 

X = fiber content (percent) 

G = weight of clean, dry and prepared specimen 

H = weight of dried residue (after treatment) 

The fiber composition of all collected samples is shown in Table 3.4 
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Table No 3.4 
Fiber Content of the Collected Coveralls 
 

Sample 
Name 

Fiber Analysis 
(Composition) 

A Cotton 1% 
Polyester 99% 

B Cotton 100% 

C Cotton 14% 
Polyester 86% 

D Cotton 100% 

E Polyester 100% 

F Cotton 2% 
Polyester 98% 

G Cotton 100% 

H Cotton 97% 
Polyester 3% 

I Cotton 100% 

 J Cotton 98% 
Polyester 2% 

K Cotton 100% 

L Rayon  70% 
Polyester 30% 

M Cotton 95% 
Polyester 5% 

N Cotton 13% 
Polyester 87% 

O Cotton 45% 
Polyester 55% 
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3.2.3 Determination of Warp Yarn and Filling Yarn Count per Inch 
 

Warp and filling count was measured by following ASTM D 3775-12 test method. It was 

measured by counting number of warp yarns (or ends per unit distance) and weft yarns (or 

picks per unit distance) with the help of a magnifying and counting glass as shown in the 

figure 3.3 (ASTM, International, 2012). 

 

Figure 3.3 Counting Glass for the Determination of Warp and Filling Yarn Count 

 All the specimens were preconditioned for 24 hours in a standard atmosphere 

according to ASTM-D1776 specifications (ASTM, 2010). The test was performed in 

standardized testing atmosphere with 21° ±1°C (70°± 2°F approximately) temperature and 

65% ±2% relative humidity. The number of warp yarns over a length of 25mm (1 inch) was 

counted for each specimen across its width at five randomly selected places. In similar 

manner the number of weft yarns was also counted. The mean value of all warp yarns and 

weft yarns was calculated for their respective directions to the nearest single yarn for each 

sample. 

Thread Count 
 

The thread count was calculated using the following equation: 

TC = Wp + Wf 

Where, 
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TC = thread count 

Wp = Warp count in a specimen per inch 

Wf = Weft count in a specimen per inch 
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3.2.4 Fabric weight 
 

Fabric weight was calculated according to ASTM D 3776 test procedure for mass per unit 

area (weight) of fabric. ASTM D 3776 specifications recommend different specimen-size-

specific tests. In this case, Option-C of the said specification, small swatch of fabric was used 

(ASTM, 2013). All the specimens were pre conditioned for 24 hours according to ASTM-

D1776 specifications. (ASTM, 2010). The test was carried out under standard testing 

atmosphere with 21° ±1°C (70°± 2°F) temperature and 65% ±2% relative humidity. The 

specimens were cut with an area of 130cm² (20 in² approximately). Afterwards, the 

specimens were placed on a balance and their weight was recorded in grams per square meter 

with an accuracy of ±0.1%. (Figure 3.4) 

 

Figure 3.4 Weighing Balance 

Fabric weight was calculated using the following equation. 

W = G /LW₁ 

Where, 

W = weight of the fabric (g/m²) 

G = mass of specimen (g) 

L =  length of specimen (mm) 

W₁ = width of specimen (mm) 
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3.2.5 Yarn Number or Linear Density 
 
Linear density of the yarns from all specimens was measured according to ASTM D 1059-

01test specifications. From each sample, ten specimens were taken in both warp and weft 

directions. Specimens were cut parallel to the warp and weft yarns. Yarns were raveled out 

until their full length was removed from the fabric. Fringes were trimmed out and visible 

crimps were removed (ASTM, 2010). Preconditioning was carried out for 24 hours in a 

standard atmosphere as per the specifications of the ASTM-D1776 testing procedure (ASTM, 

2010). Test was also performed under standard testing atmosphere with 21° ±1°C (70°± 2°F 

approximately) temperature and 65% ±2% relative humidity. 

 Measuring scale, used during test, was graduated in millimeters and measured at least 

1.00 meter in length. Using this scale, yarn lengths were calculated. Another scale was used 

for weighing the specimen total mass (within 0.1%). Recorded mass and length were used for 

calculating yarn number. 

After determining the construction parameters of collected protective coveralls, they were 

laundered. After each laundering cycle, performance parameters of these samples were 

evaluated. 

  



90 
 

3.2.6 Laundering Procedure 
 

Laundering was carried out according to the specifications given in the AATCC Monograph 

M6 (2013). Front-loading washing machine, under normal agitation speed of 45±10 rpm, was 

used for laundering the samples (Figure 3.5). Each laundering cycle comprised of washing, 

rinsing, spinning and drying. Washing temperature was kept at 54±2.9°C (130±5°F 

approximately) for 11±1 minutes while 0.1g/liter detergent was added for every cycle. Final 

spinning, at 1300±150 rpm, was 12 minutes’ duration. Every sample was rinsed twice. Lastly 

all samples were tumble dried at 68±6°C (155±10°F approximately) for 90 minutes (Table 

3.5). 

Table 3.5 
 
Laundering Procedure of Samples 
 
Steps Time (In Minutes) 

Wash (with detergent)  11±1 

Rinse first cycle 2 

Rinse second cycle  5±1 

Spin 

Tumble Dry  

12 

90 

 
 
Samples were taken from each category. After each laundering cycle, they were labeled accordingly 

and placed in separate bags. For instance, samples from all categories (A through O) were taken and 

after five cycles, they placed in a bag, marked ―5-wash‖. Remaining samples from each category were 

laundered again five times and placed in a bag, marked ―10-wash‖. This process continued until all 

laundering cycles were complete. 
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Samples after every washing cycle were evaluated for different characteristics. Before 

performing any test, all samples were conditioned by placing them in a condition rack at  

21°C± 1°C temperature and 65%± 2% relative humidity for 24 hours. 

 

Figure 3.5 Front Loading Machine used for Washing Samples 

 
Following performance characteristics were evaluated: 

• Tensile strength 

• Abrasive strength 

• Water transmission 

• Chemical resistance 

• Flame resistance 
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3.2.7 Determination of Tensile Strength 
 

Strip method ISO-13934-1 test procedure (ISO, 1999). According to the specifications test 

specimen with proper dimensions was extended until it breaks. 

Preparation of Specimen. 

Two sets of specimen were cut, one in the warp direction and the other one in the weft 

direction. Each set contained five test specimens in each direction. No specimen was taken 

from within 150 mm of either edges of the sample. Warp specimen with same ends and weft 

specimen with same picks were not taken. The length of each specimen was 200mm ± 0.5mm 

and width was 50 mm ± 0.5 mm (excluding fringes). (Figure 3.6). Once specimens were cut, 

threads were removed from each of the long edges of the cut strip, in approximately equal 

numbers until its total width was 50 mm ± 0.5 mm (excluding fringes). 

        

(a)                                                             (b) 

Figure 3.6 Measurements of Specimen for determination of Tensile Strength Test. (a) Warp Direction 

(b) Weft Direction 

Procedure. 

Test specimens were mounted in a slack, initially with a pre-tension of about zero 

Newton force. Every specimen was clamped vertically; it was aligned in such a manner that  
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its longitudinal centre line passed through the center of the jaws. After aligning the specimen, 

force was exerted by moving the clamps. After clamps were put in action, specimen was 

stretched to the point of rupture. Electronic device recorded this maximum force for each of 

the five specimens in both sets. Average maximum force for all these specimens was 

recorded in Newton (Figure 3.7). 

 

Figure 3.7 Titan Tensile Tester  
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3.2.8 Determination of Abrasion Resistance 
 

Abrasion resistance of all specimens was measured using Martindale abrasion tester (ASTM, 

2004) following ASTM D 4966 test method.   

Preparation of Specimens. 

A total of three circular specimens from each sample were cut using a cutter with a diameter 

of 1.5 inch (38mm approximately) so that every specimen contained warp and weft yarns 

(Figure 3.8). Specimens were taken at least 100 mm from the edge of the fabric. All the 

specimens were pre conditioned for 24 hours under standard atmosphere as mentioned in 

ASTM-D1776 specifications. (ASTM, 2010). The conditioned specimens were placed in a 

standard testing atmosphere with 21° ±1°C (70°± 2°F) temperature and 65% ±2% relative 

humidity for at least 4 hours prior to testing. All the tests were conducted under the standard 

testing atmosphere.   

 

Figure 3.8 Measurements of Specimen for the Determination of Abrasion Resistance 

Procedure. 

A piece of felt was placed on the top of a table. Specimen of the same size was placed 

on top of the felt piece. In order to flatten both pieces, a mounting weight, available with 

machine, was placed on top. Afterwards, the weight was removed and fabric was checked for 

ridges and tucks. If necessary, the mounting process was repeated. The specimens were  
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carefully placed with the wear side (face of the fabric) downward into the holder. Holder, 

with both pieces, was placed on the machine. A pressure of 12kPa was applied on the 

specimen. After putting the apparatus in order, machine was started. When preselected 

number of rubs was reached, the machine was stopped. Holder along with the mounted 

specimen was carefully removed, without damaging the yarns (Figure 3.9). 

Loss in weight / mass (the difference between weight / mass of specimen before and after 

rubbing cycles) was measured in percentage. 

 

Figure 3.9 Martindale Abrasion Tester 

 

 

 

 

 

 

 

 

 

 



96 
 

3.2.9 Determination of Water Resistance 

3.2.9.1 Drop Test 

Water absorbency of all the samples was measured according to AATCC 79-2010 

specifications. AATCC 79-2010 specifications recommend different specimen-size-specific 

tests. In this case, Option-A of the said specification was used (AATCC, 2010). According to 

this test standard, absorbency is also referred as wettability. It helps to determine the water 

resistance and repellency (non absorbency) of the textile finish, applied onto the fabric 

surface. It also determines the durability of a particular finish.  

Preparation of Specimens 

Specimen with 200 mm ± 5 mm x 200 mm ± 5 mm dimensions was cut from each 

sample (Figure 3.10). Five drop tests were performed on each specimen, where each drop-test 

site was at least 25 mm ± 2.5 mm (1 inch ± 0.12 inch approximately) away from the hoop 

edge. Distance between each drop-test site was also at least 25 mm ± 2.5 mm (1 inch ± 0.12 

inch approximately). Before testing every specimen was brought to moisture equilibrium 

under a standard atmosphere (ASTM D1776) with relative humidity of 65 ± 2% and 

temperature 21± 1ᵒ C (70 ± 2ᵒ F approximately).  

 

Figure 3.10 Measurements of Specimen for Drop Test 
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Specimen was mounted in an embroidery hoop in a wrinkle-free manner. It was ensured that 

specimen was not over stretched so that structure of the fabric stays in intact. The hoop along 

with the specimen was placed under the tip of the burette so that a single drop of distilled 

water drops on the surface of the specimen. Stop watch was turned on as soon as the drop 

leaves the burette. Drop was closely observed. Stop watch was turned off once the drop loses 

its reflectivity and turns to a dull and wet spot. This procedure was repeated for all specimens 

and their respective clock timings, in seconds, were recorded (Figure 3.11). 

 

      

Figure 3.11 Application of Drop Test 
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3.2.9.2 Vertical Wicking Test 

Wicking behavior of all the specimens was studied by following AATCC 197-2011 Vertical 

Wicking Test. (AATCC, 2011). This method was used to measure the rate of liquid flow 

along the vertical length of the specimen. Distance covered was visually observed and 

manually timed at specific intervals. 

Preparation of Specimen 

The specimens were cut in both, warp and weft, directions of the samples. Specimen was 

170mm long and 25mm wide (Figure 3.12). Rate of liquid flow was recorded for both these 

directions. All the specimens were conditioned and test was performed in a standard 

atmosphere with 21° ±1°C (70°± 2°F) temperature and 65% ±2% relative humidity by 

following ASTM-D1776 (ASTM, 2010).     

Procedure 

One edge of the specimen strip was vertically clamped while the other dangling end was 

immersed about 3mm deep in the distilled water at 21◦C temperature. The length travelled by 

the liquid was measured at intervals of 1, 5 and 10 minutes and noted in centimeters (Figure 

3.13). 
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Figure 3.12 Vertical Alignment Configuration 

 

      

Figure 3.13 Marked Vertical Wicking Specimen 

 

 

 



100 
 

3.2.10 Determination of Chemical Resistance  
 

Chemical resistance was determined following the ISO 6530:2005 standard. Protection 

against liquid chemicals can be evaluated using this test. This test measures the repellency, 

penetration and retention of liquid chemicals through the protective clothing materials (ISO, 

2005). 

Four chemical solutions were prepared to measure liquid chemical penetration  and 

repellency through specimens. Table 3.6 displays four chemicals with their respective 

concentrations. It also shows the temperature during the test. 

Table 3.6 

 Chemicals Used for Determination of Penetration and Repellency 

Chemical Concentration  weight (%) Temperature of chemical 

°C (+/- 2) 

Sulphuric Acid 30 (aqueous) 20 

Sodium Hydroxide 30 (aqueous) 20 

0-Xylene Undiluted 20 

Butan-1-ol Undiluted 20 

 

Preparation of Specimen 
Test specimens, 360 mm long and 235 mm wide, were cut from each sample and served as 

the top layer (Figure 3.14). An absorbent paper backed with plastic sheet of size 360 mm x 

235 mm was also taken. They both were turned 30mm from each side along the length of 

specimen and placed on the collector layer. Before the test both specimen and absorbent 

paper were checked for wrinkles and separately weighed. 
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Figure 3.14 Measurements of Specimen for Determination of Chemical Resistance 
 

Procedure 

This test assemblage was clipped to the gutter that was inclined at 45°. Making sure 

that the test assemblage was aligned to the top edge of gutter and bottom edge was protruded 

30mm from the bottom edge of gutter. At the bottom of the gutter, a beaker was positioned 

that was weighed before hand and was used to collect the liquid chemical which spills from 

the surface of the test specimen. 10ml of liquid chemical solution was poured for 10 seconds, 

onto the fabric surface with the help of a nozzle. The distance between the nozzle and the 

fabric surface was kept at 100mm. a hard semi-circular card was held against the surface of 

the test fabric to ensure contact between top layer and collector layer for 60 seconds. 

Chemical solution that was not retained by the test assembly was collected into the beaker. 

After 60 seconds, the layers of the test assemblage were separated from each other and 

weighed separately. The total weight gained in the test specimen was measured as the 

retention percentage. The amount that was recorded in the collector layer, measured as the 

penetration percentage. And the amount that was collected in the beaker, measured as the 

repellency percentage (Figure 3.15).    
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In accordance with the test procedure, the clothing materials were classified according to the 

following table for determining their repellency against each tested liquid chemical. A 

performance level No. 3 was used as a criterion to measure the liquid repellency for at least 

one of the tested liquid chemicals (Table 3.7). 

Table 3.7 

Classification of Material for its Repellency to Liquid Chemicals 

Class Repellency Index (%) 

3 95 

2 90 

1 80 

 
 
In accordance with the test procedure, the clothing materials were classified according to the 

following table for determining their penetration against each tested liquid chemical. A 

performance level  No. 2 was used as an criterion to measure the penetration for at least one 

of the tested liquid chemicals (Table 3.8). 

Table 3.8 

Classification of Material For its penetration to Liquid Chemicals 

Class Penetration Index (%) 

3 <1 

2 <5 

1 <10 
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Following formulas were used for calculating the percentage of repellency and penetration. 

Index of Penetration (P)  =  Mp x 100 
                                            ________ 
            Mt 
 

• Mp was the mass of chemical deposited onto the absorbent paper backed with plastic 

sheet. 

• Mt was the mass of chemical discharged onto the test specimen.  

Index of Repellency (R) =  Mr x 100 
                                            ________ 
             Mt 

• Mr was the mass of liquid chemical collected in the beaker.  

• Mt was the mass of chemical discharged onto the test specimen.  

 

 
 
Figure 3.15 Determination of Chemical Resistance 
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3.2.11 Determination of Flame Resistance 

Flame resistance of the specimens was evaluated by following Vertical Flame Test ASTM D 

6413-99 (ASTM, 2013). 

Preparation of Specimen 

Five specimens in lengthwise direction, were cut from all samples with dimensions of 76mm 

by  300 mm or 3 inches by 12 inches (Figure 3.16). Every specimen was free from wrinkles, 

folds or creases. All specimens were brought to moisture equilibrium according to ASTM-

D1776 standard. (ASTM, 2010). 

        

(a)                                                               

Figure 3.16 Measurement of Specimens for Vertical Flame Test  

Procedure 

The specimen was exposed to the flame area to within 4 minutes of its removal from the 

standard atmosphere. It was then secured in a holder with the help of clamps in such a way 

that two clamps were positioned close to the top of holder (one on each of its sides) and other  
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two clamps were positioned near the bottom of a holder (one on each of its side) to stabilize 

the test specimen. The holder along with the test specimen was inserted into the cabinet 

where the burner was placed 19mm below the specimen (Figure 3.17). 

 

 

Figure 3.17 Vertical Flame Tester 

 

The timer for flame was set and the specimen was exposed to it for 12 ±0.2 seconds. 

During this, it was noted for melting or dripping. After removal from fire, stop watch was 

started immediately to record the timings for after flame. After-flame time was measured in 

seconds. The holder was then removed from the cabinet. The specimen was allowed to cool. 

The char length was measured by making a crease in the test specimen through peak of 

charred area and parallel to the specimen sides.  

The specimen was punctured 6mm or 0.25 inches with a hook from the bottom and 

side edge.  A specific weight was attached to the bottom edge of right side of the fabric with 
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hook. Its opposite side was raised upward with continuous motion until the completed tearing 

force was  supported by specimen.  The end of tear was marked out with a line across the 

specimen width and char length was determined along an undamaged edge of the test 

specimen (Figure 3.18). 

 

Figure 3.18 Measurement of Char Length 
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3.3 Second Phase 
 

During the second phase of the study, three different types of experimental fabrics were 

manufactured with various construction parameters. They were constructed on a sample 

loom.  

3.3.1 Construction Parameters of Experimental Fabric No 1 
Table 3.9 

Construction Particulars of Fabric No.1 

Particulars           Detail of Fabric No 1 

Yarn Spinning Ring Spinning 

Construction type Woven 

Fabric Composition Polyester  / Cotton / Aramid 

First Layer: 

Polyester  / Cotton (65/35): Linear Density 

 

19.683 tex 

Second Layer: 

Aramid: Linear Density  

 

15.064 tex. 

 

Third Layer Lamination of chemical protector 

Fabric Density (ends / picks) 60 /55 

Weight 135 GSM 

Type of Weave Plain  

Colour  White 
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Ring spun yarns were produced to make a woven fabric. These yarns were treated with an 

environment friendly phosphorous-based cationic fire retardant agent namely FPK 8001 

((Ndlovu et al., 2014) The inner layer (next to the skin) was consisted of Polyester / Cotton 

blend with a ratio of 65 / 35. The outer layer comprised Aramid yarn, inherently flame 

retardant material that eliminated the need to impart flame retardant finish or coating. The 

third layer of  manufactured fabric was treated with Transol F L20  that served as a protector 

against chemicals.  The interlacing pattern of the prepared fabric was followed by a plain 

weave. The length of the woven fabric was about 6 meters and width was 19 inches 

according to the size of a sample loom (Figure 3.19). 

 
 
Figure 3.19 Experimental Fabric AA 
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3.3.2 Construction Parameters of Experimental Fabric No 2 
 

Table 3.10 

 Construction Particulars of Fabric No.2 

Particulars           Detail of Fabric No 2 

Yarn Spinning Ring Spinning 

Construction type Woven 

Fabric Composition Polyester / Cotton 

First Layer: 

Polyester  / Cotton (65/35): Linear Density 

 

19.683 tex 

Second Layer: 

Cotton: Linear Density (Warp / Weft) 

 

20.400 / 39.419 tex. 

Lamination Flame and chemical resistant finishing 

treatments 

Fabric Density (ends / picks) 70 / 70 

Weight 127 GSM 

Type of Weave Plain  

Colour  White 

 
Ring spun yarns were produced to make a woven fabric. The inner layer (next to the 

skin) comprised Polyester / Cotton blend with a ratio of 65 / 35. The middle layer was made 

of cotton. The outer layer was a lamination in which the fabric was first treated with flame 

retardant finish and then with Transol F L20 to make it a chemical resistant material. The 

interlacing pattern of the prepared fabric was followed by a plain weave. The length of the  
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woven fabric was about 6 meters and width was 19 inches according to the size of a sample 

loom (Figure 3.20). 

 
 
Figure 3.20 Experimental Fabric BB 
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3.3.3 Construction Parameters of Experimental Fabric No 3 
Table 3.11 
  
Construction Particulars of Fabric No.3 
Particulars           Detail of Fabric No 3 

Yarn Spinning Ring Spinning 

Construction type Woven 

Fabric Composition Aramid 

Linear Density 15.064 tex 

Lamination Chemical protector (Transol F L20) 

Fabric Density (ends / picks) 50 / 44 

Weight 139 GSM 

Type of Weave Plain  

Colour  White 

 
Ring spun yarns were produced to make a woven fabric. It was made with Aramid yarn,  

inherently flame retardant material that eliminated the need to impart a flame retardant finish 

or coating. Whereas, Transol F L20 fabric protector was applied onto the surface of fabric 

that served as protector against chemicals. The length of the woven fabric was about 6 meters 

and width was 19 inches according to the size of the sample loom (Figure 3.21). 

 
 
Figure 3.21 Experimental Fabric CC 
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The experimental fabrics were labeled (Table 3.12) and laundered by using the same 

procedure as mentioned in the first phase. These newly manufactured fabrics were then 

evaluated for their performance characteristics such as tensile strength, abrasive strength, 

water transmission, chemical resistance and flame resistance at zero wash, after 5, 10, 15 and 

20 laundering cycles. 

Table 3.12 
 
Labeling of Experimental Fabrics 
 
Experimental 
Fabrics 

Label Fabric Composition Approximate 
Cost 
(Pak Rupees) 

Sample Picture 

Fabric No. 1 AA Polyester / Cotton 
/Aramid 

2264 

 

Fabric No. 2 BB Polyester / Cotton 1600 

 

Fabric No. 3 CC Aramid  3250 
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3.3.4 Construction Procedure of Experimental Fabrics 

3.3.4.1 Spinning Process 
Opening and Cleaning 

It was the first operation that took place in spinning process. It was performed in a blow room 

of spinning unit, where the fibers were transferred from one machine to the other while 

blowing through the ducts. The main functions performed in the blow room included 

opening, cleaning and feeding the fibers to the next stage that was carding. 

The fiber bales arrived in the blow room contained many impurities such as dust, dirt or leaf 

particles etc. So, they needed to be cleaned prior to the next stage. The fibers were 

compressed and impurities got enclosed between them. For this purpose, the bales were first 

opened. this was done with the help of rollers. As the fibers were opened, all the impurities 

were separated and fell off due to their heavy weight and were not carried through ducts by 

air. Figure 3.22 shows the steps of blow room. (1) automatic fiber bale opener (2) condenser 

drum (3) grid bar air flow (4) multi stack blender (5) multi beater cleaner (6) dedusting step 

and then carding. 

 

Figure 3.22 Flow Chart of Blow Room 
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Carding 

Carding was the next operation after opening and cleaning where the fibers were straightened 

to make a sliver. They looked like a thick rope or strand. 

Combing 

Afterwards, the short fibers were removed and straightening or alignment of fibers was 

further improved. This was the combing stage. The resultant yarns were strong, uniform and 

smooth. 

Drawing 

It was the stage where number of slivers obtained from the carding were stretched out in 

order to make a single sliver. This helped to improve the fineness and evenness of the fabric 

(Figure 3.23). 

 

Figure 3.23 Combining of Silvers on Drawing Frame 

Simplex /Roving 

The sliver was too thick for spinning in this phase, so it was gradually stretched and slightly 

twisted in order to make the strand intact for transportation to the next phase (Figure 3.24).  
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Figure  3.24 Roving Frame 

Spinning 

The rovings were taken to a ring frame where they were stretched to the desired thickness and 

produced required twist to give coherence to the yarn. Stretching of fiber strand was made by 

gradually increasing the speed of the rollers in such a way that back roller moved slower as 

compared to the middle roller pair which moved slower than front roller. Stretching was 

performed in the same way for both drawing and simplex stage. The twist was produced by 

travellor from which yarns were passed over the bobbin that rotated at high speed. This 

rotation made travellor to rotate over the ring to impart twist in the yarns and left the front 

roller.  

Winding 
The bobbins were then converted into packages for improved transportation and obtaining 

longer yarn (Figure 3.25). 
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Figure 3.25 Winding of a Yarn 
 
3.3.4.2 Weaving Process 

The experimental fabrics were prepared on sample loom. The commonly used weaving 

pattern for protective clothing is plain. So, all fabrics were manufactured with 1/1 weave 

trend, where every warp yarn was passed alternately over and then under one weft (filling) 

yarn (Figure 3.26). 

      
 
Figure 3.26 Plain Weave 
 

By following the required weaving trend, selected number of harnesses were raised 

and other harnesses were held at their original place. This made an opening between raised 

and lowered layered of warp yarns, to provide a path for inserting the weft yarns. The rapier 

was passed through an opening between warp yarns and picked the weft yarns from left to   
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right side in order to insert the weft yarn in shedding path. The reed was then beaten up in 

order to push the weft yarns and make the fabric tight and compact. It was then ready to 

collect on a cloth roll. The letting off device controlled the loom beam rate to feed the warp 

yarns in the machine. This helped to achieve required density of warp yarns (ends per inch) in 

the fabric. A take-up device was used to remove the prepared fabric from the loom. It helped 

to provide adequate tension to the warp yarns to hold the fabric. Speed of letting off and 

taking up determined the required density of weft yarns (picks per inch) in the fabric. 

Pre Treatments 

The experimental fabrics were desized and scoured in order to remove the impurities from 

them. Caustic soda was used to remove the pectin substances or wax from the manufactured 

fabrics. The fabrics were also bleached to remove their natural color and impart permanent 

white effects, desirable for dyeing or finishing processes (Figure 3.27). 
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Figure 3.27 Pretreatment Process f Woven Fabrics 

3.3.4.3  Lamination 
 

The fabrics were laminated with different finishing treatments in order to improve their 

performance. 

Fire Retardant Finish 
 
In order to make the protective clothing suitable, it was treated with high durability Pyrovatex 

CP finish. Phosphorus-based catalyst and methylated melamine resin form this 

organophosphorus compound. Resin improves the bonding of the flame retardant. Therefore 

such materials can withstand 50 or more launderings (Bajaj, 2000). 
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Dissolving and Diluting 
 
Pyrovatex was added to the cold water bath while stirring to obtain homogeneous 

distribution.  

Knittex® after dilution in water was added to the bath as a crosslinking agent. Turpex® as a 

softener was then added after diluting it with equal quantity of water. 80% or 85% 

Phosphoric acid served as a catalyst. The catalyst was also diluted with water prior to adding 

it to cold water with the required volume of liquor. 

Process 
 
Liquor pick up was about 70-90% depending on the weight and construction of fabric. 

Drying was done on stenter frame with greater overfeed. The temperature was set at 110°C in 

the initial zone and was not more than 130°C in other zones to avoid migration. When curing 

was not done immediately, it became necessary to roll up or wrap the fabric in some plastic 

film or sheet. This helped to prevent the fabric from absorbing moisture from the surrounding 

air, because of the high residual moisture on the finished fabric that may result in harsh and 

rough handling. Curing was done on stenter frame with the temperature of 170 °C for about 

30-60 seconds. It was washed after curing to remove phosphoric acid (used as a catalyst) 

from the fabric surface. Soda ash or caustic soda was added into the washing container to 

neutralize and make it alkaline to minimize hydrolysis of applied finish during the storage. 

The fabric was put for about two minutes in an alkaline solution and then thoroughly rinsed. 

Spray Application  

Aerosols were made by spraying technique that could be dangerous for the health. So, the 

spray application was safely performed with adequate ventilation at the application site to 

avoid aerosols spreading in the surroundings.  

 

 



120 
 

Chemical Repellent Treatment 

Manufactured fabrics were treated with Transol F L20 in order to make them repellent and 

resistant against dangerous liquid chemicals (Ibrahim, 2013). 

Application 

x Transol F L20 was uniformly applied onto the fabric surface by padding. 

Required Amount 

20-50g/l of Transol F L20  

 
Process 
 

Liquor pick up was about 40-70%. pH of the prepared bath was between 4-8 approximately. 

The samples were treated by making the solution with Transol F L20. After treatment, the 

samples were well squeezed to remove excess liquor. Then they were dried for 2 seconds at 

about 100-120°C. Curing was done on stenter frame with the temperature of 150-180°C 

(depending on the nature of fiber) for about 40 seconds.  

 Spray Application 

Aerosols were made by spraying technique that could be dangerous for the health. So, the 

spray application was safely performed with adequate ventilation at the application site to 

avoid aerosols spreading in the surroundings.  

 

3.3.4.4 Evaluation of Experimental Clothing Materials 
Experimental clothing materials were evaluated for their mechanical and resistance 

characteristics at various washing intervals by following the same test procedures as 

mentioned in the first phase. 

Testing methods specified in international safety standards are used to test fabric for 

their different performance characteristics. These test were conducted at various washing 
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intervals to study the effects of laundering on the performance of both existing and 

experimental clothing. Different construction parameters that were employed for 

manufacturing of experimental clothing were also discussed. 
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Chapter No. 4 
 

Results and Discussions 
 

This chapter describes the results and literary discussion based on the obtained results in both 

phases. In the first phase, existing clothing materials were evaluated for their various 

performance characteristics. In the second phase of the study, three different fabrics with 

varied construction parameters were manufactured and evaluated for the same characteristics 

as in the first phase by following international standards. A comprehensive comparison of 

existing and experimental clothing materials based on their evaluated performance 

characteristics was made. 

 

All collected data was entered and analyzed using SPSS version 22. Quantitative data 

was presented in form of mean ± S.D along minimum and maximum values. As data was 

observed on repeated observations (0 wash, 5 washes, 10 washes, 15 washes and 20 washes), 

therefore repeated measurement analysis of variance (ANOVA) was applied to check the 

significance of different washes on their different characteristics. Repeated measurement 

ANOVA between groups was applied to compare existing and experimental material (AA, 

BB and CC). Multiple line charts were generated for comparison. P-value ≤ 0.05 was 

considered as significant. 

4.1 Results of Phase I 
 
Determination of Tensile Strength 
 
All the fabrics were evaluated for their tensile strength (maximum force) by using strip 

method ISO-13934-1. It was performed for both warp and weft directions of the specimens. 
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The readings were recorded in Newtons. All the samples were evaluated at 0, 5, 10, 15 and 

20 laundering cycles.  

Table 4.1 
 
Tensile Strength of Existing Clothing Materials in Warp Direction at Different Washing   

Intervals 

 

Tensile Strength (Warp Direction) 

Measured in Newton 

N Mean S.D Minimum Maximum 

Tensile in Warp Direction at 0-

Wash 

15 850.81 245.24 500.56 1243.86 

Tensile in Warp Direction at 

Interval of 5 Washing Cycles 

15 837.54 247.95 481.72 1238.36 

Tensile in Warp Direction at 

Interval of 10 Washing Cycles 

15 808.50 242.42 462.68 1198.40 

Tensile in Warp Direction at 

Interval of 15 Washing Cycles 

15 780.18 244.68 426.40 1166.22 

Tensile in Warp Direction at 

Interval of 20 Washing Cycles 

15 750.39 249.38 398.84 1143.74 

 
 
Table 4.1a 
 

Tests of Within-Subjects Contrasts for Tensile Strength of Existing Clothing Materials in 

Warp Direction  

Source 

Different_ 

Washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 100004.991 1 100004.991 439.763 0.000 

 

Table 4.1 shows mean values of tensile strength in warp direction for existing clothing 

materials at various washing intervals. The mean value of all samples was recorded as  
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850.81±245.24 at 0-wash, 837.54±247.95 at 5 wash, 808.50±242.42 at 10-wash, 

780.18±244.68 at 15 wash and 750.39±249.39 at 20 wash.  The p-value is found as 0.000 in 

Table 4.1a that describes a statistical difference between tensile strength in warp direction at 

various washing intervals. The samples lost their strength after washing cycles that reduced 

their performance.   
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Table 4.2 
 

Tensile Strength of Existing Clothing Materials in Weft Direction at Different Washing 

Intervals 

 

Tensile Strength (Weft Direction) 

Measured in Newton 

N Mean S.D Minimum Maximum 

Tensile in Weft Direction at 0-Wash  15 609.67 178.26 419.06 984.68 

Tensile in Weft Direction at Interval 

of 5 Washing Cycles  

15 589.31 178.73 409.02 967.56 

Tensile in Weft Direction at Interval 

of 10 Washing Cycles  

15 567.10 178.87 381.14 942.42 

Tensile in Weft Direction at Interval 

of 15 Washing Cycles  

15 537.72 179.96 348.72 926.98 

Tensile in Weft Direction at Interval 

of 20 Washing Cycles  

15 513.86 175.64 330.58 894.66 

 
Table 4.2a 

 

Tests of Within-Subjects Contrasts for Tensile Strength of Existing Clothing Materials in 

Weft Direction  

Source 

Different_ 

Washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 88719.360 1 88719.360 976.984 0.000 
 

Table 4.2 shows mean values of tensile strength in weft direction for existing clothing 

materials at various washing intervals. The mean value of all samples was recorded as 

609.67±178.26at 0-wash, 589.31±178.73at 5 wash, 567.10±178.87at 10-wash, 

537.72±179.96at 15 wash and 513.86±175.64 at 20 wash.  The p-value is calculated as 0.000  
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in Table 4.2a which depicts a statistical difference between tensile strength in weft direction 

at various washing intervals. The samples lost their strength and performance.   
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Determination of Abrasive Strength 
 
 
All the fabrics were evaluated for their abrasion resistance by following ASTM D 4966 test 

procedure. The mass loss (%age) of the specimens were determined after 5000, 15000 and 

25000 rubbing cycles. All the samples were evaluated at 0, 5, 10, 15 and 20 laundering 

cycles. 

Table 4.3  
 
Abrasive Strength (5000 Rubbing Cycles) of Existing Clothing Materials at Different 

Washing Intervals 

 

Mass Loss at 5000 Rubbing Cycles  

(Measured in %age) 

N Mean S.D Minimum Maximum 

Mass Loss at 0 Wash 15 4.65 2.09 2.10 8.90 

Mass Loss at Interval of 5 Washing 

Cycles 

15 5.48 2.30 2.40 9.10 

Mass Loss at Interval of 10 Washing 

Cycles 

15 5.95 2.36 2.80 9.80 

Mass Loss at Interval of 15 Washing 

Cycles 

15 6.57 2.36 3.40 10.40 

Mass Loss at Interval of 20 Washing 

Cycles 

15 7.40 2.36 4.20 10.90 

 
Table 4.3a 

 

Tests of Within-Subjects Contrasts for Abrasive Strength (5000 Rubbing Cycles) of 

Existing Clothing Materials  

Source 

Different_ 

Washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 65.208 1 65.208 84.946 0.000 
 



128 
 

Table 4.3 shows the mean values of mass loss percentage in abrasive strength of all samples 

at 5000 rubbing cycles. The mean value was recorded as 4.65 ±2.09 at 0-wash, 5.48± 2.30at 5 

wash, 5.95±2.36 at 10-wash, 6.57± 2.36at 15 wash and  7.40± 2.36 at 20 wash. Table 4.3a 

shows p-value as 0.000 which depicts a statistical difference between mass loss of samples 

after 5000 rubbing cycles at various washing intervals.  
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Table 4.4 

 

Abrasive Strength (15000 Rubbing Cycles) of Existing Clothing Materials at Different 

Washing Intervals 

 

Mass Loss at 15000 Rubbing Cycles  

(Measured in %age) 

N Mean S.D Minimum Maximum 

Mass Loss at 0 Wash 15 7.41 2.29 4.60 12.40 

Mass Loss at Interval of 5 Washing 

Cycles 

15 8.81 2.55 4.40 13.30 

Mass Loss at Interval of 10 Washing 

Cycles 

15 9.82 2.51 5.90 12.90 

Mass Loss at Interval of 15 Washing 

Cycles 

15 10.75 2.61 6.10 13.60 

Mass Loss at Interval of 20 Washing 

Cycles 

15 12.38 2.67 7.30 16.90 

 
Table 4.4a 

 

Tests of Within-Subjects Contrasts for Abrasive Strength (15000 Rubbing Cycles) of 

Existing Clothing Materials  

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 211.939 1 211.939 147.871 0.000 
 

Table 4.4 shows the mean values of mass loss percentage in abrasive strength of all samples 

at 15000 rubbing cycles. The mean value was recorded as 7.41±2.29 at 0-wash, 8.81±2.55 at 

5 wash, 9.82±2.51 at 10-wash, 10.75±2.61 at 15 wash and 12.38 ±2.67 at 20 wash. The p-

value is found as 0.000 in Table 4.4a which depicts a statistical difference between mass loss 

of samples after 15000 rubbing cycles at various washing intervals.   
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Table 4.5 

 

Abrasive Strength (25000 Rubbing Cycles) of Existing Clothing Materials at Different 

Washing Intervals 

 

Mass Loss at 25000 Rubbing Cycles  

(Measured in %age) 

N Mean S.D Minimum Maximum 

Mass Loss at 0 Wash 15 9.52 2.29 6.50 14.10 

Mass Loss at Interval of 5 Washing 

Cycles 

15 11.57 2.54 6.90 15.10 

Mass Loss at Interval of 10 Washing 

Cycles 

15 12.70 2.44 8.10 15.10 

Mass Loss at Interval of 15 Washing 

Cycles 

15 13.83 2.22 9.90 16.60 

Mass Loss at Interval of 20 Washing 

Cycles 

15 14.60 2.39 11.10 18.50 

 
 

Table 4.5a 

 

Tests of Within-Subjects Contrasts for Abrasive Strength (25000 Rubbing Cycles) of 

Existing Clothing Materials  

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 231.633 1 231.633 111.974 0.000 
 

Table 4.5 shows the mean values of mass loss percentage in abrasive strength of all samples 

at 25000 rubbing cycles. The mean value was recorded as  9.52±2.29 at 0-wash,  11.57±2.54 

at 5 wash, 12.70±2.44  at 10-wash, 12.70±2.22 at 15 wash and 14.60±2.39 at 20 wash. The p-

value is calculated as 0.000 in Table 4.5a which depicts a statistical difference between mass 
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loss of samples after 25000 rubbing cycles at various washing intervals. The samples lost 

their mass due to their poor quality.   
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Determination of Water Resistance (Drop Test) 
 

The collected samples of coveralls were tested for their resistance against water through the 

determination of drop test by following test procedure AATCC 79-2010. It helped to 

determine the absorbency of specimens. The time of absorbency was recorded in seconds. 

They were noted for 60 seconds. All the samples were evaluated at 0, 5, 10, 15 and 20 

laundering cycles. 

 

Table 4.6 

 

Water Resistance (Drop Test) of Existing Clothing Materials at Different Washing 

Intervals 

Drop Test (Measured in Seconds) N Mean S.D Minimum Maximum 

 Drop Test at 0 Wash 15 9.52 2.29 6.50 14.10 

Drop Test at Interval of 5 Washing 

Cycles 

15 11.57 2.54 6.90 15.10 

Drop Test at Interval of 10 Washing 

Cycles 

15 12.70 2.44 8.10 15.10 

Drop Test at Interval of 15 Washing 

Cycles 

15 13.83 2.22 9.90 16.60 

Drop Test at Interval of 20 Washing 

Cycles 

15 14.60 2.39 11.10 18.50 

 
 
Table 4.6a 
 
Tests of Within-Subjects Contrasts for Drop Test of Existing Clothing Materials  

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 10360.409 1 10360.409 33.338 0.000 
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Table 4.6 describes the mean values for resistance against water through drop test at various 

washing intervals. The mean value was recorded as 9.52±2.29 at 0-wash,  11.57±2.54 at 5 

wash, 12.70±2.44  at 10-wash, 13.83±2.22 at 15 wash and 14.60±2.39 at 20 wash. The p-

value is noted as 0.000 in Table 4.6a which depicts a statistical difference between water 

resistance at various washing intervals. The samples declined in their ability to resist water 

and this condition became even worse after washing.  
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Determination of Water Resistance (Wicking Test) 
 

All the fabrics were evaluated for their wicking behavior by following vertical wicking test 

AATCC 197-2011. It was performed for both warp and weft directions of the specimens. The 

distance of liquid in centimeters was noted along the specimens at intervals of 1minute, 5 

minutes and 10 minutes.  All the samples were evaluated at 0, 5, 10, 15 and 20 laundering 

cycles. 

 

Table 4.7 

 

Wicking Test (Warp Direction) of Existing Clothing Materials Measured at 1 Minute at 

Different Washing Intervals 

 

Wicking Test Determined at 1 

Minute (Measured in Centimeters) 

N Mean S.D Minimum Maximum 

Wicking Test at 0 Wash 15 3.20 1.90 1.10 6.30 

Wicking Test at Interval of 5 

Washing Cycles 

15 6.08 1.32 4.30 8.10 

Wicking Test at Interval of 10 

Washing Cycles 

15 7.36 1.33 5.50 9.20 

Wicking Test at Interval of 15 

Washing Cycles 

15 7.95 1.49 5.80 10.00 

Wicking Test at Interval of 20 

Washing Cycles 

15 8.86 1.80 6.50 11.60 
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Table 4.7a 
 
Tests of Within-Subjects Contrasts for Wicking Test (Warp) Measured at 1Minute in  
 
Existing Clothing Materials  
 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 260.832 1 260.832 367.453 0.000 
 

Table 4.7 explains the average values for wicking test in warp direction at 1 minute with 

various washing intervals. The mean value was recorded as 3.20±1.90 at 0-wash,  6.08±21.32 

at 5 wash, 7.36±1.33 at 10-wash, 7.95±1.49 at 15 wash and 8.86±1.80 at 20 wash. The p-

value is found as .000 in Table 4.7a which depicts a statistical difference between wicking 

behavior of samples in their warp direction at various washing intervals measured at 1 

minute.   
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Table 4.8 

 

Wicking Test (Warp Direction) of Existing Clothing Materials Measured at 5 Minute at 

Different Washing Intervals 

 

Wicking Test Determined at 5 Minute 

(Measured in Centimeters) 

N Mean S.D Minimum Maximum 

Wicking Test at 0 Wash 15 5.39 2.93 1.90 9.90 

Wicking Test at Interval of 5 

Washing Cycles 

15 8.98 2.03 6.70 11.80 

Wicking Test at Interval of 10 

Washing Cycles 

15 11.48 1.00 9.90 12.90 

Wicking Test at Interval of 15 

Washing Cycles 

15 12.57 1.18 10.70 14.10 

Wicking Test at Interval of 20 

Washing Cycles 

15 14.36 1.79 11.30 16.70 

 
Table 4.8a 

 

Tests of Within-Subjects Contrasts for Wicking Test (Warp) Measured at 5 Minutes in 

Existing Clothing Materials  

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 695.527 1 695.527 313.005 0.000 
 

Table 4.8 describes the mean  values for wicking test  in warp direction at 5 minute with 

various washing intervals. The mean value was recorded as 5.39±2.93 at 0-wash, 8.98±2.03 

at 5 wash, 11.48±1.00 at 10-wash, 12.57±1.18 at 15 wash and 14.36±1.79 at 20 wash. The p-

value was noted as 0.000 in Table 4.8a which depicts a statistical difference between wicking 
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behavior of samples in their warp direction at various washing intervals measured at 5 

minutes.   
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Table 4.9 

 

Wicking Test (Warp Direction) of Existing Clothing Materials Measured at 10 Minute at 

Different Washing Intervals 

 

Wicking Test Determined at 10 

Minutes (Measured in Centimeters) 

N Mean S.D Minimum Maximum 

Wicking Test at 0 Wash 15 7.23 3.93 2.30 12.90 

Wicking Test at Interval of 5 

Washing Cycles 

15 12.24 3.45 8.20 17.00 

Wicking Test at Interval of 10 

Washing Cycles 

15 14.73 1.91 11.80 17.00 

Wicking Test at Interval of 15 

Washing Cycles 

15 15.44 1.59 12.40 17.00 

Wicking Test at Interval of 20 

Washing Cycles 

15 16.65 0.68 14.50 17.00 

 
Table 4.9a 

 

Tests of Within-Subjects Contrasts for Wicking Test (Warp) Measured at 10 Minutes in 

 

 Existing Clothing Materials  

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 729.524 1 729.524 84.388 0.000 
 

Table 4.9  explains the average values for wicking test at 10 minute s in warp direction with 

various washing intervals. The mean value was recorded as 7.23±3.93 at 0-wash,  12.24±3.45 

at 5 wash, 14.73±1.91at 10-wash, 15.44±1.59 at 15 wash and 16.65±0.68 at 20 wash. The p-

value is noted as 0.000 in Table 4.9a which depicts a statistical difference between wicking 
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behavior of samples in their warp direction at various washing intervals measured at 10 

minutes.   
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Table 4.10 

 

Wicking Test (Weft Direction) of Existing Clothing Materials Measured at 1 Minute at  

 

Different Washing Intervals 

Wicking Test Determined at 1 

Minute (Measured in Centimeters) 

N Mean S.D Minimum Maximum 

Wicking Test at 0 Wash 15 3.00 1.59 1.00 5.80 

Wicking Test at Interval of 5 

Washing Cycles 

15 5.77 1.46 2.80 7.80 

Wicking Test at Interval of 10 

Washing Cycles 

15 7.06 1.26 4.90 9.10 

Wicking Test at Interval of 15 

Washing Cycles 

15 7.88 1.45 5.60 10.30 

Wicking Test at Interval of 20 

Washing Cycles 

15 8.67 1.67 6.10 11.20 

 
 

Table 4.10a 

 

Tests of Within-Subjects Contrasts for Wicking Test (Weft) Measured at 1Minute in  

 

Existing Clothing Materials  

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 271.219 1 271.219 324.821 0.000 
 

Table 4.10 clarifies the mean values for wicking test at 1 minute in weft direction with 

various washing intervals. The mean value was recorded as3.00 ± 1.59 at 0-wash,  5.77±1.46 

at 5 wash, 7.06±1.26 at 10-wash, 7.88±1.45 at 15 wash and 8.67±1.67 at 20 wash. The p-

value is calculated as 0.000 in Table 4.10a which depicts a statistical difference between 
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wicking behavior of samples in their weft direction at various washing intervals measured at 

1 minute.   
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Table 4.11 

 

Wicking Test (Weft Direction) of Existing Clothing Materials Measured at 5 Minute at 

Different Washing Intervals 

 

Wicking Test Determined at 5 Minutes 

(Measured in Centimeters) 

N Mean S.D Minimum Maximum 

Wicking Test at 0 Wash 15 5.02 2.64 2.20 9.10 

Wicking Test at Interval of 5 Washing 

Cycles 

15 8.64 1.83 6.10 10.90 

Wicking Test at Interval of 10 Washing 

Cycles 

15 11.01 1.27 8.50 12.60 

Wicking Test at Interval of 15 Washing 

Cycles 

15 12.12 1.39 9.90 14.20 

Wicking Test at Interval of 20 Washing 

Cycles 

15 13.61 1.49 10.60 15.90 

 
 

Table 4.11a 

 

Tests of Within-Subjects Contrasts for Wicking Test (Weft) Measured at 5 Minutes in 

Existing Clothing Materials  

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 640.667 1 640.667 227.179 0.000 
 

Table 4.11 describes the mean values for wicking test at 5 minute in weft direction with 

various washing intervals. The mean value was recorded as5.02±2.64 at 0-wash,  8.64±1.83 

at 5 wash, 11.01±1.27 at 10-wash, 12.12±1.39 at 15 wash and 13.61±1.49 at 20 wash. The p-

value is noted as 0.000 in Table 4.11a which depicts a statistical difference between wicking 
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behavior of samples in their weft direction at various washing intervals measured at 5 

minutes.   
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Table 4.12 

 

Wicking Test (Weft Direction) of Existing Clothing Materials Measured at 10 Minute at 

Different Washing Intervals 

 

Wicking Test Determined at 10 

Minute (Measured in Centimeters) 

N Mean S.D Minimum Maximum 

Wicking Test at 0 Wash 15 6.85 3.53 2.90 12.20 

Wicking Test at Interval of 5 

Washing Cycles 

15 11.57 3.00 6.90 16.20 

Wicking Test at Interval of 10 

Washing Cycles 

15 13.98 2.31 8.30 17.00 

Wicking Test at Interval of 15 

Washing Cycles 

15 15.17 2.14 10.10 17.00 

Wicking Test at Interval of 20 

Washing Cycles 

15 16.18 1.40 12.70 17.00 

 
 

Table 4.12a 

 

Tests of Within-Subjects Contrasts for Wicking Test (Weft) Measured at 10 Minutes in 

Existing Clothing Materials  

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 742.371 1 742.371 133.151 0.000 
 

Table 4.12 describes the average  values for wicking test at 10 minutes in weft direction with 

various washing intervals. The mean value was recorded as 6.85±3.53 at 0-wash,  11.57±3.00 

at 5 wash, 13.98±2.31 at 10-wash, 15.17±2.14 at 15 wash and 16.18±1.40 at 20 wash. The p-

value is noted as 0.000 in Table 4.12a which depicts a statistical difference between wicking 
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behavior of samples in their weft direction at various washing intervals measured at 10 

minutes. The samples lost their performance with launderings.  
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Determination of Chemical Resistance 
 
Chemical resistance of the fabrics was determined by following ISO 6530 (2005). This test 

procedure measured the repellency (%age) and penetration (%age) of liquid chemicals such 

as Sulphric acid, Sodium Hydroxide, 0-Xylene and Butan-1-0l through the fabrics. All the 

samples were evaluated at 0, 5, 10, 15 and 20 laundering cycles. 

 
Table 4.13 
 
Sulphuric acid Penetration of Existing Clothing Materials at Different Washing Intervals 
 
 

Penetration of Sulphuric acid 

(Measured in Percentage) 

N Mean S.D Minimum Maximum 

Sulphuric acid Penetration at 0 Wash 15 38.74 24.55 15.40 90.60 

Sulphuric acid Penetration at 

Interval of 5 Washing Cycles 

15 56.91 22.80 21.60 96.70 

Sulphuric acid Penetration at 

Interval of 10 Washing Cycles 

15 71.89 23.28 25.90 98.60 

Sulphuric acid Penetration at 

Interval of 15 Washing Cycles 

15 88.31 19.05 30.40 98.70 

Sulphuric acid Penetration at 

Interval of 20 Washing Cycles 

15 95.44 7.98 68.90 99.20 

 
 

Table 4.13a 

 

Tests of Within-Subjects Contrasts for Sulphuric acid Penetration of Existing Clothing 

Materials 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 31447.664 1 31447.664 77.762 0.000 
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Table 4.13 describes the average  values for Sulphuric acid penetration at different washing 

intervals. The mean value was recorded as 38.74±24.55at 0-wash,  56.91±22.80 at 5 wash, 

71.89±23.28 at 10-wash, 88.31±19.05 at 15 wash and 95.44±7.98 at 20 wash. The p-value is 

noted as 0.000 in Table 4.13a which depicts a statistical difference between Sulfuric acid 

penetration at various washing intervals.   
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Table 4.14 

 

Sodium hydroxide Penetration of Existing Clothing Materials at Different Washing 

Intervals 

 

Penetration of Sodium Hydroxide 

(Measured in Percentage) 

N Mean S.D Minimum Maximum 

Sodium Hydroxide Penetration at 0 

Wash 

15 40.29 24.84 16.40 91.20 

Sodium Hydroxide Penetration at 

Interval of 5 Washing Cycles 

15 59.05 22.22 23.90 97.10 

Sodium Hydroxide Penetration at 

Interval of 10 Washing Cycles 

15 73.45 22.42 27.30 98.70 

Sodium Hydroxide Penetration at 

Interval of 15 Washing Cycles 

15 88.96 18.53 32.90 98.90 

Sodium Hydroxide Penetration at 

Interval of 20 Washing Cycles 

15 95.65 7.77 69.70 99.20 

 

 
Table 4.14a 
 
Tests of Within-Subjects Contrasts for Sodium Hydroxide Penetration of Existing Clothing  
 
 
Materials 
 
 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 29672.227 1 29672.227 73.651 0.000 
 
Table 4.14 describes the average  values for Sodium Hydroxide Penetration at different 

washing intervals. The mean value was recorded as 40.29±24.84 at 0-wash,  59.05±22.22 at 5 

wash, 73.45±22.42 at 10-wash,  88.96±18.53 at 15 wash and 95.65±7.77 at 20 wash. The p-
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value is found as 0.000 in Table 4.14a which depicts a statistical difference between Sodium 

hydroxide penetration at various washing intervals.   
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Table 4.15 
 
 
Xylene Penetration of Existing Clothing Materials at Different Washing Intervals 
 
 

Penetration of Xylene (Measured in 

Percentage) 

N Mean S.D Minimum Maximum 

Xylene Penetration at 0 Wash 15 42.48 24.91 19.60 94.20 

Xylene Penetration at Interval of 5 

Washing Cycles 

15 61.69 21.35 26.40 97.30 

Xylene Penetration at Interval of 

10 Washing Cycles 

15 76.34 20.88 30.90 98.90 

Xylene Penetration at Interval of 

15 Washing Cycles 

15 89.65 17.63 36.10 99.10 

Xylene Penetration at Interval of 

20 Washing Cycles 

15 96.15 7.58 70.20 99.20 

 
 
Table 4.15a 
 
Tests of Within-Subjects Contrasts for Xylene Penetration of Existing Clothing Materials 
 
 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 27456.429 1 27456.429 70.976 0.000 
 

Table 4.15 describes the average  values for Xylene Penetration at different washing 

intervals. The mean value was recorded as 42.48±24.91 at 0-wash,  61.69±21.35  at 5 wash, 

76.34±20.88 at 10-wash,  89.65±17.63 at 15 wash and 96.15±7.58 at 20 wash. The p-value is 

noted as 0.000 in Table 4.15a which depicts a statistical difference between Xylene 

penetration at various washing intervals.   
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Table 4.16 
 
Butan 1-01Penetration of Existing Clothing Materials at Different Washing Intervals 
 
 

Penetration of Butan 1-01 

(Measured in Percentage) 

N Mean S.D Minimum Maximum 

Butan 1-01  Penetration at 0 Wash 15 45.44 24.54 20.60 95.30 

Butan 1-01  Penetration at Interval 

of 5 Washing Cycles 

15 64.59 20.52 30.10 97.90 

Butan 1-01 Penetration at Interval 

of 10 Washing Cycles 

15 78.79 20.63 32.50 99.20 

Butan 1-01  Penetration at Interval 

of 15 Washing Cycles 

15 90.88 17.17 37.60 99.30 

Butan 1-01  Penetration at Interval 

of 20 Washing Cycles 

15 96.89 6.56 74.10 99.30 

 
 
Table 4.16a 
 
Tests of Within-Subjects Contrasts for Butan 1-01 Penetration of Existing Clothing 
Materials 
 
 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 25033.792 1 25033.792 65.251 0.000 
 

Table 4.16  describes the average  values for Butan 1-01 penetration at different washing 

intervals. The mean value was recorded as 45.44±24.54 at 0-wash,  64.59±20.52 at 5 wash, 

78.79±20.63 at 10-wash,  90.88±17.17 at 15 wash and 96.89±6.56 at 20 wash. The p-value is 

noted as 0.000 in Table 4.16 which depicts a statistical difference between Butan 1-01 

penetration at various washing intervals. The condition of samples became poorer with 

increasing number of launderings.  
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Table 4.17 
 
Sulphuric Acid Repellency of Existing Clothing Materials at Different Washing Intervals 
 
 

Repellency of Sulphuric acid 

(Measured in Percentage) 

N Mean S.D Minimum Maximum 

Sulphuric acid Repellency at 0 

Wash 

15 58.26 25.02 5.90 82.20 

Sulphuric acid Repellency at 

Interval of 5 Washing Cycles 

15 39.56 22.38 2.10 74.80 

Sulphuric acid Repellency at 

Interval of 10 Washing Cycles 

15 23.13 22.82 0.00 70.10 

Sulphuric acid Repellency at 

Interval of 15 Washing Cycles 

15 9.77 18.40 0.00 65.30 

Sulphuric acid Repellency at 

Interval of 20 Washing Cycles 

15 3.21 8.31 0.00 31.50 

 
 

Table 4.17a 

 

Tests of Within-Subjects Contrasts for Sulphuric acid Repellency of Existing Clothing 

Materials 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 29352.419 1 29352.419 72.422 0.000 
 

Table 4.17 describes the average  values for Sulphuric acid repellency at different washing 

intervals. The mean value was recorded as 58.26±25.02at 0-wash,  39.56±22.38 at 5 wash, 

23.13±22.82at 10-wash, 9.77±18.40 at 15 wash and 3.21±8.31at 20 wash. The p-value is 

calculated as 0.000 in Table 4.17a which depicts a statistical difference between Sulfuric acid 

repellency at various washing intervals.   
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Table 4.18 

 

Sodium Hydroxide Repellency of Existing Clothing Materials at Different Washing  

Intervals 

 

Repellency of Sodium Hydroxide 

(Measured in Percentage) 

N Mean S.D Minimum Maximum 

Sodium Hydroxide Repellency at 0 

Wash 

15 56.27 25.01 4.80 81.00 

Sodium Hydroxide Repellency at 

Interval of 5 Washing Cycles 

15 37.35 21.50 1.90 72.10 

Sodium Hydroxide Repellency at 

Interval of 10 Washing Cycles 

15 22.82 21.21 0.00 68.40 

Sodium Hydroxide Repellency at 

Interval of 15 Washing Cycles 

15 9.01 17.77 0.00 63.10 

Sodium Hydroxide Repellency at 

Interval of 20 Washing Cycles 

15 2.78 7.54 0.00 28.70 

 
 

Table 4.18a 

 

Tests of Within-Subjects Contrasts for Sodium Hydroxide Repellency of Existing Clothing 

Materials 

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 27464.547 1 27464.547 68.887 0.000 
 

Table 4.18 describes the average  values for Sodium Hydroxide repellency at different 

washing intervals. The mean value was recorded as 56.27±25.01at 0-wash,  37.35±21.50 at 5 

wash, 22.82±21.21 at 10-wash,  9.01±17.77 at 15 wash and 2.78±7.54 at 20 wash. The p-
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value is noted as 0.000 in Table 4.18a which depicts a statistical difference between Sodium 

hydroxide repellency at various washing intervals.   
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Table 4.19 
 
Xylene Repellency of Existing Clothing Materials at Different Washing Intervals 
 
 

Repellency of Xylene (Measured in 

Percentage) 

N Mean S.D Minimum Maximum 

Xylene Repellency at 0 Wash 15 54.00 24.73 3.20 77.40 

Xylene Repellency at Interval of 5 

Washing Cycles 

15 35.20 21.04 1.50 69.30 

Xylene Repellency at Interval of 10 

Washing Cycles 

15 20.97 20.11 0.00 65.10 

Xylene Repellency at Interval of 15 

Washing Cycles 

15 8.12 17.00 0.00 60.40 

Xylene Repellency at Interval of 20 

Washing Cycles 

15 2.35 6.88 0.00 26.30 

 
 
Table 4.19a 
 
Tests of Within-Subjects Contrasts for Xylene Repellency of Existing Clothing Materials 
 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 25495.809 1 25495.809 65.301 0.000 
 

Table 4.19 describes the average values for Xylene repellency at different washing intervals. 

The mean value was recorded as 54.00±24.73 at 0-wash, 35.20±21.04 at 5 wash, 

20.97±20.11at 10-wash, 8.12±17.00 at 15 wash and 2.35±6.88 at 20 wash. The p-value is 

found as 0.000 in Table 4.19a which depicts a statistical difference between Xylene 

repellency at various washing intervals.   
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Table 4.20 
 
Butan 1-01 Repellency of Existing Clothing Materials at Different Washing Intervals 
 
 

Repellency of Butan 1-01 

(Measured in Percentage) 

N Mean S.D Minimum Maximum 

Butan 1-01  Repellency at 0 Wash 15 50.92 24.29 2.10 74.30 

Butan 1-01  Repellency at Interval 

of 5 Washing Cycles 

15 32.61 20.19 1.30 65.70 

Butan 1-01 Repellency at Interval of 

10 Washing Cycles 

15 18.95 19.22 0.00 63.10 

Butan 1-01 Repellency at Interval of 

15 Washing Cycles 

15 7.28 16.40 0.00 59.50 

Butan 1-01  Repellency at Interval 

of 20 Washing Cycles 

15 1.95 5.96 0.00 22.90 

 
 

Table 4.20a 

 

Tests of Within-Subjects Contrasts for Butan 1-01 Repellency of Existing Clothing 

Materials 

 

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 22792.007 1 22792.007 60.432 0.000 
 

Table 4.20 describes the average  values for Butan 1-01 repellency at different washing 

intervals. The mean value was recorded as 50.92±24.29 at 0-wash,  32.61±20.19 at 5 wash, 

18.95±19.22 at 10-wash,  7.28±16.40 at 15 wash and 1.95±5.96 at 20 wash. The p-value is 

noted as 0.000 in Table  4.20a which depicts a statistical difference between Butan 1-01 

repellency at various washing intervals.   
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Determination of Flame Resistance 
 

All the samples were evaluated for their flame resistance by following Vertical Flame Test 

ASTM D 6413-99. After-flame time was recorded in seconds and the char length was 

measured in inches. All the samples were evaluated at 0, 5, 10, 15 and 20 laundering cycles.  

 
Table 4.21 
 
After-Flame of Existing Clothing Materials at Different Washing Intervals 
 

After Flame (Measured in Seconds) 

 

N Mean S.D Minimum Maximum 

After Flame at 0 Wash 15 24.16 10.86 7.50 40.80 

After Flame at Interval of 5 

Washing Cycles 

15 34.94 11.60 14.30 50.80 

After Flame at Interval of 10 

Washing Cycles 

15 41.73 10.65 20.50 57.20 

After Flame at Interval of 15 

Washing Cycles 

15 45.49 7.71 29.60 59.10 

After Flame at Interval of 20 

Washing Cycles 

15 46.01 7.47 29.30 58.70 

 
Table 4.21a 
 
Tests of Within-Subjects Contrasts for After Flame of Existing Clothing Materials 
 
 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 4414.485 1 4414.485 46.048 0.000 
 

Table 4.21 shows the mean values of after flame of all samples in order to determine their 

resistance against flame  at different washing intervals. The mean value was recorded as 

24.16±10.86 at 0-wash, 34.94±11.60 at 5 wash, 41.73±10.65 at 10-wash,  45.49±7.71 at 15  



158 
 

wash and 46.01±7.47 at 20 wash. The p-value is noted as 0.000 in Table 4.21a which depicts 

a statistical difference between after-flame time of samples at various washing intervals. 

Their after-flame time was increased with increasing number of laundering cycles.   
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Table 4.22 
 
Char Length of Existing Clothing Materials at Different Washing Intervals 
 
 

Char Length (Measured in Inches) N Mean S.D Minimum Maximum 

Char Length at 0 Wash 15 8.51 2.72 4.50 12.00 

Char Length at Interval of 5 

Washing Cycles 

15 10.29 1.66 6.70 12.00 

Char Length at Interval of 10 

Washing Cycles 

15 11.83 0.33 10.90 12.00 

Char Length at Interval of 15 

Washing Cycles 

15 11.96 0.15 11.40 12.00 

Char Length at Interval of 20 

Washing Cycles 

15 12.00 0.00 12.00 12.00 

 
Table 4.22a 
 
Tests of Within-Subjects Contrasts for Char Length of Existing Clothing Materials 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 112.320 1 112.320 23.406 0.000 
 

Table 4.22 shows the mean values of char length of all samples in order to determine their 

resistance against flame  at different washing intervals. The mean value was recorded as 

8.51±2.72 at 0-wash, 10.29±1.66 at 5 wash, 11.83±0.33at 10-wash, 11.96±0.15 at 15 wash 

and 12.00±0.00at 20th wash. The p-value is noted as 0.000 in Table 4.22a which depicts a 

statistical difference between char length of samples at various washing intervals. The char 

length was increased with increasing number of laundering intervals.  

  



160 
 

4.2 Results of Phase II 
 
Determination of Tensile Strength 
All the experimental clothing materials were evaluated for their tensile strength (maximum 

force) by using strip method ISO-13934-1. It was performed for both warp and weft 

directions of the specimens. All the samples were evaluated at 0, 5, 10, 15 and 20 laundering 

cycles.  

Table 4.23 
 
Tensile Strength of Experimental Clothing Materials in Warp Direction at Different 
Washing Intervals 
 
Tensile Strength (Warp 

Direction) Measured in 

Newton 

Specimen  Mean S.D Minimum Maximum 

Tensile in Warp Direction 

at 0-Wash  

AA 1591.14 0.93 1589.70 1592.20 

 BB 1504.82 0.98 1503.50 1505.90 

 CC 1613.68 1.26 1612.10 1615.30 

Tensile in Warp Direction 

at Interval of 5 Washing 

Cycles  

AA 1591.12 0.78 1590.30 1592.10 

 BB 1503.04 1.02 1501.90 1504.50 

 CC 1613.12 0.66 1612.30 1614.10 

Tensile in Warp Direction 

at Interval of 10 Washing 

Cycles  

AA 1589.76 

 

1.17 1588.20 1591.00 

 BB 1502.80 4.12 1498.40 1507.30 

 CC 1609.74 0.62 1609.20 1610.60 

Tensile in Warp Direction 

at Interval of 15 Washing 

Cycles  

AA 1588.20 0.69 1587.30 1589.20 

 BB 1501.48 0.49 1500.80 1502.10 

 CC 1608.54 0.80 1607.90 1609.90 
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Tensile in Warp Direction 

at Interval of 20 Washing 

Cycles  

AA 1587.78 0.67 1587.10 1588.60 

 BB 1500.04 1.02 1498.50 1501.20 

 CC 1608.48 0.66 1607.90 1609.50 

 

 

Table 4.23a 

 

Tests of Within-Subjects Contrasts for Tensile Strength of Experimental Clothing 

Materials in Warp Direction  

Source 

Different_ 

Washes 

Mean  

Square 

F p-value 

Different_washes Linear 9.003 2.658 0.111 

Different_washes * material Linear 152.611 45.046 0.000 

 

Table 4.23 shows mean values of tensile strength (in warp direction) of experimental clothing 

materials at 0, 5, 10, 15 and 20 washing cycles. The mean value of specimen AA was 

recorded as 1591.14±0.93 at 0-wash, 1591.12±0.78 at 5-wash, 1589.76±.1.17 at 10-wash, 

1588.20 ±0.69 at 15-wash and 1587.78±0.67 at 20-wash.  The mean value of BB was 

recorded as 1504.82 ± 0.98 at 0-wash, 1503.04 ±1.02 at 5-wash, 1502.80±4.12 at 10-wash, 

1501.48±0.49 at 15-wash and 1500.04 ±1.02 at 20-wash.  The mean value of CC was 

recorded 1613.68 ±1.26 at 0-wash, 1613.12±0.66 at 5-wash, 1609.74 ±0.62 at 10-wash, 

1608.54±0.80 at 15-wash and 1608.48±0.66 at 20-wash.  Table 4.23a shows an insignificant 

difference (p-value = 0.111) in all experimental fabrics after various washing intervals. It 

shows that these fabrics were able to maintain their strength even with increasing number of 

washing cycles. Whereas, a significant difference (p-value = 0.000) was noted among tensile 
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strength of these experimental fabrics. It can be interpreted that Experimental fabric CC 

shows the highest tensile strength followed by AA and BB.  
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Table 4.24 
 
Tensile Strength of Experimental Clothing Materials in Weft Direction at Different 

Washing Intervals 

 
Tensile Strength (Weft 

Direction) Measured in 

Newton 

Specimen Mean S.D Minimum Maximum 

Tensile in Weft Direction 

at 0-Wash  

AA 1374.74 0.64 1374.10 1375.60 

 BB 1290.04 0.52 1289.50 1290.80 

 CC 1446.38 0.73 1445.10 1446.90 

Tensile in Weft Direction 

at Interval of 5 Washing 

Cycles  

AA 1373.52 0.50 1372.90 1374.20 

 BB 1289.00 0.58 1288.10 1289.40 

 CC 1445.52 0.49 1444.80 1446.10 

Tensile in Weft Direction 

at Interval of 10 Washing 

Cycles  

AA 1370.90 0.33 1370.40 1371.20 

 BB 1285.16 0.55 1284.40 1285.80 

 CC 1445.00 0.57 1444.10 1445.60 

Tensile in Weft Direction 

at Interval of 15 Washing 

Cycles  

AA 1369.98 0.31 1369.60 1370.40 

 BB 1283.86 0.36 1283.40 1284.30 

 CC 1444.76 0.56 1444.10 1445.60 

Tensile in Weft Direction 

at Interval of 20 Washing 

Cycles  

AA 1367.06 0.76 1366.20 1367.90 

 BB 1281.66 0.43 1281.20 1282.30 

 CC 1442.92 0.33 1442.50 1443.30 
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Table 4.24a 

Tests of Within-Subjects Contrasts for Tensile Strength of Experimental Clothing 

Materials in Weft Direction  

Source 

Different_ 

Washes 

Mean  

Square 

F p-value 

Different_washes Linear 39.022 123.892 0.000 

Different_washes * material Linear 336.002 1066.785 0.000 

 

Table 4.24 shows average values of tensile strength (in weft direction) of experimental 

clothing materials at various washing intervals. The mean value of specimen AA was 

recorded as 1374.74±0.64 at 0-wash, 1373.52±0.50 at 5-wash, 1370.90 ±0.33 at 10-wash, 

1369.98±0.31 at 15-wash and 1367.06±0.76 at 20-wash.  The mean value of BB was 

recorded as 1290.04 ±0.52 at 0-wash, 1289.00±0.58 at 5-wash, 1285.16±0.55at 10-wash, 

1283.86±0.36 at 15-wash and 1281.66±0.43 at 20-wash.  The mean value of CC was 

recorded 1446.38±0.73 at 0-wash, 1445.52±0.49 at 5-wash, 1445.00±0.57 at 10-wash, 

1444.76±0.56 at 15-wash and1442.92±0.33 at 20-wash.  Table 4.24a depicts an overall 

significant difference (p-value = 0.000) of samples after washing intervals from zero to 20th 

wash as compared to their warp direction. There is also a statistically significant difference 

(p-value = 0.000) among these specimens. It can be found that Experimental fabric CC shows 

the highest tensile strength followed by AA and BB.  
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Determination of Abrasive Strength 
 
The experimental fabrics were evaluated for their abrasion resistance by following ASTM D 

4966 test procedure. The mass loss (%age) of the specimens were determined after 5000, 

15000 and 25000 rubbing cycles. All the samples were evaluated at 0, 5, 10, 15 and 20 

laundering cycles. 

Table 4.25 
 
Abrasive Strength (5000 Rubbing Cycles) of Experimental Clothing Materials at Different 

Washing Intervals 

 
Abrasive Strength at 5000 

Rubbing Cycles 

Measured in %age 

Specimen Mean S.D Minimum Maximum 

Mass Loss at 0-Wash  AA 0.20 0.10 0.10 0.30 

 BB 0.26 0.05 0.20 0.30 

 CC 0.00 0.00 0.00 0.00 

Mass Loss at Interval of 5 

Washing Cycles 

AA 0.20 0.10 0.10 0.30 

 BB 0.40 0.20 0.20 0.60 

 CC 0.10 0.00 0.10 0.10 

Mass Loss at Interval of 10 

Washing Cycles 

AA 0.30 0.00 0.30 0.30 

 BB 0.46 0.15 0.30 0.60 

 CC 0.13 0.05 0.10 0.20 

Mass Loss at Interval of 15 

Washing Cycles 

AA 0.40 0.20 0.20 0.60 

 BB 0.53 0.15 0.40 0.70 

 CC 0.13 0.05 0.10 0.20 

Mass Loss at Interval of 20 

Washing Cycles 

AA 0.46 0.25 0.20 0.70 

 BB 0.53 0.15 0.40 0.70 

 CC 0.16 0.05 0.10 0.20 
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Table 4.25a 

Tests of Within-Subjects Contrasts for Abrasive Strength (5000 Rubbing Cycles) of 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.003 0.316 0.743 

Different_washes * material Linear 0.149 15.533 0.011 

 

Table 4.25 shows mean values of mass loss (at 5000 rubbing cycles) of experimental clothing 

materials at various washing intervals in order to determine their abrasive strength. The mean 

value of specimen AA was recorded as 0.20±0.10 at 0-wash, 0.20±0.10 at 5-wash, 0.30±0.00 

at 10-wash, 0.40 ±0.20 at 15-wash and 0.46±0.25 at 20-wash.  The mean value of BB was 

recorded as 0.26 ±0.05 at 0-wash, 0.40±0.20 at 5-wash, 0.46±0.15 at 10-wash, 0.53±0.15 at 

15-wash and 0.53±.015 at 20-wash.  The mean value of CC was recorded 0.00±0.00 at 0-

wash, 0.10 ±0.00 at 5-wash, 0.13±0.05 at 10-wash, 0.13±0.05 at 15-wash and 0.16±0.05 at 

20-wash.  It depicts an insignificant difference (p-value = 0.743) in abrasive strength of all 

experimental fabrics after various washing intervals when evaluated for their mass loss after 

5000 rubbing cycles. These fabrics maintained their strength at all washing intervals. There is 

a significant difference (p-value = 0.011) in mass loss among all three experimental fabrics as 

shown in Table 4.25a. It can be evaluated that fabric CC has greater abrasive strength 

because it shows less mass loss followed by AA and BB.  
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Table 4.26 
 
Abrasive Strength (15000 Rubbing Cycles) of Experimental Clothing Materials at 

Different Washing Intervals 

 
Abrasive Strength at 

15000 Rubbing Cycles 

Measured in %age 

Specimen Mean S.D Minimum Maximum 

Mass Loss at 0-Wash  AA 0.16 0.05 0.10 0.20 

 BB 0.36 0.05 0.30 0.40 

 CC 0.13 0.05 0.10 0.20 

Mass Loss at Interval of 5 

Washing Cycles 

AA 0.30 0.10 0.20 0.40 

 BB 0.40 0.20 0.20 0.60 

 CC 0.13 0.05 0.10 0.20 

Mass Loss at Interval of 10 

Washing Cycles 

AA 0.36 0.15 0.20 0.50 

 BB 0.50 0.10 0.40 0.60 

 CC 0.16 0.05 0.10 0.20 

Mass Loss at Interval of 15 

Washing Cycles 

AA 0.50 0.10 0.40 0.60 

 BB 0.56 0.35 0.20 0.90 

 CC 0.20 0.10 0.10 0.30 

Mass Loss at Interval of 20 

Washing Cycles 

AA 0.50 0.10 0.40 0.60 

 BB 0.70 0.10 0.60 0.80 

 CC 0.20 0.00 0.20 0.20 
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Table 4.26a 

Tests of Within-Subjects Contrasts for Abrasive Strength (15000 Rubbing Cycles) of 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.040 1.209 0.362 

Different_washes * material Linear 0.348 10.419 0.018 

 
 
Table 4.26 shows mean values of mass loss (at 15000 rubbing cycles) of experimental 

clothing materials at various washing intervals in order to determine their abrasive strength. 

The mean value of specimen AA was recorded as 0.16±0.05 at 0-wash, 0.30±0.10 at 5-wash, 

0.36±0.15 at 10-wash, 0.50 ±0.10 at 15-wash and 0.50±0.10 at 20-wash.  The mean value of 

BB was recorded as 0.36±0.05 at 0-wash, 0.40 ±0.20 at 5-wash, 0.50±0.10at 10-wash, 

0.56±0.35 at 15-wash and 0.70±0.10 at 20-wash.  The mean value of CC was recorded 

0.13±0.05 at 0-wash, 0.13±0.05 at 5-wash, 0.16 ±0.05 at 10-wash, 0.20±0.10 at 15-wash and 

0.20±0.00 at 20-wash. Table 4.26a shows an insignificant difference (p-value 0.362) in 

abrasive strength of experimental fabrics after various washing intervals when evaluated for 

their mass loss after 15000 rubbing cycles. Whereas, there is a significant difference (p-value 

= 0.018) in mass loss among all three experimental fabrics such CC shows greater abrasive 

strength due to less mass loss followed by AA and BB.  
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Table 4.27 
 
Abrasive Strength (25000 Rubbing Cycles) of Experimental Clothing Materials at 

Different Washing Intervals 

 
Abrasive Strength at 25000 

Rubbing Cycles 

Measured in %age 

Specimen  Mean S.D Minimum Maximum 

Mass Loss at 0-Wash  AA 0.26 0.05 0.20 0.30 

 BB 0.43 0.15 0.30 0.60 

 CC 0.10 0.00 0.10 0.10 

Mass Loss at Interval of 5 

Washing Cycles 

AA 0.33 0.11 0.20 0.40 

 BB 0.56 0.15 0.40 0.70 

 CC 0.13 0.05 0.10 0.20 

Mass Loss at Interval of 10 

Washing Cycles 

AA 0.36 0.15 0.20 0.50 

 BB 0.60 0.10 0.50 0.70 

 CC 0.13 0.05 0.10 0.20 

Mass Loss at Interval of 15 

Washing Cycles 

AA 0.50 0.20 0.30 0.70 

 BB 0.60 0.20 0.40 0.80 

 CC 0.16 0.05 0.10 0.20 

Mass Loss at Interval of 20 

Washing Cycles 

AA 0.60 0.20 0.40 0.80 

 BB 0.80 0.10 0.70 0.90 

 CC 0.20 0.00 0.20 0.20 
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Table 4.27a 

Tests of Within-Subjects Contrasts for Abrasive Strength (25000 Rubbing Cycles) of 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.031 2.657 0.149 

Different_washes * material Linear 0.324 27.771 0.002 

 
Table 4.27 shows mean values of mass loss (at 25000 rubbing cycles) of experimental 

clothing materials at various washing intervals in order to determine their abrasive strength. 

The mean value of specimen AA was recorded as 0.26±0.05 at 0-wash, 0.33±0.11 at 5-wash, 

0.36±0.15 at 10-wash, 0.50 ±0.20 at 15-wash and 0.60±0.20 at 20-wash.  The mean value of 

BB was recorded as 0.43 ±0.15 at 0-wash, 0.56±0.15 at 5-wash, 0.60±0.10 at 10-wash, 

0.60±0.20 at 15-wash and 0.80±0.10 at 20-wash.  The mean value of CC was recorded 

0.10±0.00 at 0-wash, 0.13±0.05 at 5-wash, 0.13±.05 at 10-wash, 0.16±0.05 at 15-wash and 

0.20±0.00 at 20-wash. Table 4.27a shows an insignificant difference (p-value 0.149) in 

abrasive strength of experimental fabrics after various washing intervals when evaluated for 

their mass loss after 25000 rubbing cycles. Whereas, there is a significant difference (p-value 

= 0.002) in percentage of mass loss among all three experimental fabrics such CC shows 

greater abrasive strength followed by AA and BB.  
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Determination of Water Resistance (Drop Test) 
 
The experimental fabrics were tested for their resistance against water through the 

determination of drop test by following test procedure AATCC 79-2010. The samples were 

evaluated at 0, 5, 10, 15 and 20 laundering cycles. 

 
Table 4.28 
 
Water Resistance (Drop Test) of Experimental Clothing Materials at Different Washing 

Intervals 

Drop Test 

Measured in Seconds 

Specimen  Mean S.D Minimum Maximum 

Drop Test at 0-Wash  AA 60.00 0.00 60.00 60.00 

 BB 60.00 0.00 60.00 60.00 

 CC 60.00 0.00 60.00 60.00 

 Drop Test at Interval of 5 

Washing Cycles 

AA 60.00 0.00 60.00 60.00 

 BB 60.00 0.00 60.00 60.00 

 CC 60.00 0.00 60.00 60.00 

Drop Test at Interval of 10 

Washing Cycles 

AA 60.00 0.00 60.00 60.00 

 BB 60.00 0.00 60.00 60.00 

 CC 60.00 0.00 60.00 60.00 

Drop Test at Interval of 15 

Washing Cycles 

AA 60.00 0.00 60.00 60.00 

 BB 60.00 0.00 60.00 60.00 

 CC 60.00 0.00 60.00 60.00 

Drop Test at Interval of 20 

Washing Cycles 

AA 60.00 0.00 60.00 60.00 

 BB 60.00 0.00 60.00 60.00 

 CC 60.00 0.00 60.00 60.00 
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Table 4.28 shows mean values of drop test for experimental clothing materials at various 

washing intervals in order to determine their resistance against water. The mean value of 

specimen AA was recorded as 60.00±0.00 at 0-wash, 60.00±0.00 at 5-wash, 60.00±0.00  at 

10-wash, 60.00±0.00 at 15-wash and 60.00±0.00 at 20-wash.  The mean value of BB was 

recorded as 60.00±0.00 at 0-wash, 60.00±0.00 at 5-wash, 60.00±0.00 at 10-wash, 60.00±0.00 

at 15-wash and 60.00±0.00 at 20-wash.  The mean value of CC was recorded 60.00±0.00 at 

0-wash, 60.00±0.00 at 5-wash, 60.00±0.00 at 10-wash, 60.00±0.00 at 15-wash and 

60.00±0.00 at 20-wash.  All the experimental fabrics were able to resist water till 60 seconds 

at all washing intervals. As the results remained same for all fabrics at all washing intervals, 

therefore statistical analysis was not made.  
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Determination of Water Resistance (Wicking Test) 
 
All the experimental clothing materials were evaluated for their wicking behavior by 

following vertical wicking test AATCC 197-2011. It was performed for both warp and weft 

directions of the specimens. The distance of liquid in centimeters was noted along the 

specimens at intervals of 1 minute, 5 minutes and 10 minutes.  All the samples were 

evaluated at 0, 5, 10, 15 and 20 laundering cycles. 

 
Table 4.29 
 
Wicking Test (Warp Direction) of Experimental Clothing Materials Measured at 1 Minute 

at Different Washing Intervals 

 
Wicking Test Determined 

at 1 Minute 

Measured in Centimeters 

 

Specimen  Mean S.D Minimum Maximum 

Wicking Test at 0-Wash  AA 0.13 0.05 0.10 0.20 

 BB 0.13 0.05 0.10 0.20 

 CC 0.10 0.00 0.10 0.10 

Wicking Test at Interval of 

5 Washing Cycles 

AA 0.13 0.05 0.10 0.20 

 BB 0.16 0.05 0.10 0.20 

 CC 0.10 0.00 0.10 0.10 

Wicking Test at Interval of 

10 Washing Cycles 

AA 0.16 0.05 0.10 0.20 

 BB 0.50 0.10 0.40 0.60 

 CC 0.20 0.00 0.20 0.20 

Wicking Test at Interval of 

15 Washing Cycles 

AA 0.26 0.05 0.20 0.30 

 BB 0.70 0.00 0.70 0.70 

 CC 0.20 0.00 0.20 0.20 
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Wicking Test at Interval of 

20 Washing Cycles 

AA 0.36 0.05 0.30 0.40 

 BB 0.80 0.10 0.70 0.90 

 CC 0.26 0.05 0.20 0.30 

 
Table 4.29a 

Tests of Within-Subjects Contrasts for Wicking Test (Warp) Measured at 1Minute in 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.184 47.400 0.000 

Different_washes * material Linear 0.841 216.257 0.000 

 
Table 4.29 shows average values of wicking test measured at 1 minute in warp direction for 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 0.13±0.05 at 0-wash, 0.13±0.05 at 5-wash, 0.16±0.05 at 10-wash, 0.26 

±0.05 at 15-wash and 0.36±0.05 at 20-wash.  The mean value of BB was recorded as 0.13 

±0.05 at 0-wash, 0.16±0.05 at 5-wash, 0.50±0.10at 10-wash, 0.70±0.00 at 15-wash and 

0.80±0.10 at 20-wash.  The mean value of CC was recorded 0.10±0.00 at 0-wash, 0.10±0.00 

at 5-wash, 0.20 ±0.00 at 10-wash, 0.20±0.00 at 15-wash and 0.26±0.05 at 20-wash.  Table 

4.29a presents an overall statistically significant difference (p-value 0.000) in wicking 

behavior of fabrics in warp direction after washing intervals and among each other. It can be 

observed that experimental fabric BB showed an increase in wicking action more 

prominently from 10th till 20th wash. Fabric AA showed more increase at 15th and 20th 

washing cycle. Whereas, CC remained stable at zero and 5th cycle, then at 10th and 15th cycle 

and a very less increase can be seen at 20th wash.  
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Table 4.30 
 
Wicking Test (Warp Direction) of Experimental Clothing Materials Measured at 5 Minutes 

at Different Washing Intervals 

 
Wicking Test Determined at 

5 Minutes 

Measured in Centimeters 

Specimen  Mean S.D Minimum Maximum 

Wicking Test at 0-Wash  AA 0.13 0.05 0.10 0.20 

 BB 0.10 0.00 0.10 0.10 

 CC 0.13 0.05 0.10 0.20 

Wicking Test at Interval of 

5 Washing Cycles 

AA 0.13 0.05 0.10 0.20 

 BB 0.16 0.05 0.10 0.20 

 CC 0.13 0.05 0.10 0.20 

Wicking Test at Interval of 

10 Washing Cycles 

AA 0.26 0.05 0.20 0.30 

 BB 0.80 0.10 0.70 0.90 

 CC 0.30 0.00 0.30 0.30 

Wicking Test at Interval of 

15 Washing Cycles 

AA 0.40 0.00 0.40 0.40 

 BB 0.83 0.05 0.80 0.90 

 CC 0.30 0.10 0.20 0.40 

Wicking Test at Interval of 

20 Washing Cycles 

AA 0.46 0.05 0.40 0.50 

 BB 1.20 0.10 1.10 1.30 

 CC 0.40 0.10 0.30 0.50 
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Table 4.30a 

Tests of Within-Subjects Contrasts for Wicking Test (Warp) Measured at 5 Minute in 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.424 224.647 0.000 

Different_washes * material Linear 2.025 1072.059 0.000 

 
Table 4.30 shows average values of wicking test measured at 5 minutes in warp 

direction for experimental clothing materials at various washing intervals. The mean value of 

specimen AA was recorded as 0.13±0.05 at 0-wash, 0.13±0.05 at 5-wash, 0.26±0.05 at 10-

wash, 0.40 ±0.00 at 15-wash and 0.46±0.05 at 20-wash.  The mean value of BB was recorded 

as 0.10±0.00 at 0-wash, 0.16±0.05 at 5-wash, 0.80±0.10at 10-wash, 0.83±0.05 at 15-wash 

and 1.20±0.10 at 20-wash.  The mean value of CC was recorded 0.13±0.05 at 0-wash, 

0.13±0.05 at 5-wash, 0.30 ±0.00 at 10-wash, 0.30±0.10 at 15-wash and 0.40±0.10 at 20-wash.  

Table 4.30a depicts a statistically significant difference (p-value 0.000) in wicking behavior 

of fabrics in warp direction after washing intervals and among each other. It can be observed 

that experimental fabric BB showed increase at 10th cycle, remained almost stable at 15th 

wash and then again showed an increase at 20th wash. AA showed better results till 5th wash 

and then slight increase can be seen at 20th wash. Whereas, CC showed slight increase from 

zero till 20th wash. 

  



177 
 

 
Table 4.31 
 
Wicking Test (Warp Direction) of Experimental Clothing Materials Measured at 10 

Minutes at Different Washing Intervals 

 
Wicking Test Determined at 

10 Minutes 

Measured in Centimeters 

Specimen Mean S.D Minimum Maximum 

Wicking Test at 0-Wash  AA 0.13 0.05 0.10 0.20 

 BB 0.16 0.05 0.10 0.20 

 CC 0.10 0.00 0.10 0.10 

Wicking Test at Interval of 

5 Washing Cycles 

AA 0.13 0.05 0.10 0.20 

 BB 0.16 0.05 0.10 0.20 

 CC 0.13 0.05 0.10 0.20 

Wicking Test at Interval of 

10 Washing Cycles 

AA 0.50 0.10 0.40 0.60 

 BB 1.00 0.10 0.90 1.10 

 CC 0.26 0.05 0.20 0.30 

Wicking Test at Interval of 

15 Washing Cycles 

AA 0.70 0.10 0.60 0.80 

 BB 1.06 0.15 0.90 1.20 

 CC 0.40 0.10 0.30 0.50 

Wicking Test at Interval of 

20 Washing Cycles 

AA 0.80 0.10 0.70 0.90 

 BB 1.70 0.20 1.50 1.90 

 CC 0.43 0.05 0.40 0.50 
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Table 4.31a 

Tests of Within-Subjects Contrasts for Wicking Test (Warp) Measured at 10 Minutes in 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.734 68.082 0.000 

Different_washes * material Linear 4.579 424.835 0.000 

 

Table 4.31 shows average values of wicking test measured at 10 minutes in warp direction for 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 0.13±0.05 at 0-wash, 0.13±0.05 at 5-wash, 0.50±0.10 at 10-wash, 0.70 

±0.10 at 15-wash and 0.80±0.10 at 20-wash.  The mean value of BB was recorded as 0.16 

±0.05 at 0-wash, 0.16±0.05 at 5-wash, 1.00±0.10at 10-wash, 1.06±0.15 at 15-wash and 

1.70±0.20 at 20-wash.  The mean value of CC was recorded 0.10±0.00 at 0-wash, 0.13±0.05 

at 5-wash, 0.26 ±0.05 at 10-wash, 0.40±0.10 at 15-wash and 0.43±0.05 at 20-wash.  Table 

4.31a presents a significant difference (p-value 0.000) in wicking behavior of fabrics for their 

warp direction after washing intervals and between each other. It can be observed that 

experimental fabric BB showed an increasing trend followed by AA and CC. 
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Table 4.32 
 
Wicking Test (Weft Direction) of Experimental Clothing Materials Measured at 1 Minute 

at Different Washing Intervals 

 
Wicking Test Determined at 

1 Minute 

Measured in Centimeters 

Specimen Mean S.D Minimum Maximum 

Wicking Test at 0-Wash  AA 0.10 0.00 0.10 0.10 

 BB 0.10 0.00 0.10 0.10 

 CC 0.10 0.00 0.10 0.10 

Wicking Test at Interval of 

5 Washing Cycles 

AA 0.13 0.05 0.10 0.20 

 BB 0.13 0.05 0.10 0.20 

 CC 0.13 0.05 0.10 0.20 

Wicking Test at Interval of 

10 Washing Cycles 

AA 0.16 0.05 0.10 0.20 

 BB 0.36 0.05 0.30 0.40 

 CC 0.16 0.05 0.10 0.20 

Wicking Test at Interval of 

15 Washing Cycles 

AA 0.26 0.05 0.20 0.30 

 BB 0.50 0.10 0.40 0.60 

 CC 0.20 0.10 0.10 0.30 

Wicking Test at Interval of 

20 Washing Cycles 

AA 0.43 0.15 0.30 0.60 

 BB 0.70 0.20 0.50 0.90 

 CC 0.23 0.11 0.10 0.30 
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Table 4.32a 

Tests of Within-Subjects Contrasts for Wicking Test (Weft) Measured at 1Minute in 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.110 34.069 0.001 

Different_washes * material Linear 0.711 220.690 0.000 

 

Table 4.32 shows average values of wicking test measured at 1 minute in weft direction for 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 0.10±0.00 at 0-wash, 0.13±0.05 at 5-wash, 0.16±0.05 at 10-wash, 0.26 

±0.05 at 15-wash and 0.43±0.15 at 20-wash.  The mean value of BB was recorded as 

0.10±0.00 at 0-wash, 0.13±0.05 at 5-wash, 0.36±0.05 at 10-wash, 0.50±0.10 at 15-wash and 

0.70±0.20 at 20-wash.  The mean value of CC was recorded 0.10±0.00 at 0-wash, 0.13±0.05 

at 5-wash, 0.16 ±0.05 at 10-wash, 0.20±0.10 at 15-wash and 0.23±0.11 at 20-wash.  Table 

4.32a depicts an overall statistical significant difference (p-value 0.001) in wicking behavior 

of fabrics in weft direction after washing intervals and among each other with p-value 0.000. 

It can be observed that experimental fabric BB showed more increase at 10th and further 

washing cycles. AA showed increase at 15th and 20th wash. Whereas, CC exhibited slight 

increase till 20th wash. 
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Table 4.33 
 
Wicking Test (Weft Direction) of Experimental Clothing Materials Measured at 5 Minutes 

at Different Washing Intervals 

 
Wicking Test Determined at 

5 Minutes 

Measured in Centimeters 

Specimen Mean S.D Minimum Maximum 

Wicking Test at 0-Wash  AA 0.10 0.00 0.10 0.10 

 BB 0.13 0.05 0.10 0.20 

 CC 0.10 0.00 0.10 0.10 

Wicking Test at Interval of 

5 Washing Cycles 

AA 0.10 0.00 0.10 0.10 

 BB 0.20 0.10 0.10 0.30 

 CC 0.13 0.05 0.10 0.20 

Wicking Test at Interval of 

10 Washing Cycles 

AA 0.26 0.15 0.10 0.40 

 BB 0.43 0.20 0.20 0.60 

 CC 0.26 0.05 0.20 0.30 

Wicking Test at Interval of 

15 Washing Cycles 

AA 0.36 0.15 0.20 0.50 

 BB 0.76 0.15 0.60 0.90 

 CC 0.26 0.05 0.20 0.30 

Wicking Test at Interval of 

20 Washing Cycles 

AA 0.50 0.10 0.40 0.60 

 BB 1.06 0.35 0.70 1.40 

 CC 0.30 0.10 0.20 0.40 

 
 
 
 
 
 
 
 
 
 



182 
 

Table 4.33a 

Tests of Within-Subjects Contrasts for Wicking Test (Weft) Measured at 5 Minutes in 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.305 10.885 0.010 

Different_washes * material Linear 1.573 56.194 0.000 

 

Table 4.33 shows average values of wicking test measured at 5 minutes in weft direction for 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 0.10±0.00 at 0-wash, 0.10±0.00 at 5-wash, 0.26±0.15 at 10-wash, 0.36 

±0.15 at 15-wash and 0.50±0.10 at 20-wash.  The mean value of BB was recorded as 0.13 

±0.05 at 0-wash, 0.20±0.10 at 5-wash, 0.43±0.20 at 10-wash, 0.76±0.15 at 15-wash and 

1.06±0.35 at 20-wash.  The mean value of CC was recorded 0.10±0.00 at 0-wash, 0.13±0.05 

at 5-wash, 0.26±0.05 at 10-wash, 0.26±0.05 at 15-wash and 0.30±0.10 at 20-wash.  Table 

4.33a depicts an overall statistically significant difference (p-value 0.010) in wicking 

behavior of fabrics in weft direction after washing intervals and between each other with p-

value 0.000. It can be observed that experimental fabric BB showed more increase followed 

by AA and CC. 
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Table 4.34 
 
Wicking Test (Weft Direction) of Experimental Clothing Materials Measured at 10 

Minutes at Different Washing Intervals 

 
Wicking Test Determined at 

10 Minutes 

Measured in Centimeters 

Specimen Mean S.D Minimum Maximum 

Wicking Test at 0-Wash  AA 0.10 0.00 0.10 0.10 

 BB 0.20 0.10 0.10 0.30 

 CC 0.13 0.05 0.10 0.20 

Wicking Test at Interval of 5 

Washing Cycles 

AA 0.13 0.05 0.10 0.20 

 BB 0.20 0.10 0.10 0.30 

 CC 0.13 0.05 0.10 0.20 

Wicking Test at Interval of 

10 Washing Cycles 

AA 0.33 0.20 0.10 0.50 

 BB 0.73 0.15 0.60 0.90 

 CC 0.26 0.05 0.20 0.30 

Wicking Test at Interval of 

15 Washing Cycles 

AA 0.60 0.10 0.50 0.70 

 BB 1.03 0.15 0.90 1.20 

 CC 0.26 0.05 0.20 0.30 

Wicking Test at Interval of 

20 Washing Cycles 

AA 0.73 0.15 0.60 0.90 

 BB 1.50 0.20 1.30 1.70 

 CC 0.36 0.05 0.30 0.40 
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Table 4.34a 

Tests of Within-Subjects Contrasts for Wicking Test (Weft) Measured at 10 Minutes in 

Experimental Clothing Materials  

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.612 42.377 0.000 

Different_washes * material Linear 3.287 227.569 0.000 

 

Table 4.34 shows average values of wicking test measured at 10 minutes in weft direction for 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 0.10±0.00 at 0-wash, 0.13±0.05at 5-wash, 0.33±0.20 at 10-wash, 0.60 

±0.10 at 15-wash and 0.73±0.15 at 20-wash.  The mean value of BB was recorded as 0.20 

±0.10 at 0-wash, 0.20±0.10 at 5-wash, 0.73±0.15 at 10-wash, 1.03±0.15 at 15-wash and 

1.50±0.20 at 20-wash.  The mean value of CC was recorded 0.13±0.05 at 0-wash, 0.13±0.05 

at 5-wash, 0.26 ±0.05 at 10-wash, 0.26±0.05 at 15-wash and 0.36±0.05 at 20-wash.  Table 

4.34a shows an overall statistically significant difference (p-value 0.000) in wicking behavior 

of fabrics in weft direction after washing intervals and between each other. It can be observed 

that experimental fabric BB showed an increasing trend followed by AA and CC. 
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Determination of Chemical Resistance 
 

Chemical resistance of experimental fabrics was determined by following ISO 6530 (2005). 

This test procedure measured the repellency (%age) and penetration (%age) of liquid 

chemicals such as Sulphric acid, Sodium Hydroxide, 0-Xylene and Butan-1-0l through the 

fabrics. All the samples were evaluated at 0, 5, 10, 15 and 20 laundering cycles. 

 

Table 4.35 

 

Sulphuric acid Penetration of Experimental Clothing Materials at Different Washing 

Intervals. 

 
Penetration of Sulphuric acid 

Measured in Percentage 

Specimen Mean S.D Minimum Maximum 

Sulphuric acid Penetration at 

0-Wash  

AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

Sulphuric acid Penetration at 

Interval of 5 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

Sulphuric acid Penetration at 

Interval of 10 Washing Cycles 

AA 0.03 0.05 0.00 0.10 

 BB 0.30 0.10 0.20 0.40 

 CC 0.00 0.00 0.00 0.00 

Sulphuric acid Penetration at 

Interval of 15 Washing Cycles 

AA 0.06 0.11 0.00 0.20 

 BB 0.40 0.20 0.20 0.60 

 CC 0.00 0.00 0.00 0.00 
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Sulphuric acid Penetration at 

Interval of 20 Washing Cycles 

AA 0.06 0.11 0.00 0.20 

 BB 0.46 0.15 0.30 0.60 

 CC 0.03 0.05 0.00 0.10 

 
 

Table 4.35a 

Tests of Within-Subjects Contrasts for Sulphuric acid Penetration of Experimental 

Clothing Materials 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.145 19.235 0.002 

Different_washes * material Linear 0.256 33.882 0.001 

 

Table 4.35 shows average values of Sulphuric acid penetration to measure chemical 

resistance of experimental clothing materials at various washing intervals. The mean value of 

specimen AA was recorded as 0.00±0.00 at 0-wash, 0.00±0.00 at 5-wash, 0.03±0.05 at 10-

wash, 0.06 ±0.11 at 15-wash and 0.06±0.11 at 20-wash.  The mean value of BB was recorded 

as 0.00±0.00 at 0-wash, 0.00±0.00 at 5-wash, 0.30±0.10 at .10-wash, 0.40±0.20 at 15-wash 

and 0.46±0.15 at 20-wash.  The mean value of CC was recorded 0.00±0.00 at 0-wash, 

0.00±0.00 at 5-wash, 0.00±0.00 at 10-wash, 0.00±0.00 at 15-wash and 0.03±0.05 at 20-wash.  

Table 4.35a presents an overall significant difference (p-value = 0.002) after various washing 

cycles. It is very apparent that all three experimental fabrics did not show penetration of 

Sulfuric acid at zero and 5th wash. AA showed very little penetration from 10th to 20th wash. 

BB showed highest penetration from 10th to 20 washing cycles. Whereas, CC exhibited no 

penetration till 15th wash but penetrated insignificantly at 20th wash. There is also a 

significant difference (p-value = 0.000) between these specimens. It can be found that 
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Experimental fabric BB penetrated more chemical at various washings and CC showed 

excellent results. Whereas, AA falls in between them.  

 
  



188 
 

Table 4.36 
 
Sodium hydroxide Penetration of Experimental Clothing Materials at Different Washing 

Intervals. 

 
Penetration of Sodium 

hydroxide 

Measured in Percentage 

Specimen Mean S.D Minimum Maximum 

Sodium hydroxide 

Penetration at 0-Wash  

AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

Sodium hydroxide 

Penetration at Interval of 5 

Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

Sodium hydroxide 

Penetration at Interval of 10 

Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.36 0.15 0.20 0.50 

 CC 0.00 0.00 0.00 0.10 

Sodium hydroxide 

Penetration at Interval of 15 

Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.36 0.15 0.20 0.50 

 CC 0.00 0.00 0.00 0.00 

Sodium hydroxide 

Penetration at Interval of 20 

Washing Cycles 

AA 0.03 0.05 0.00 0.10 

 BB 0.40 0.10 0.30 0.50 

 CC 0.03 0.05 0.00 0.00 
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Table 4.36a 

Tests of Within-Subjects Contrasts for Sodium Hydroxide Penetration of Experimental 

Clothing Materials 

 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.114 41.080 0.000 

Different_washes * material Linear 0.136 49.000 0.000 

 

Table 4.36 shows average values of Sodium hydroxide penetration to measure chemical 

resistance of experimental clothing materials at various washing intervals. The mean value of 

specimen AA was recorded as .00±.00 at 0-wash, .00±.00 at 5-wash, .00±.00 at 10-wash, .00 

±.00 at 15-wash and .03±.05 at 20-wash.  The mean value of BB was recorded as .00±.00 at 

0-wash, .00±.00 at 5-wash, .36±.15 at .10-wash, .36±.15 at 15-wash and .40±.10 at 20-wash.  

The mean value of CC was recorded .00±.00 at 0-wash, .00±.00 at 5-wash, .00±.00 at 10-

wash, .00±.00 at 15-wash and .03±.05 at 20-wash.  Table 4.36a depicts an overall significant 

difference (p-value = .000) after washing intervals. It is very apparent that AA and CC did 

not penetrate sodium hydroxide till 15th washing cycles and insignificantly penetrated at 20th 

washing cycle. Whereas, BB presented significant penetration at 10th to 20th wash. There is 

also a statistically significant difference (p-value = .000) among these specimens. It can be 

found that Experimental fabric BB absorbed more chemical at various washings. Whereas, 

BB and CC showed less penetration which led to excellent results.  
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Table 4.37 
 
Xylene Penetration of Experimental Clothing Materials at Different Washing Intervals. 
 
Penetration of Xylene 

Measured in Percentage 

Specimen Mean S.D Minimum Maximum 

Xylene Penetration at 0-Wash  AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

Xylene Penetration at 

Interval of 5 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

Xylene Penetration at 

Interval of 10 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.26 0.25 0.00 0.50 

 CC 0.03 0.05 0.00 0.10 

Xylene Penetration at 

Interval of 15 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.30 0.10 0.20 0.40 

 CC 0.03 0.05 0.00 0.10 

Xylene Penetration at 

Interval of 20 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.40 0.10 0.30 0.50 

 CC 0.03 0.05 0.00 0.10 

 
Table 4.37a 
 
Tests of Within-Subjects Contrasts for Xylene Penetration of Experimental Clothing 
Materials 
 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.111 83.250 0.000 

Different_washes * material Linear 0.144 108.000 0.000 
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Table 4.37 shows average values of Xylene penetration to measure chemical resistance of 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 0.00±0.00 at 0-wash, 0.00±0.00 at 5-wash, 0.00±0.00 at 10-wash, 0.00 

±0.00 at 15-wash and 0.00±0.00 at 20-wash.  The mean value of BB was recorded as 

0.00±0.00 at 0-wash, 0.00±0.00 at 5-wash, 0.26±0.25 at 10-wash, 0.30±0.10 at 15-wash and 

0.40±0.10 at 20-wash.  The mean value of CC was recorded 0.00±0.00 at 0-wash, 0.00±0.00 

at 5-wash, 0.03±0.05 at 10-wash, 0.03±0.05 at 15-wash and 0.03±0.05 at 20-wash.  Table 

4.37a shows an overall significant difference (p-value = 0.000) after washing cycles. It is 

very apparent that CC did not penetrate Xylene till 20th washing cycle. AA and BB also 

showed excellent results at zero and 5th washing cycle. BB showed more penetration from 

10th to 20th wash and AA showed less penetration at these laundering cycles. There is also a 

statistically significant difference (p-value = 0.000) among these specimens. It can be found 

that Experimental fabric CC showed less penetration index followed by AA and BB.  
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Table 4.38 
 
Butan 1-01  Penetration of Experimental Clothing Materials at Different Washing 

Intervals. 

 
Penetration of Butan 1-01   

Measured in Percentage 

Specimen Mean S.D Minimum Maximum 

Butan 1-01   Penetration at 0-

Wash  

AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

Butan 1-01   Penetration at 

Interval of 5 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

Butan 1-01  Penetration at 

Interval of 10 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.20 0.10 0.10 0.30 

 CC 0.00 0.00 0.00 0.00 

Butan 1-01  Penetration at 

Interval of 15 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.20 0.10 0.10 0.30 

 CC 0.00 0.00 0.00 0.00 

Butan 1-01   Penetration at 

Interval of 20 Washing Cycles 

AA 0.00 0.00 0.00 0.00 

 BB 0.23 0.15 0.10 0.40 

 CC 0.00 0.00 0.00 0.00 
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Table 4.38a 

Tests of Within-Subjects Contrasts for Butan 1-01 Penetration of Experimental Clothing 

Materials 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.044 21.053 0.002 

Different_washes * material Linear 0.044 21.053 0.004 

 

Table 4.38 shows average values of Butan 1-01 penetration to measure chemical resistance of 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 0.00±0.00 at 0-wash, 0.00±0.00 at 5-wash, 0.00±0.00 at 10-wash, 0.00 

±0.00 at 15-wash and 0.00±0.00 at 20-wash.  The mean value of BB was recorded as 

0.00±0.00 at 0-wash, 0.00±0.00 at 5-wash, 0.20±0.10 at 10-wash, 0.20±0.10 at 15-wash and 

0.23±0.13 at 20-wash.  The mean value of CC was recorded 0.00±0.00 at 0-wash, 0.00±0.00 

at 5-wash, 0.00±0.00 at 10-wash, 0.00±0.00 at 15-wash and 0.00±0.00 at 20-wash.  Table 

4.38a presents an overall significant difference (p-value = 0.002) after washing intervals. It is 

very clear that AA and CC did not penetrate Butan 1-01  till 20th  washing cycle. Whereas, 

BB penetrated more from 10th till 20th cycle. There is also a statistically significant difference 

(p-value = 0.004) among these specimens. It can be interpreted that Experimental fabric AA 

and CC showed less penetration index as compared to BB.  
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Table 4.39 
 
Sulphuric acid Repellency of Experimental Clothing Materials at Different Washing 

Intervals. 

 
Repellency of Sulphuric acid 

Measured in Percentage 

Specimen Mean S.D Minimum Maximum 

Sulphuric acid Repellency at 

0-Wash  

AA 98.33 0.15 98.20 98.50 

 BB 98.10 0.10 97.80 98.10 

 CC 98.63 0.05 98.60 98.70 

Sulphuric acid Repellency at 

Interval of 5 Washing Cycles 

AA 98.20 0.30 97.90 98.50 

 BB 97.96 0.15 98.00 98.20 

 CC 98.60 0.30 98.30 98.90 

Sulphuric acid Repellency at 

Interval of 10 Washing 

Cycles 

AA 98.13 0.20 97.90 98.30 

 BB 97.83 0.05 97.80 97.90 

 CC 98.46 0.25 98.20 98.70 

Sulphuric acid Repellency at 

Interval of 15 Washing 

Cycles 

AA 98.10 0.20 97.90 98.30 

 BB 97.26 0.05 97.20 97.30 

 CC 98.36 0.11 98.30 98.50 

Sulphuric acid Repellency at 

Interval of 20 Washing 

Cycles 

AA 98.06 0.45 97.60 98.50 

 BB 96.66 0.25 96.40 96.90 

 CC 98.23 0.35 97.90 98.60 
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Table 4.39a 

Tests of Within-Subjects Contrasts for Sulphuric Acid Repellency of Experimental 

Clothing Materials 

 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.699 13.048 0.007 

Different_washes * material Linear 2.567 47.934 0.000 

 
 

Table 4.39 shows average values of Sulphuric acid repellency to measure chemical resistance 

of experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 98.33±0.15 at 0-wash, 98.20±0.30 at 5-wash, 98.13 ±0.20 at 10-wash, 

98.10±0.20 at 15-wash and 98.06±0.45 at 20-wash.  The mean value of BB was recorded as 

98.10±0.10 at 0-wash, 97.96±0.15 at 5-wash, 97.83±0.05 at 10-wash, 97.26±0.05 at 15-wash 

and 96.66±0.25 at 20-wash.  The mean value of CC was recorded 98.63±0.05 at 0-wash, 

98.60±0.30 at 5-wash, 98.46±0.25 at 10-wash, 98.36±0.11 at 15-wash and 98.23±0.35 at 20-

wash.  Table 4.39a depicts an overall significant difference (p-value = 0.007) after washing 

intervals. As BB shows significant effect from zero till 20th cycle. There is also a statistically 

significant difference (p-value = 0.000) among these specimens. It shows that repellency 

index is higher for CC followed by AA and BB. 
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Table 4.40 
 
Sodium Hydroxide Repellency of Experimental Clothing Materials at Different Washing 
Intervals. 
 
Repellency of Sodium 

hydroxide 

Measured in Percentage 

Specimen  Mean S.D Minimum Maximum 

Sodium hydroxide Repellency 

at 0-Wash  

AA 98.06 0.15 97.90 98.20 

 BB 97.76 0.15 97.60 97.90 

 CC 98.40 0.20 98.20 98.60 

Sodium hydroxide Repellency 

at Interval of 5 Washing 

Cycles 

AA 98.00 0.40 97.60 98.40 

 BB 97.66 0.25 97.40 97.90 

 CC 98.20 0.36 97.80 98.50 

Sodium hydroxide Repellency 

at Interval of 10 Washing 

Cycles 

AA 98.00 0.10 97.90 98.10 

 BB 97.23 0.30 96.90 97.50 

 CC 98.16 0.30 97.90 98.50 

Sodium hydroxide Repellency 

at Interval of 15 Washing 

Cycles 

AA 97.86 0.25 97.60 98.10 

 BB 96.76 0.23 96.50 96.90 

 CC 97.90 0.70 97.10 98.40 

Sodium hydroxide Repellency 

at Interval of 20 Washing 

Cycles 

AA 97.50 0.55 96.90 98.00 

 BB 96.50 0.40 96.10 96.90 

 CC 97.56 1.80 95.50 98.80 
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Table 4.40a 

Tests of Within-Subjects Contrasts for Sodium Hydroxide Repellency of Experimental 

Clothing Materials 

 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 1.282 5.287 0.047 

Different_washes * material Linear 1.600 6.596 0.042 

 

Table 4.40 shows average values of Sodium hydroxide repellency to measure chemical 

resistance of experimental clothing materials at various washing intervals. The mean value of 

specimen AA was recorded as 98.06±0.15 at 0-wash, 98.00±0.40 at 5-wash, 98.00±0.10 at 

10-wash, 97.86 ±0.25 at 15-wash and 97.05±0.55 at 20-wash.  The mean value of BB was 

recorded as 97.76±0.15 at 0-wash, 97.66±0.25 at 5-wash, 97.23±0.30 at 10-wash, 96.76±0.23 

at 15-wash and 96.50±0.40 at 20-wash.  The mean value of CC was recorded 98.40±0.20 at 

0-wash, 98.20±0.36 at 5-wash, 98.16±0.30 at 10-wash, 97.90±0.90 at 15-wash and at 

97.56±1.80 20-wash.  Table 4.40a presents an overall significant difference (p-value = 0.047) 

after various washing intervals. AA remained stable at 5th and 10th wash. BB showed slight 

difference from zero to 5th wash but significant difference from 5th to 20th cycle. CC exhibited 

less difference from zero to 20th washing cycle. There is also a statistically significant 

difference (p-value = 0.000) among these specimens. It can be found that repellency index 

was better for CC followed by AA and BB. 
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Table 4.41 

Xylene Repellency of Experimental Clothing Materials at Different Washing Intervals. 

 
Repellency of Xylene 

Measured in Percentage 

Specimen Mean S.D Minimum Maximum 

Xylene Repellency at 0-Wash  AA 95.73 0.15 95.60 95.90 

 BB 94.83 0.30 94.50 95.10 

 CC 95.76 0.15 95.60 95.90 

Xylene Repellency at Interval 

of 5 Washing Cycles 

AA 95.70 0.20 95.50 95.90 

 BB 94.76 0.05 94.70 94.80 

 CC 95.73 0.11 95.60 95.80 

Xylene Repellency at Interval 

of 10 Washing Cycles 

AA 95.66 0.05 95.60 95.70 

 BB 94.36 0.40 94.00 94.80 

 CC 95.63 0.25 95.40 95.90 

Xylene Repellency at Interval 

of 15 Washing Cycles 

AA 95.56 0.05 95.50 95.60 

 BB 93.86 0.05 93.80 93.90 

 CC 95.60 0.36 95.20 95.90 

Xylene Repellency at Interval 

of 20 Washing Cycles 

AA 95.30 0.20 95.10 95.50 

 BB 93.33 0.20 93.10 93.50 

 CC 95.40 0.43 95.10 95.90 

 
Table 4.41a 

Tests of Within-Subjects Contrasts for Xylene Repellency of Experimental Clothing 

Materials 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.996 24.771 0.001 

Different_washes * material Linear 2.916 72.497 0.000 
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Table 4.41 shows average values of Xylene repellency to measure chemical resistance of 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 95.73±0.15 at 0-wash, 95.70±0.20 at 5-wash, 95.66±0.05 at 10-wash, 

95.56 ±0.05 at 15-wash and 95.30±0.20 at 20-wash.  The mean value of BB was recorded as 

94.83±0.30 at 0-wash, 94.76±0.05 at 5-wash, 94.36±0.40 at 10-wash, 93.86±0.05 at 15-wash 

and 93.33±0.20 at 20-wash.  The mean value of CC was recorded 95.76±0.15 at 0-wash, 

95.73±0.11 at 5-wash, 95.63±0.25 at 10-wash, 95.60±0.36 at 15-wash and 95.40±0.43 at 20-

wash.  Table 4.41a depicts an overall significant difference (p-value = 0.001) after washing 

intervals. AA and CC remained insignificantly different from zero till 20th wash but BB 

showed significant difference at various intervals. A statistically significant difference (p-

value = 0.000) among these specimens shows that repellency index is better for CC and AA 

as compared to BB. 
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Table 4.42 
 
Butan 1-01  Repellency of Experimental Clothing Materials at Different Washing 

Intervals. 

 
Repellency of Butan 1-01   

Measured in Percentage 

Specimen Mean S.D Minimum Maximum 

Butan 1-01   Repellency at 0-

Wash  

AA 93.83 0.25 93.60 94.10 

 BB 93.33 0.05 93.30 93.40 

 CC 94.23 0.05 94.20 94.30 

Butan 1-01   Repellency at 

Interval of 5 Washing Cycles 

AA 93.76 0.05 93.70 93.80 

 BB 93.30 0.10 93.20 93.40 

 CC 94.20 0.10 94.10 94.30 

Butan 1-01   Repellency at 

Interval of 10 Washing Cycles 

AA 93.70 0.10 93.60 93.80 

 BB 93.00 0.10 92.90 93.10 

 CC 94.20 0.10 94.10 94.30 

Butan 1-01   Repellency at 

Interval of 15 Washing Cycles 

AA 93.63 0.28 93.30 93.80 

 BB 92.80 0.10 92.70 92.90 

 CC 94.20 0.30 93.90 94.50 

Butan 1-01   Repellency at 

Interval of 20 Washing Cycles 

AA 93.50 0.10 93.40 93.60 

 BB 92.56 0.20 92.40 92.80 

 CC 94.16 0.30 93.90 94.50 
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Table 4.42a 

Tests of Within-Subjects Contrasts for Butan 1-01 Repellency of Experimental Clothing 

Materials 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.300 5.627 0.042 

Different_washes * material Linear 0.803 15.052 0.008 

 

Table 4.42 shows average values of Butan 1-01 repellency to measure chemical resistance of 

experimental clothing materials at various washing intervals. The mean value of specimen 

AA was recorded as 93.83±0.25 at 0-wash, 93.76±0.05 at 5-wash, 93.70 ±0.10 at 10-wash, 

93.63±0.28 at 15-wash and 93.50±0.10 at 20-wash.  The mean value of BB was recorded as 

93.33±0.05 at 0-wash, 93.30±0.10 at 5-wash, 93.00±0.10 at 10-wash, 92.80±0.10 at 15-wash 

and 92.56±0.20 at 20-wash.  The mean value of CC was recorded 94.23±0.05 at 0-wash, 

94.20±0.10 at 5-wash, 94.20±0.10 at 10-wash, 94.20±0.30 at 15-wash and 94.16±0.30 at 20-

wash.  Table 4.42a presents an overall significant difference (p-value = 0.042) after washing 

intervals. There is also a statistically significant difference (p-value = 0.008) among these 

specimens. It shows that repellency index was better for CC followed by AA and BB. 
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Determination of Flame Resistance 
 
All the experimental fabrics were evaluated for their flame resistance by following Vertical 

Flame Test ASTM D 6413-99. After-flame time was recorded in seconds and the char length 

was measured in inches. All the samples were evaluated at 0, 5, 10, 15 and 20 laundering 

cycles.  

 
Table 4.43 
 
After flame Time of Experimental Clothing Materials at Different Washing Intervals. 
 
Flame Resistance (After 

Flame) Measured in Seconds 

Specimen Mean S.D Minimum Maximum 

After Flame at 0-Wash  AA 0.56 0.05 0.50 0.60 

 BB 0.83 0.11 0.70 0.90 

 CC 0.10 0.00 0.10 0.10 

After Flame at Interval of 5 

Washing Cycles 

AA 0.56 0.05 0.50 0.60 

 BB 0.83 0.11 0.70 0.90 

 CC 0.10 0.00 0.10 0.10 

After Flame at Interval of 10 

Washing Cycles 

AA 0.60 0.10 0.50 0.70 

 BB 0.83 0.20 0.60 1.00 

 CC 0.10 0.00 0.10 0.10 

After Flame at Interval of 15 

Washing Cycles 

AA 0.80 0.10 0.70 0.90 

 BB 1.26 0.15 1.10 1.40 

 CC 0.13 0.05 0.10 0.20 

After Flame at Interval of 20 

Washing Cycles 

AA 0.86 0.05 0.80 0.90 

 BB 1.26 0.15 1.10 1.40 

 CC 0.16 0.05 0.10 0.20 
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Table 4.43a 
 
Tests of Within-Subjects Contrasts for After Flame of Experimental Clothing Materials 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.097 4.660 0.060 

Different_washes * material Linear 0.529 25.324 0.002 

 

Table 4.43 shows average values of after flame to measure fire resistance of experimental 

clothing materials at various washing intervals. The mean value of specimen AA was 

recorded as 0.56±0.05 at 0-wash, 0.56±0.05 at 5-wash, 0.60±0.10 at 10-wash, 0.80 ±0.10 at 

15-wash and 0.86±0.05 at 20-wash.  The mean value of BB was recorded as 0.83±0.11 at 0-

wash, 0.83±0.11 at 5-wash, 0.83±0.20 at 10-wash, 1.26±0.15 at 15-wash and 1.26±0.15 at 20-

wash.  The mean value of CC was recorded 0.10±0.00 at 0-wash, 0.10±0.00 at 5-wash, 

0.10±0.00 at 10-wash, 0.13±0.05 at 15-wash and 0.16±0.05 at 20-wash.  Table 4.43a depicts 

an insignificant difference (p-value = 0.060) in all experimental fabrics after various washing 

intervals. These fabrics did not change their after-flame time with laundering. Whereas, there 

is a significant difference (p-value = 0.002) among these samples such as CC had the lowest 

after-flame time followed by AA and BB . 

 
 
  



204 
 

Table 4.44 
 
Char Length of Experimental Clothing Materials at Different Washing Intervals. 
 
 
Flame Resistance (Char 

Length) Measured in inches 

Specimen Mean S.D Minimum Maximum 

Char Length at 0-Wash  AA 0.50 0.10 0.40 0.60 

 BB 0.80 0.10 0.70 0.90 

 CC 0.13 0.05 0.10 0.20 

Char Length at Interval of 5 

Washing Cycles 

AA 0.50 0.10 0.40 0.60 

 BB 0.86 0.05 0.80 0.90 

 CC 0.16 0.05 0.10 0.20 

Char Length at Interval of 10 

Washing Cycles 

AA 0.53 0.15 0.40 0.70 

 BB 1.06 0.15 0.90 1.20 

 CC 0.16 0.05 0.10 0.20 

Char Length at Interval of 15 

Washing Cycles 

AA 0.56 0.15 0.40 0.70 

 BB 1.10 0.20 0.90 1.30 

 CC 0.20 0.10 0.10 0.30 

Char Length at Interval of 20 

Washing Cycles 

AA 0.63 0.25 0.40 0.90 

 BB 1.23 0.30 0.90 1.50 

 CC 0.20 0.10 0.10 0.30 

 

Table 4.44a 
Tests of Within-Subjects Contrasts for Char Length of Experimental Clothing Materials 

Source 

Different_ 

washes 

Mean  

Square 

F p-value 

Different_washes Linear 0.092 12.800 0.007 

Different_washes * material Linear 0.178 24.615 0.003 
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Table 4.44 shows average values of char length to measure fire resistance of experimental 

clothing materials at various washing intervals. The mean value of specimen AA was 

recorded as 0.50±0.10 at 0-wash, 0.50±0.10 at 5-wash, 0.53±0.15 at 10-wash, 0.56 ±0.15 at 

15-wash and 0.63±0.25 at 20-wash.  The mean value of BB was recorded as 0.80±0.10 at 0-

wash, 0.86±0.05 at 5-wash, 1.06±0.15 at 10-wash, 1.10±0.20 at 15-wash and 1.23±0.30 at 20-

wash.  The mean value of CC was recorded 0.13±0.05 at 0-wash, 0.16±0.05 at 5-wash, 

0.16±0.05 at 10-wash, 0.20±0.10 at 15-wash and 0.20±0.10 at 20-wash.  Table 4.44a depicts 

an overall significant difference (p-value = 0.007) in all experimental fabrics after various 

washing intervals. And, there is also a significant difference (p-value = 0.003) among these 

samples such as CC had the lowest char length followed by AA and BB . 
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4.3 Comparison of Existing and Experimental Clothing Materials 

A comprehensive comparison of existing and experimental clothing materials was 

made. Results of computer output are shown in the tabular form for each of the performance 

characteristic in a standard format to report the repeated measurement ANOVA results.  The 

source for within subjects contrasts include factor as different washes (indicating the extent to 

which these clothing materials vary after laundering) and for between subjects contrasts, the 

source include the clothing materials (indicating the variation between existing and 

experimental clothing materials). The error in the tables depicts a random variation between 

the clothing materials and the total variation. In the next column, sum of squares (SS) 

followed by degree of freedom (df) is shown. Mean square (MS) is calculated by dividing SS 

by df, which shows the variability within and between samples of clothing materials. F 

statistics is obtained, in the next column, by diving the factor MS by the error MS. It is 

followed by the p-value in the last column indicating the difference in each of the determined 

characteristic among all types of clothing materials. P-value ≤ 0.05 was considered as 

significant to test the hypothesis. 

 

Tensile Strength 

A statistical comparison of tensile strength in warp and weft directions of existing and 

experimental clothing materials was made.   
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Figure 4.1 Comparison of Tensile Strength in Warp Direction  
 
H1: There is a significant difference in tensile strength of existing and experimental 

clothing materials in warp direction at various washing intervals. 

 
Table 4.45 
 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Tensile Strength (Warp Direction) 

 

Source 

Different_ 

Washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 12481.837 1 12481.837 100.649 0.000 
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Table 4.45a 

 

Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Tensile Strength (Warp Direction) 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 227554736.375 1 227554736.375 1399.090 0.000 

Material 21944452.961 3 7314817.654 44.974 0.000 

Error 4228765.424 26 162644.824   

 
Figure 4.1 shows how experimental fabric‘s tensile strength compares with tensile strength of 

existing protective clothing materials. First dotted line displays the best performance of 

existing protective clothing material at a given washing cycle whereas second dotted line 

shows average of all 15 samples and third dotted line shows worst performance. Plot for 

experimental fabrics remains pretty consistent as number of washing cycles increase whereas 

plots for existing materials decrease.  

Table 4.45 shows a significant difference (p-value = .000) that existing materials have 

reduced their tensile strength when evaluated at different washing intervals. It is clearly 

evident that all three experimental fabrics out performed all 15 existing materials.  The reason 

in reduction of tensile strength of existing clothing materials was the poor quality of fibers 

used in making these fabrics, which made them unable to withstand laundering conditions. 

Moreover, with increased number of laundering cycles, the lint was removed from the upper 

surface of fabrics. This fact is also supported by Kishwar (2013) that laundering reduces the 

weight of the poor quality fabrics and make them weak in their strength . 

This illustration also shows that experimental clothing materials are stronger than 

existing materials. Moreover, they remain stable even with number of laundering intervals. It 

can be seen that the experimental fabric CC exhibited higher tensile strength as compared to 
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the other two. It was due to the inherent characteristics of aramid fiber. As explained by 

Jassal and Ghosh (2002) Aramid, polymers are arranged in crystalline form and this high 

crystallization that  leads to their excellent strength. Fabric AA also showed better results as 

aramid was used as single layer in this fabric. Fabric BB showed less strength as compared to 

the other two types but did not decrease its tensile strength after number of washing cycles. It 

was due to the use of effective lamination layer (finishing treatments) over the surface that 

helped to make it strong. This phenomenon was also supported by Ibrahim and Mahmoud 

(2013) that coated fabrics decrease the space between the yarns and make the fabric more 

compact which helps to increase their tensile strength. 

It was investigated by Hearle and Morton (2008) that longer fibers can be spun into 

stronger and finer yarns by following ring spinning. This fact is also elaborated by 

(Hosseinali, 2012) that strength of fiber is directly proportional to mechanical strength of the 

fabric. One possible reason for experimental fabrics to maintain their strength even after 

many washes is that the structure of yarn is arranged in such a manner that allows friction 

between component fibers. Moreover it is observed that an increase in the blend ratio of 

polyester content strengthens the yarn which results in better tensile strength of finished 

textile material and vice versa. 

The different interlacing patterns cause a change in contact area between the warp and 

filling yarns of a woven fabric. The high rate of contact friction offers high resistance against 

tensile load in the clothing materials (Malik et al., 2011) Therefore, all the experimental 

fabrics were manufactured by following plain weave pattern as it had high contact area 

between the warp and filling yarns as compared to other weaves. Ibrahim & Mahmoud 

(2013) explained that plain weave fabrics contained more intersections than twill and satin 

weaves so, this helped to decrease the yarn slippage and thus increased their tensile strength. 

It is observed that existing fabrics made with twill, satin and basket weave had less binding 
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effect due to increase in their float length. This can be one of the possible reason of their low 

tensile strength (Malik et al., 2011) 

 Table 4.45a represents a statistically significant difference (p-value = 0.000) between 

tensile strength of existing and experimental fabrics. Thus, an alternate hypothesis 1 ‗there is 

a significant difference in tensile strength of existing and experimental clothing materials in 

warp direction at various washing intervals‘ was accepted. 
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Figure 4.2 Comparison of Tensile Strength in Weft Direction  
 
H2: There is a significant difference in tensile strength of existing and experimental 

clothing materials in weft direction at various washing intervals. 

Table 4.46 

Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Tensile Strength (Weft Direction) 

 
 
 
 
 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

 

Different_washes 

 

Linear 12450.241 1 12450.241 253.865 0.000 
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Table 4.46a 
 

Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Tensile Strength (Weft Direction) 

 
Figure 4.2 shows a comparative analysis of existing and experimental clothing materials for 

their tensile strength in weft direction at different washing intervals. It clearly shows that 

existing materials have very low tensile strength as compared to all the new experimental 

materials. Table 4.46 represents a statistically significant difference (p-value = 0.000) in 

tensile strength of all existing specimens after laundering intervals. Because existing 

materials greatly lose their strength with the number of washing cycles and experimental 

fabrics remained stable in their strength over laundering cycles. Table 4.46a shows a 

significant difference (p-value = 0.000) between existing and experimental clothing materials. 

The possible reason was their better quality. Therefore, an alternate hypothesis 2 that ‗there is 

a significant difference in tensile strength of existing and experimental clothing materials in 

weft direction at various washing intervals‘ was accepted. 

Tensile characteristics of fabrics are varied in different directions as force is applied 

in these directions, it produces various results (Winnie, 2001). As a result thereof, the 

collected coveralls were evaluated in both warp and weft directions. It was seen that fabrics 

were stronger in their warp direction as compared to the weft direction. This fact was also 

observed by Bilisik and Yolacan (2011) that tensile elongation in the warp wise direction was 

much higher than weftwise direction of the woven fabrics due to the high ratio of crimp in the 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 163260914.696 1 1.633E8 1910.074 0.000 
Material 24547095.237 3 8182365.079 95.730 0.000 
Error 2222313.732 26 85473.605   
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warp direction. An increase in number of picks increases tensile strength in weft direction 

and vice versa  (Malik et al., 2011) 

 Immature fibers used in manufacturing of cotton usually generate more neps after 

washing and increase yarn hairiness. This is one possible reason that existing clothing 

materials performed poorly (Hu, 2008).  
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Abrasive Strength 

A statistical comparison of abrasion resistance of existing and experimental clothing 

materials is made through the determination of mass loss at various rubbing intervals.   

 

 
 
 
Figure 4.3 Comparison of Abrasive Strength at 5000 Rubbing Cycles  
 

H3: There is a significant difference in abrasive strength (5000, 15000, and 25000 

rubbing cycles) between existing and experimental clothing materials at various 

washing intervals. 
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Table 4.47 

Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Abrasive Strength at 5000 Rubbing Cycles  

Source 

Different_ 

washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

Different_washes Linear 5.073 1 5.073 8.929 0.008 

 
Table 4.47a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Abrasive Strength at 5000 Rubbing Cycles 

 

Figure 4.3 shows a comparative analysis of existing and experimental clothing materials for 

their abrasive strength at 5000 rubbing cycles with various washing intervals. It shows that 

even the best existing material performs poorly against all three experimental fabrics. Table 

4.47 denotes a statistically significant difference (p-value = 0.008) in abrasive strength with 

increasing number of washing cycles. Whereas, experimental fabrics remained stable in their 

strength over laundering cycles. Table 4.47a depicts a significant difference (p-value = 0.000) 

between existing and experimental clothing materials for their abrasive strength when 

measured for their mass loss at 5000 rubbing cycles. Therefore, alternate hypothesis 3 ‗there 

is a significant difference in abrasive strength (5000, 15000, and 25000 rubbing cycles)  

 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 188.896 1 188.896 10.217 0.005 
Material 859.388 3 286.463 15.495 0.000 
Error 351.270 19 18.488   
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between existing and experimental clothing materials at various washing intervals‘ was 

verified. 

The abrasion resistance of materials is largely dependent on the nature and type of 

fibers and yarns used in their manufacturing process. The low quality of fibers used in 

making existing clothing materials was not able to withstand the rubbing action. It is apparent 

that the abrasive strength of these materials decreased over launderings due to the poor 

quality of fibers. The thin areas in the fabrics were not able to bear the pressure imposed by 

abraders. The same was investigated in the study by Pant & Gupta (2010) that uneven yarns 

were low in their abrasion resistance due to their thick and thin areas. Kalaoglu et al. (2003) 

concluded that finer yarns have better resistance to abrasion as compared to coarser yarns. So, 

this was also another reason of low abrasion resistance of the existing coveralls. Another 

possible cause is that increased number of laundering cycles removed the lint over the surface 

of the fabrics and resulted in their mass loss. Moreover, inferior quality of finishing 

treatments applied on the surface of these fabrics degraded during washing procedures and 

was washed away from the surface thus reducing their abrasive strength.  

This figure also shows excellent abrasive strength of experimental fabrics. As it was 

observed that there was not a significant mass loss after rubbing cycles and even with number 

of washing cycles. Out of all three samples CC was the best, due to the inherent properties of 

aramid to resist high abrasion. As explained by Jassal and Ghosh (2002) aramid fibers are 

very good at their resistance against cuts and punctures, making it suitable for various items 

of protective clothing. 

Sample AA also performed well for its resistance against abrasion because it 

contained aramid as an outer layer that helped to protect the underneath layer as well. Sample 

BB did not reduce much mass after abrasive cycles. This was due to the fact that lamination  
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layer applied over its surface was so strong to help bear this damage and save the material 

underneath. Sular and Bulut (2011) investigated in their research paper that coating on fabrics 

helped to prevent mass loss in evaluating their abrasion resistance. It was studied that 10,000 

cycles of abrasion did not show any significant change in fabric mass and appearance 

whereas after 20,000 abrasion cycles a variation in appearance and brightness of coated 

fabrics was observed.  

The experimental fabrics were manufactured with plain weave, because it helps to 

resist abrasion more as compared to other weave structures. The reason was that yarns were 

closely locked with each other and were spread more evenly over the yarns in a fabric.  

Miranda (2011) also found that fabrics manufactured with plain weave showed the best 

abrasion resistance. It was also suggested that increasing number of interlacings as well as 

absence of floating yarns resulted in improved abrasion resistance. Whereas, floating yarns 

present in the fabrics made with twill or modified twill were more prone to abrasion. 
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Figure 4.4 Comparison of Abrasive Strength at 15000 Rubbing Cycles  
 
Table 4.48 
 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Abrasive Strength at 15000 Rubbing Cycles 

 
 
 
 
 
 
 
 
 
 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 17.733 1 17.733 17.500 0.000 
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Table 4.48a 
 

Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Abrasive Strength at 15000 Rubbing Cycles 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 554.064 1 554.064 29.082 0.000 
Material 2531.326 3 843.775 44.289 0.000 
Error 381.031 20 19.052   
 
Figure 4.4 shows a comparative analysis of existing and experimental clothing materials for 

their abrasive strength at 15000 rubbing cycles with various washing intervals. This is also 

apparent from Table 4.48 that shows a significant difference in mass loss after number of 

washing cycles. Hence, the alternate hypothesis was accepted. It shows that existing materials 

have high rate of mass loss even at zero wash and the condition became worse with 

laundering cycles. Whereas, experimental fabrics showed very little mass loss and out of 

them sample CC manifested excellent results in their abrasive strength over laundering 

cycles.  Table 4.48a clarifies a significant difference (p-value = 0.000) between existing and 

experimental clothing materials for their abrasive strength when evaluated their mass loss at 

15000 rubbing cycles. It accepts an alternate hypothesis 3. 
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Figure 4.5 Comparison of Abrasive Strength at 25000 Rubbing Cycles  
 
Table 4.49 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Abrasive Strength at 25000 Rubbing Cycles 

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 18.975 1 18.975 13.072 0.002 
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Table 4.49a 
 

Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Abrasive Strength at 25000 Rubbing Cycles 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 867.510 1 867.510 54.126 0.000 
Material 4090.350 3 1363.450 85.069 0.000 
Error 320.551 20 16.028   
 

Figure 4.5 shows a comparative analysis of existing and experimental clothing materials for 

their abrasive strength at 25000 rubbing cycles with various washing intervals. It shows that 

existing materials were poor in their abrasive strength as compared to the experimental 

materials. Table 4.49 shows a significant difference (p-value = 0.002) in mass loss of existing 

fabrics after number of washing cycles.  

It is clearly seen that the abrasive strength of experimental fabrics was excellent.. As 

it was observed that there was not a significant mass loss even after 25000 rubbing cycles and 

even after number of washing cycles. Out of all three samples, CC fabric was the best. Table 

4.49a also depicts a significant difference (p-value = 0.000) between existing and 

experimental clothing materials for their abrasive strength when evaluated for their mass loss 

at 25000 rubbing cycles. Thus, alternate hypothesis 3 was accepted. 
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Determination of Water Resistance (Drop Test) 

A comparison of existing and experimental clothing materials for drop test. 

 
 
Figure 4.6 Comparison of Water Resistance through Drop Test 
 
H4: There is a significant difference in water resistance between existing and 

experimental clothing materials at various washing intervals. 

Table 4.50 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Drop Test 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

Different_washes Linear 1036.041 1 1036.041 6.191 0.020 
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Table 4.50a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Drop Test 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 289593.447 1 289593.447 520.839 0.000 
Material 70957.635 3 23652.545 42.539 0.000 
Error 14456.358 26 556.014   
 

Figure 4.6 shows a comparative analysis of existing and experimental clothing materials for 

their water resistance through drop test at various washing intervals. It depicts that existing 

materials did not resist water completely even at the zero wash, as the time of spreading a  

water drop was less than 60 seconds. They were also unable to resist water even for few 

seconds in the 20th washing cycle. Table 4.50 shows a significant difference (p-value = 0.020) 

in water resistance of clothing materials after washing intervals.  

The literature shows that water resistance and repellent finishes should be applied in 

order to make fabrics effective for this purpose, with the observation that no finishing 

treatment was applied on the surface of the fabrics to resist water and fluids. This is a very 

undesirable characteristic of protective clothing. It also creates discomfort for the wearer and 

restricts him during the work. These fabrics had resisted water for more than 40 seconds prior 

to laundering. But afterwards, the finishing treatments applied on these materials were broken 

and removed due to their inferior quality with further laundering.  

 Table 4.50a shows a significant difference (p-value = 0.000) in water 

resistance of experimental and existing clothing materials. Therefore, an alternate hypothesis 

4 was accepted. It is clearly seen that all the experimental fabrics have excellent resistance  
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against water even with a number of laundering cycles. The possible reason behind was the 

use of lamination (finishing treatments) that helped to serve as a protective layer. Holms 

(2000) also suggested that micropourous films or coatings are helpful in making breathable or 

water replellent fabrics. 

According to Whelan et al. (1955) a positive relationship exists between thickness of 

fabrics and their resistance to water and vapour transmission. When thickness of fabrics is 

increased, their resistance to water also increases.  The finishing treatments applied on the 

surface of fabrics also added to their thickness. This fact that weight and thickness of fabrics have a 

strong relationship with their rate of moisture transmission is also supported by Fanglong et al. (2007). It is due to the 

reason that with increased fabric mass and thickness, spaces among the fibers are decreased and thus rate of water 

transmission also decreases. 

Structure of the fiber is another important factor to be considered while studying 

water resistance of fabrics. For instance, hydrophobic nature of polyester fiber makes it non-

polar. Therefore it repels water. Since existing fabrics were constructed with low yarn count,  

they were more prone to yarn hairiness. Yarn hairiness produces an irregular yarn structure. 

This problem is aggravated with increasing number of washings as more irregularity leads to 

large spaces. Thus fabric becomes less compact (Leonas,1998). Similarly, number of twists in 

yarns also affects water absorbency. Less number of twists yields poor results as it also 

makes fabric less compact (Hu, 2008). Compact yarns are more powerful as compared to 

loose yarns. It is hard for fibers to escape from a tightly woven fabric therefore fabric retains 

it mass. There are no holes in a tightly woven fabric thus it resists pressure of the exerting 

forces (Kovar, 2010). 
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Water Resistance (Wicking Test) 

A statistical comparison of existing and experimental clothing materials is made for their 

wicking behavior at various intervals in their warp and weft directions. 

 
 
Figure 4.7 Comparison of Wicking Test in Warp Direction at 1 Minute 
H5: There is a significant difference in wicking behavior (in warp direction) of existing 

and experimental clothing materials at various washing intervals. 

Table 4.51 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Wicking Test (Warp) at 1 Minute 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

Different_washes Linear 24.261 1 24.261 48.711 0.000 
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Table 4.51a 
 

Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Wicking Test (Warp) at 1 Minute 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 266.209 1 266.209 34.526 0.000 
Material 1155.285 3 385.095 49.944 0.000 
Error 154.210 20 7.711   
 
Figure 4.7 shows a comparative analysis of existing and experimental clothing materials for 

their wicking test in warp direction at various washing intervals. It depicts that water 

travelled very quickly in existing materials and this rate was increased greatly over number of 

launderings. Experimental fabrics showed an insignificant effect over washing cycles. Table 

4.51 shows the p-value as 0.000 that means there is a significant difference in wicking action 

of existing materials. Table 4.51a indicates a p-value as 0.000 Therefore, an alternate 

hypothesis 5 was accepted that there is a significant difference between existing and 

experimental clothing materials for their wicking behaviour. There was no finishing treatment 

applied on to the surface of existing fabrics,that why water travelled quickly and wets the 

fabric which can creates discomfort for the wearer.   
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Figure 4.8 Comparison of Wicking Test in Warp Direction at 5 Minutes 
 
 
Table 4.52 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Wicking Test (Warp) at 5 Minutes 

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

Different_washes Linear 63.538 1 63.538 40.833 0.000 
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Table 4.52a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Wicking Test (Warp) at 5 Minutes 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 642.550 1 642.550 67.332 0.000 
Material 2910.319 3 970.106 101.657 0.000 
Error 190.859 20 9.543   
 
Figure 4.8 shows a comparative analysis of existing and experimental clothing materials for 

their wicking test in warp direction at 5 minutes with various washing intervals. It explains 

that water travelled very quickly in existing materials and even completely wet the fabrics at 

20th washing cycles. Table 4.52 shows p-value = 0.000 that describes a significant difference 

in their wicking after washing. Experimental fabrics showed insignificant effect over 

launderings, Table 4.52a it also explains that there is a significant difference (p-value = 

0.000) between wicking action of existing and experimental clothing materials. Thus 

hypothesis 5 is accepted.  
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Figure 4.9 Comparison of Wicking Test in Warp Direction at 10 Minutes 
 
 
Table 4.53 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Wicking Test (Warp) at 10 Minutes 

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

Different_washes Linear 77.868 1 77.868 12.861 0.002 
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Table 4.53a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Wicking Test (Warp) at 10 Minutes 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 1026.565 1 1026.565 68.415 0.000 
Material 4571.101 3 1523.700 101.546 0.000 
Error 300.101 20 15.005   
 

Figure 4.9 shows a comparative analysis of existing and experimental clothing materials for 

their wicking test in warp direction at 10 minutes with various washing intervals. It shows 

significant increase in existing materials after laundering cycles. This is also apparent from 

the Table 4.53 which depicts p-value as 0.002. 

Literature shows that different fibers exhibit different effects on water or moisture and 

transmission capabilities of fabrics. Low resistance against moisture in the form of water and 

vapours was seen in the hygroscopic fabrics. Because when the capacity of fibers to absorb 

moisture decreases, it led the increase of water transfer in fibers (Guo,2003). Nature of fiber 

has a significant effect on the vapour transmission of fabrics as the moisture in the form of 

vapours is well absorbed by the fibers and transported through them which finally desorb to 

the surrounding environment (Tortora & Collier, 1997).  

Table 4.53a shows a significant difference (p-value = 0.000) between existing and 

experimental fabrics in their wicking action after interval of 10 minutes. Therefore, an 

alternate hypothesis 5 was accepted. It was observed that wicking rate of all the existing 

fabrics increased with the increase in time. Moreover, wicking reading also increased after 

various washing intervals. It was due to this reason that these materials were reduced in their 
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thickness during the washing procedures due to the rubbing. Thus reduction in thickness 

caused increased flow of water in upward direction.  

It was observed that increase in wicking rates of all experimental fabrics was 

statistically insignificant. It was due to the lamination or finishing layers applied on their 

surface.  This was also supported by Li (2011) that coated fabrics had lower rate of wicking 

action as compared to the uncoated materials. Therefore, these are safe for use by industrial 

workers and do not create discomfort for them by wetting their skin with transfer of liquid 

from fabric surface to the skin. 
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Figure 4.10 Comparison of Wicking Test in Weft Direction at 1 Minute 
 
 

H6: There is a significant difference in wicking behavior (in weft direction) of existing 

and experimental clothing materials at various washing intervals.  

 
Table 4.54 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Wicking Test (Weft) at 1 Minute 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

Different_washes Linear 24.341 1 24.341 41.577 0.000 
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Table 4.54a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Wicking Test (Weft) at 1 Minute 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 244.442 1 244.442 36.516 0.000 
Material 1090.433 3 363.478 54.298 0.000 
Error 133.883 20 6.694   
 

Figure 4.10 shows a comparative analysis of existing and experimental clothing materials for 

their wicking test in weft direction at 1 minute with various washing intervals. Table 4.54 

also explains the same phenomenon with p-value 0.000 that these materials have a significant 

increase in the wetting of specimen from zero to 20th wash. It shows that water travelled very 

quickly in existing clothing materials and experimental fabrics did not wet much even at 20th 

wash. This is also apparent from Table 4.54a that there is a significant difference (p-value = 

0.000) between wicking behavior of existing and experimental clothing materials. Therefore, 

an alternate hypothesis 6 was accepted. 
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Figure 4.11 Comparison of Wicking Test in Weft Direction at 5 Minutes 
 
 
Table 4.55 
 

Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Wicking Test (Weft) at 5 Minutes 

Source 

Different_ 

Washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

Different_washes Linear 56.888 1 56.888 28.695 0.000 
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Table 4.55a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for  
 
Wicking Test (Weft) at 5 Minutes 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 575.468 1 575.468 72.532 0.000 
Material 2672.610 3 890.870 112.286 0.000 
Error 158.679 20 7.934   
 
Figure 4.11 shows a comparative analysis of existing and experimental clothing materials for 

their wicking test in weft direction at 5 minutes with various washing intervals. It shows that 

water rapidly seeped into the existing materials and this is also testified in Table 4.55 that 

shows a significant difference (p-value 0.000). The experimental fabrics did not wet much at 

10th wash but slight wetting occurred at 15th and 20th wash. Table 4.55a shows a significant 

difference (p-value = 0.000) between wicking behavior of existing and experimental clothing 

materials. Therefore, hypothesis 6 was accepted for wicking behavior at 5 minutes. 
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Figure 4.12 Comparison of Wicking Test in Weft Direction at 10 Minutes 
 
 
Table 4.56 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Wicking Test (Weft) at 10 Minutes 

 
 
 
 
 
 
 
 
 

Source 

Different_ 

Washes 

Type III Sum 

of Squares 

Df Mean  

Square 

F p-value 

Different_washes Linear 73.395 1 73.395 18.785 0.000 
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Table 4.56a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Wicking Test (Weft) at 10 Minutes 

 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 931.569 1 931.569 57.454 0.000 
Material 4258.243 3 1419.414 87.541 0.000 
Error 324.286 20 16.214   
 

Figure 4.12 shows a comparative analysis of existing and experimental clothing materials for 

their wicking test in weft direction at 10 minutes with various washing intervals. It shows that 

water seeped into the existing materials. It is also observed in Table 4.56 that a significant 

difference (p-value = 0.000) is observed in existing materials after various washing intervals. 

All experimental fabrics did not elicit statistically significant wetting even with a large 

number of washings.  

Cotton belongs to the natural category of fibers, which is hydrophilic in nature that 

means it has the ability to readily absorb water and retain it (Kadolph, 2007). Wetting makes 

the cotton fiber to swell and cause a change in its capillary space (Das et al., 2009) So, it 

causes the poor wick ability of cotton fabrics unless or until they are given some finishing 

treatment. Whereas, Polyester and other synthetic fabrics are hydrophobic in nature that 

offers greater wick ability than natural fabrics (Kadolph, 2007).  In most of the cases, 

polyester is often treated with hydrophilic finishes in order to improve moisture transport 

behavior of fabrics (Lee, 2014).  

It can also be clearly observed that wick ability of most of the specimens was more in 

warp direction as compared to the weft direction. The possible reason was the easy water 
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transfer in warp direction than in weft direction. This phenomenon was also supported by 

Kandi et a; (2013) that warp direction had better and enhanced capillary action as compared 

to weft direction. 

As far as the chemical protective clothing is concerned, the vapours of volatile 

chemical, if reach the skin can cause serious damages such as skin irritation or even burn 

injuries etc. Therefore, it can be observed that existing materials were not appropriate to be 

used by chemical workers. Table 4.56a depicts a statistically significant difference (p-value 

0.000) between existing and experimental clothing materials for their wicking action. Thus, 

hypothesis 6 ‗there is a significant difference in water resistance between existing and 

experimental clothing materials at various washing intervals‘ was accepted. 
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Chemical Resistance 

A statistical comparison of existing and experimental clothing materials is made on the basis 

of their penetration and repellency index of chemicals. 

 

 
 
 
Figure 4.13 Comparison of Sulphuric Acid Penetration  
 
H7: There is a significant difference in chemical penetration (Sulphuric acid, Sodium 

Hydroxide, Xylene and Butan1-01) between existing and experimental clothing 

materials at various washing intervals. 
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Table 4.57 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Sulphuric Acid Penetration 

 
 
Table 4.57a 

Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Sulphuric Acid Penetration 

 

Figure 4.13 shows a comparative study of existing and experimental clothing materials for 

their penetration with sulfuric acid at various washing intervals. It shows that sulfuric acid  

almost completely penetrated through existing materials. Whereas experimental materials did 

not let sulfuric acid penetrate through them even after number of washing cycles. Table 4.57 

shows a significant difference (p-value = 0.015) in penetration index of clothing materials. It 

is noted that more sulphuric acid penetrated through existing fabrics with increasing number 

of washing cycles. Penetration of sulphuric acid in existing clothing materials was directly 

proportionate to the number of washing cycles while on the other hand, penetration of 

sulphuric acid in experimental materials remained stable throughout the washing cycles. 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 2009.157 1 2009.157 7.097 0.015 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 23319.202 1 23319.202 22.736 0.000 
Material 138473.500 3 46157.833 45.003 0.000 
Error 20513.086 20 1025.654   
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Table 4.57a depicts a significant difference between (p-value 0.000) for both types of 

materials against their chemical penetration.  
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Figure 4.14 Comparison of Sodium hydroxide Penetration  
 
 
Table 4.58 
 

Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Sodium Hydroxide Penetration 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 1885.408 1 1885.408 6.685 0.018 
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Table 4.58a 
 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Sodium Hydroxide Penetration 

 
Figure 4.14 shows a comparative analysis of existing and experimental clothing materials for 

their penetration with sodium hydroxide at various washing intervals. It shows that Sodium 

hydroxide was almost completely absorbed by existing materials. Whereas, it did not 

experimental materials as number of washings increase. Table 4.58 depicts a significant 

increase (p-value = 0.018) in penetration of existing materials with increasing number of 

washing cycles. Table 4.58a presents a significant difference (p-value = 0.000) in penetration 

of existing and experimental clothing materials.  

  

Source 

Type III Sum of 

Squares 

Df Mean  

Square 

F p-value 

Intercept 24110.471 1 24110.471 24.305 0.000 
Material 143375.254 3 47791.751 48.178 0.000 
Error 19839.690 20 991.984   
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Figure 4.15 Comparison of Xylene Penetration 
 

Table 4.59 

Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Xylene Penetration 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 1746.603 1 1746.603 6.450 0.020 
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Table 4.59a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Xylene Penetration 

 
Figure 4.15 shows a comparative analysis of existing and experimental clothing materials for 

their penetration with xylene at various washing intervals. It shows that Xylene was almost 

completely penetrated by existing materials at 20th wash. Whereas, experimental materials 

did not let penetrate xylene through them even at 20th wash. This is also apparent from Table 

4.59 where p-value 0.020 suggests a significant difference after number of washing intervals 

for the existing materials. Table 4.59a shows a significant difference (p-value = 0.000) in 

penetration behavior of existing and experimental fabrics. 

  

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 25304.675 1 25304.675 27.540 0.000 
Material 150655.093 3 50218.364 54.654 0.000 
Error 18376.985 20 918.849   
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Figure 4.16 Comparison of Butan 1-01  Penetration 
 
 
Table 4.60 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Butan 1-01  Penetration 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 1580.802 1 1580.802 5.886 0.025 
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Table 4.60a 
 
 

Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Butan 1-01  Penetration 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 26680.299 1 26680.299 32.023 0.000 
Material 159366.039 3 53122.013 63.760 0.000 
Error 16663.069 20 833.153   
 
 

Figure 4.16 shows a comparative analysis of existing and experimental clothing materials for 

their penetration with Butan 1-01 at various washing intervals. It shows that Butan 1-01  was 

almost completely penetrated by existing materials at 20th wash. Table 4.60 depicts that there 

is a significant difference (p-value 0.025) in penetration level of existing materials after 

number of washing intervals and experimental fabrics remained almost stable from zero to 

20th wash. 

Table 4.60a shows a significant difference (p-value 0.000) in penetrative behavior of 

existing and experimental clothing materials. Thus alternate hypothesis ‗there is a significant 

difference in chemical penetration (Sulphuric acid, Sodium Hydroxide, Xylene and Butan1-

01) between existing and experimental clothing materials at various washing intervals was 

accepted.  

The test procedure dictated that minimum performance level No 2 for (<5 penetration 

index) at least one of the tested liquid chemicals was required for passing the test. The 

Existing materials failed to pass the required criteria, as their penetration index was more 

than 5 which makes them unsafe for the wearer. One possible reason is that they were not 

treated with any chemical resistant finish. George and Thomas (2001) studied how type of 
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polymer affects the permeation characteristics. It was observed that all existing fabrics tested 

in this phase were not suitable to resist chemicals‘ penetration. 

Results also illustrates that experimental fabrics are very good at their chemical 

resistance. These fabrics passed the performance level No 3 for penetration index even after 

20 washing cycles. Sample AA and CC performed better due to the inherent characteristics of 

aramid fibers. Whereas, the sample BB also exhibited better results, acceptable for protective 

clothing to be used by chemical workers, as it was coated with an efficient chemical resistant. 

It is also observed in other studies that multilayered fabrics are better able to provide 

protection against toxic liquid chemicals because it takes longer for liquid chemicals 

permeate and penetrate through thick fabrics as compared to thin fabric. (Krzeminskaa & 

Rzymski, 2013; EHS, 2008; Kirsteins, 1991) 
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Figure 4.17 Comparison of Sulfuric Acid Repellency  
 

H8: There is a significant difference in chemical repellency (Sulphuric acid, Sodium 

Hydroxide, Xylene and Butan1-01) between existing and experimental clothing 

materials at various washing intervals. 

 
 
Table 4.61 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Sulphuric Acid Repellency 

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 1969.825 1 1969.825 6.943 0.016 
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Table 4.61a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Sulphuric Acid Repellency 

 
 
Figure 4.17 shows a comparative analysis of existing and experimental clothing materials for 

their repellency against sulfuric acid at various washing intervals. It shows that existing 

materials were not able to repel sulfuric acid even at zero wash and the condition became 

worse at 20th wash. Table 4.61also shows a significant difference (p-value = 0.016) in 

repellency of these materials as number of washing cycles increase. Porosity of the fiber is an 

important structural property that affects the performance of clothing materials against liquids 

/ fluids. Open pores in the structure allow liquid to pass through. Therefore high porosity 

results in higher penetration and lower repellency. Structures made with open weave become 

more loose with increasing number of laundering cycles and let the water, fluid, or small 

particles to permeate through the materials more readily (Leonas,1998).  

Whereas experimental materials were able to repel sulfuric acid even at 20th wash. Table 

4.61a presents a significant difference (p-value = 0.000) between existing and experimental 

clothing materials for their repellency behavior against sulfuric acid.  

  

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 482944.502 1 482944.502 484.184 0.000 
Material 142895.891 3 47631.964 47.754 0.000 
Error 19948.813 20 997.441   
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Figure 4.18 Comparison of Sodium Hydroxide Repellency  
 
 
Table 4.62 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Sodium Hydroxide Repellency 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 1819.519 1 1819.519 6.518 0.019 
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Table 4.62a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Sodium Hydroxide Repellency 

 

Figure 4.18 shows a comparative analysis of existing and experimental clothing materials for 

their repellency against sodium hydroxide  at various washing intervals. It shows that existing 

materials were unable to resist sodium hydroxide even at zero wash and the condition became 

worse at 20th wash. This is also apparent in Table 4.62 as it suggests there is a significant 

decrease (p-value = 0.019) in repellency behavior of existing materials with increasing 

number of washing intervals. All experimental materials were able to repel the chemical even 

at 20th wash. Table 4.62a shows a significant difference (p-value = 0.000) between existing 

and experimental clothing materials. 

  

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 476299.161 1 476299.161 512.103 0.000 

Material 146060.186 3 48686.729 52.347 0.000 

Error 18601.677 20 930.084   
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Figure 4.19 Comparison of Xylene Repellency  
 
 
Table 4.63 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Xylene Repellency 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 1728.225 1 1728.225 6.323 0.021 
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Table 4.63a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Xylene Repellency 

Source 

Type III Sum of 

Squares 

Df Mean  

Square 

F p-value 

Intercept 449252.822 1 449252.822 526.219 0.000 
Material 141889.400 3 47296.467 55.399 0.000 
Error 17074.763 20 853.738   
Figure 4.19 shows a comparative analysis of existing and experimental clothing materials for 

their repellency against Xylene at various washing intervals. It also shows that existing 

materials were unable to repel xylene even at zero wash and their condition became worse at 

20th  wash. Whereas, experimental materials were able to repel xylene even at 20th wash. The 

Table 4.63 also shows a significant difference (p-value = 0.021) in existing materials for their 

chemical repellency as number of washing intervals increase. Table 4.63a shows a significant 

difference (p-value = 0.000) between repellency behavior of existing and experimental 

fabrics. 
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Figure 4.20 Comparison of  Butan 1-01 Repellency  
 
 
Table 4.64 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Butan 1-01 Repellency 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 1490.738 1 1490.738 5.646 0.028 
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Table 4.64a 
 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Butan 1-01 Repellency 

 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 431006.384 1 431006.384 554.789 0.000 
Material 142934.404 3 47644.801 61.328 0.000 
Error 15537.661 20 776.883   
 
Figure 4.20 shows a comparative analysis of existing and experimental clothing materials for 

their repellency against Butan 1-01 at various washing intervals. Results of this test follow a 

pattern similar to previous chemical repellency tests. It shows that existing materials were 

unable to repel Butan 1-01 even at zero wash and their condition became worse at 20th  wash. 

Whereas experimental materials were able to repel, Butan 1-01 even at 20th wash. Table 4.64 

shows a significant decrease (p-value = 0.028) in repellency of existing fabrics with 

increasing number of washing cycles.  

Table 4.64a shows a significant difference (p-value = 0.000) between existing and 

experimental fabrics for their repellency behavior against Butan 1-01. Therefore hypothesis 8 

‗there is a significant difference in chemical resistance (Sulphuric acid, Sodium Hydroxide, 

Xylene and Butan1-01) between existing and experimental clothing materials at various 

washing intervals‘ was verified.  

The test procedure suggested that performance level No 3 for (95% repellency index) 

at least one of the tested liquid chemicals was required. However all the existing clothing 

materials showed no protection as their repellency index was less than 95%. Drop in 

repellency index with increasing laundering cycles clearly show that the performance of 

existing materials was heavily affected by washings.  Therefore these fabrics were not able to 
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provide resistance against such hazardous liquid chemicals. It is clearly observed that most of 

the fabrics were not treated with any chemical resistant finish. Low quality of yarns which 

were not able to absorb treatment is one possible reason for these poor results. Another 

reason was inability of the treatment solution to permeate into the fiber structure.  

Yarn twist is an important parameter in identifying the behavioral pattern of textile 

composites. Besides the fact that high twist increases the strength of a fiber, it makes the 

fabric more compact, thus making it difficult for liquids to penetrate through the fabric 

structure (Kovar, 2010).  

The experimental fabrics were very good at their chemical resistance. Sample AA 

passed the performance level No 3 for three out of four tested liquid chemicals from zero till 

20 washing cycles. Sample BB passed this level for two types of liquid chemicals till 20 

washing cycles and sample CC also passed this level for three liquid chemicals. The reason 

being the inherent characteristics of aramid fiber in the sample AA and CC to resist 

chemicals to some extent. Whereas, the sample BB also showed better results that were 

acceptable for protective clothing to be used by chemical workers. A laminated coating of 

chemical resistant made the fabrics very efficient. It is also suggested by Laamanen and 

Meinander (1996) that coated fabrics have good repellency against chemicals and can be used 

in making protective ensembles for employees involved in dealing with chemicals. 
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Flame Resistance 

A statistical comparison of existing and experimental clothing materials is made based on 

their after-flame time and char length. 

 
 
Figure 4.21 Comparison of After Flame Time for Fire Resistance 
 
H9: There is a significant difference in after-flame time of existing and experimental 

clothing materials at various washing intervals. 
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Table 4.65 
 
Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

After-Flame Time 

 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 299.796 1 299.796 4.467 0.047 
 
 
Table 4.65a 
 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

After-Flame Time 

 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 7603.001 1 7603.001 31.742 0.000 
Material 40330.151 3 13443.384 56.126 0.000 
Error 4790.436 20 239.522   
 
Figure 4.21 shows a comparative analysis of existing and experimental clothing materials for 

their after-flame time in order to evaluate their fire resistant behavior at different washing 

intervals. It shows that existing materials had high after-flame time. Table 4.65 shows a 

significant increase (p-value = 0.47) in after-flame time of existing materials whereas, 

experimental fabrics did not show much difference from zero till 20th wash cycle. Table 4.65a 

shows a statistical difference (p-value = 0.000) between after-flame time of existing and 

experimental clothing materials. Thus, hypothesis 9 ‗there is a significant difference in after-

flame time of existing and experimental clothing materials at various washing intervals‘ was 

accepted.  
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The test procedure suggested that after-flame time must not be more than 2 seconds. It 

was clearly observed that all the existing coveralls depicted no protection at all against fire as 

their after -flame time was greater than 2 seconds and this became worse as number of 

laundering cycles increased. It was mainly due to lack of fire resistant treatment on these  

fabrics. The nature and kind of the fiber is also an important criterion. Fibers with protruding 

ends ignite easily upon  their exposure to fire on fabric surface (Taylor, 1990). Loosely 

woven structures ignite easily as compared to closely woven ones because they have large 

surface area exposed to more oxygen (Guo, 2003).  

 

The nature and kind of the fiber is also an important criterion in such cases. Sellers & 

Carr (2007) explained that cotton and fabrics blended with cotton and polyester were ignited 

within few seconds continued burning till the whole specimen was consumed.  Polyester 

fabrics melt and burn in absence of appropriate finish. 

 

Therefore, all the experimental fabrics had after-flame time which was less than 2 

seconds even after 20th wash. Type of fiber and finish selected for experimental fabrics 

produced these good results. According to NPCS (2000) repeated washings and tumble 

drying of specimens did not show significant difference in the durability of fire resistance 

finishes.  

Nature of fiber based on its chemical composition defines how it behaves when 

exposed to different materials. For instance, when Aramid fiber is exposed to fire, it swells up 

and becomes thicker, making it more fire resistant (Stellman, 2011). Whereas thermoplastic 

fibers shrink and curl when exposed to flames thus fail to resist fire (Bankar & Dudagi, 

2010). It has been observed that cotton fibers when used without flame retardants performed 

poorly  against fire. A blend of inherently flame retardant fiber can be a good solution in such 
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cases. Most of the protective clothing being manufactured these days follows this principle 

(Bourbigot & Duquesne, 2007; Guo, 2003; Bajaj, 2000). 
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Figure 4.22 Comparison of Char Length for Fire Resistance 
 
H10: There is a significant difference in char length of existing and experimental 

clothing materials at various washing intervals. 

 

Table 4.66 

Tests of Within-Subjects Contrast of Existing and Experimental Clothing Materials for 

Char Length 

Source 

Different_ 

washes 

Type III Sum 

of Squares 

df Mean  

Square 

F p-value 

Different_washes Linear 9.350 1 9.350 2.782 0.111 
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Table 4.66a 
 
Tests of Between-Subjects Effects of Existing and Experimental Clothing Materials for 

Char Length 

Source 

Type III Sum of 

Squares 

df Mean  

Square 

F p-value 

Intercept 750.343 1 750.343 252.820 0.000 
Material 3012.832 3 1004.277 338.381 0.000 
Error 59.358 20 2.968   
 
Figure 4.22 shows a comparative study of existing and experimental clothing materials for 

their char length in order to evaluate their fire resistance behavior at different washing 

intervals. Table 4.66 shows an insignificant difference (p-value = 0.111) in char length of 

fabrics. That means existing materials showed greater char length even at zero wash and 

continued till 20th wash. Whereas, experimental fabrics displayed less char length from zero 

till 20th washing cycle.  The test procedure suggested that char length of the specimen should 

not be more than 4 inches. It was clearly observed that all the existing clothing materials 

showed no protection at all against fire as their char length was much more than 4 inches, as 

some of them were almost completely burnt at 10th, 15th and 20th wash . The reason was very 

obvious that most of these fabrics were not treated with any fire resistant finish. That is why 

these materials showed melting and dripping. Whereas few of the samples were treated with 

ineffective or poor finish that broke out soon. It also led to melting and dripping. Makinen 

and Mustonen (2004) also found that when outer layer of flame retardant material breaks out, 

it exposes the layer underneath to ignition. In case where synthetic material is used it leads to 

melting or dripping causing disastrous effects. One possible reason for better performance of 

experimental fabrics is the application of fire-retardant finishes. These finishes chemically 

modify the fabric structure and make it less flammable (Taylor, 1991).  
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Table 4.66a represents a significant difference (p-value = 0.000) between char length 

of existing and experimental fabrics. Therefore, hypothesis 10 ‗there is a significant 

difference in char length of existing and experimental clothing materials at various washing 

intervals‘ was accepted.  

All three experimental fabrics showed excellent resistance against fire as their char 

length was less than four inches. It was due to this reason that fabric AA contained a layer of 

aramid fiber which is inherently a flame retardant material.  King et al. (1988) also found out 

that one layer of aramid when combined with another layer of flame retardant cotton fabric, is 

very effective in terms of providing protection. Sample CC was made of 100 % aramid fiber.  

Sellers and Carr (2007) investigated that aramid did not help burning process. Sample BB 

was treated with flame retardant finish in order to make it flame resistant. House and Squire 

(2004) found that used clothing items showed better protection for flame resistant finish due 

to the physical changes that occurred during the wear. They supported the fact that fibers and 

layers in clothing materials were abraded with each other, when these garments were worn 

which helped to increase the thickness of layers as well as air trapped in them. This caused 

the layers to have an increased loft. Thus air offered greater thermal insulation protected 

garments against ignition. In the light of this study, it can be said rubbing during laundering 

cycles had some effect on the physical properties of these materials. 
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4.4 Comparison Between and Within Clothing Materials  
 
 
A comparison between and within experimental and existing clothing materials is made for 

each of the tested characteristic.  

Tensile Strength 
 
Table 4.67 
 
Comparison of Tensile Strength 
 

Material 

(1) 

Material 

(2) 

p-Value 

Tensile strength 

(warp) 

Tensile strength 

(weft) 

Existing AA 0.00 0.00 

 BB 0.00 0.00 

 CC 0.00 0.00 

AA Existing 0.00 0.00 

 BB 0.45 0.31 

 CC 0.85 0.38 

BB Existing 0.00 0.00 

 AA 0.45 0.31 

 CC 0.35 0.06 

CC Existing 0.00 0.00 

 AA 0.85 0.38 

 BB 0.35 0.06 

 
Table 4.67 shows a comparison of all existing and experimental clothing materials for their 

tensile strength in both directions. The p-value of Existing with AA, BB and CC is calculated 

as 0.00 in warp and weft directions which shows a significant difference between existing 

and experimental clothing materials for their tensile strength. The p-value of AA and BB is 

noted as 0.45, AA and CC is 0.85,  BB and CC is 0.35 in warp direction.  The p-value of AA 

and BB is calculated as 0.31, AA and CC is 0.38, BB and CC is 0.66 in weft direction. This 
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shows a significant difference between the tensile strength of experimental fabrics for both 

directions.  
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Abrasive Strength 
 
Table 4.68  
 
Comparison of Abrasive Strength 
 

Material 

(1) 

Material 

(2) 

p-Value  

Mass loss at 

5000 cycles 

Mass loss at 

15000 cycles 

Mass loss at 

25000 cycles 

Existing AA 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 

AA Existing 0.00 0.00 0.00 

 BB 0.92 0.93 0.90 

 CC 0.92 0.90 0.85 

BB Existing 0.00 0.00 0.00 

 AA 0.92 0.93 0.900 

 CC 0.83 0.83 0.76 

CC Existing 0.00 0.00 0.00 

 AA 0.92 0.90 0.85 

 BB 0.83 0.83 0.76 

 
Table 4.68 shows a comparison of existing and experimental clothing materials for their mass 

loss at different intervals in order to evaluate the abrasive strength. The p-value of Existing 

with AA is found as .00, at 5000 cycles, 0.00 at 15000 and 25000 cycles, Existing with BB 

and CC is calculated as 0.00, at 5000, 15000 and 25000 cycles. This suggests a significant 

difference between abrasive strength of existing and experimental fabrics at various rubbing 

cycles.  

The p-value of AA and BB is calculated as 0.92 at 5000 cycles, 0.93 at 15000 cycles 

and 0.90 at 25000 cycles, AA and CC is found as 0.92 at 5000 cycles, 0.90 at 15000 cycles 

and 0.85 at 25000 cycles, BB and CC is calculated as 0.83 at 5000 cycles, 0.83 at 15000 
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cycles and 0.76 at 25000 cycles. This shows that there is not a significant difference between 

the abrasive strength of experimental fabrics at various rubbing cycles. 
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Water Resistance (Drop Test) 
 
Table 4.69 
 
Comparison of Drop Test 
 

Material 

(1) 

Material 

(2) 

p-Value 

Drop test 

Existing AA 0.00 

 BB 0.00 

 CC 0.00 

AA Existing 0.00 

 BB 1.00 

 CC 1.00 

BB Existing 0.00 

 AA 1.00 

 CC 1.00 

CC Existing 0.00 

 AA 1.00 

 BB 1.00 

 
Table 4.69 shows the comparison between existing and experimental clothing materials for 

their drop test. The p-value of Existing with AA, BB and CC was recorded as 0.00 which 

shows a significant difference between results of existing and experimental fabrics.  The p-

value of AA with BB and CC was recorded as 1.00, and BB with CC was 1.00. This shows 

the insignificant difference between drop test of experimental fabrics. 
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Water Resistance (Wicking Test in Warp Direction) 
 
Table 4.70 
 
Comparison of Wicking test in Warp Direction 
 
 

Material 

(1) 

Material 

(2) 

p-Value 

Wicking warp 

1 Min 

Wicking warp 

5 Min 

Wicking warp 

10 Min 

Existing AA 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 

AA Existing 0.00 0.00 0.00 

 BB 0.81 0.76 0.79 

 CC 0.96 0.98 0.89 

BB Existing 0.00 0.00 0.00 

 AA 0.81 0.76 0.79 

 CC 0.78 0.74 0.70 

CC Existing 0.00 0.00 0.00 

 AA 0.96 0.98 0.89 

 BB 0.78 0.74 0.70 

 
Table 4.70 shows a comparison of existing and experimental clothing materials for their 

wicking test in warp direction at various time intervals. The p-value of Existing with AA, BB 

and CC was calculated as 0.00, at 1, 5 and 10 minutes. This shows a significant difference 

between abrasive wicking test in warp direction of existing and experimental fabrics. The p-

value of AA and BB was found as 0.81 at 1 minute, 0.76 at 5 minutes and 0.79 at 10 minutes. 

The p-value of AA and CC was as 0.96 at 1 minute, 0.98 at 5 minutes, 0.89 at 10 minutes. 

The p-value of BB and CC was noted as 0.78 at 1 minute, 0.74 at 5 minutes and 0.70 at 10 

minutes. This shows the insignificant difference between the wicking behaviour of 

experimental fabrics in their warp direction. 
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Water Resistance (Wicking Test in Weft Direction) 
 
Table 4.70a 
 
Comparison of Wicking test in Weft Direction 
 
 

Material 

(1) 

Material 

(2) 

p-Value  

Wicking weft 

1 Min 

Wicking weft 

5 Min 

Wicking weft 

10 Min 

Existing AA 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 

AA Existing 0.00 0.00 0.00 

 BB 0.88 0.80 0.81 

 CC 0.95 0.95 0.92 

BB Existing 0.00 0.00 0.00 

 AA 0.88 0.80 0.81 

 CC 0.84 0.76 0.73 

CC Existing 0.00 0.00 0.00 

 AA 0.95 0.95 0.92 

 BB 0.84 0.76 0.73 

 
 
Table 4.70a shows the comparison between existing and experimental clothing materials for 

their wicking test in weft direction at various time intervals. The p-value of Existing with 

AA, BB and CC is calculated as 0.00, at 1, 5 and 10 minutes. This depicts a significant 

difference between abrasive wicking test in warp direction of existing and experimental 

fabrics.  The p-value of AA and BB is found as 0.88 at 1 minute, 0.80 at 5 minutes and 0.81 

at 10 minutes. The p-value of AA and CC is 0.95 at 1 minute, 0.95 at 5 minutes, 0.92 at 10 

minutes. The p-value of BB and CC is noted as 0.84 at 1 minute, 0.76 at 5 minutes and 0.73 

at 10 minutes. This shows that there is not a significant difference between the wicking test of 

experimental fabrics in their weft direction. 
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Chemical Penetration 
 
Table 4.71 
 
Comparison of Chemical Penetration 
 
 

Material 

(1) 

Material 

(2) 

p-Value 

Sulfuric acid 

penetration 

Sodium 

hydroxide 

penetration 

Xylene 

penetration 

Butan 1-01 

penetration 

Existing AA 0.00 0.00 0.00 0.00 

 BB 0.00 0.00 0.00 0.00 

 CC 0.00 0.00 0.00 0.00 

AA Existing 0.00 0.00 0.00 0.00 

 BB 0.98 0.98 0.98 0.99 

 CC 0.99 1.00 0.99 1.00 

BB Existing 0.00 0.00 0.00 0.00 

 AA 0.98 0.98 0.98 0.99 

 CC 0.98 0.98 0.98 0.99 

CC Existing 0.00 0.00 0.00 0.00 

 AA 0.99 1.00 0.99 1.00 

 BB 0.98 0.98 0.98 0.99 

 
Table 4.71 shows the comparison between existing and experimental clothing materials for 

their penetration levels with different chemicals. The p-value of Existing with AA, BB and 

CC is calculated as 0.00 for all chemicals. This shows a significant difference between 

chemical penetration of existing and experimental fabrics. The p-value of AA and BB is 

noted as 0.987 for Sulfuric acid, 0.98 for Sodium hydroxide, 0.98 for Xylene and 0.99 for 

Butan-1-01. AA and CC is recorded as 0.99 for Sulfuric acid, 1.00 for Sodium hydroxide, 

0.99 for Xylene and 1.00 for Butan-1-01. The p-value of BB and CC is found as 0.98 for 

Sulfuric acid and Sodium hydroxide, 0.98 for Xylene and 0.99 for Butan-1-01. This shows 

the insignificant difference between chemical penetration of experimental fabrics. 
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Determination of Chemical Repellency 
 
Table 4.71a 
 
Comparison of Chemical Repellency 
 
 

Material 

(1) 

Material 

(2) 

p-Value 

Sulfuric 

acid 

repellency 

Sodium 

hydroxide 

repellency 

Xylene 

repellency 

Butan-01 

repellency 

Existing AA .00 .00 .00 .00 

 BB .00 .00 .00 .00 

 CC .00 .00 .00 .00 

AA Existing .00 .00 .00 .00 

 BB .95 .95 .90 .94 

 CC .98 .98 .99 .96 

BB Existing .00 .00 .00 .00 

 AA .95 .95 .90 .94 

 CC .93 .93 .89 .90 

CC Existing .00 .00 .00 .00 

 AA .98 .98 .99 .96 

 BB .93 .93 .89 .90 

 
Table 4.71a shows the comparison between existing and experimental clothing materials for 

their repelling level with different chemicals. The p-value of Existing with AA, BB and CC is 

calculated as 0.00 for all chemicals. This describes a significant difference between chemical 

penetration of existing and experimental fabrics.  

The p-value of AA and BB is noted as 0.95 for Sulfuric acid, 0.95 for Sodium hydroxide, 

0.90 for Xylene and 0.94 for Butan-1-01. AA and CC is calculated as 0.980 for Sulfuric acid, 

0.98 for Sodium hydroxide and Xylene and 0.96 for Butan-1-01. The p-value of BB and CC 

is 0.93 for Sulfuric acid and Sodium hydroxide, 0.89 for Xylene and 0.90 for Butan-1-01. 
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This shows the insignificant difference between chemical repellency of existing and 

experimental fabrics. 
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Flame Resistance 

Table 4.72 
 
Comparison of Flame Resistance 
 
 

Material 

(1) 

Material 

(2) 

p-Value 

After flame Char length 

Existing AA 0.00 0.00 

 BB 0.00 0.00 

 CC 0.00 0.00 

AA Existing 0.00 0.00 

 BB 0.95 0.46 

 CC 0.92 0.56 

BB Existing 0.00 0.00 

 AA 0.95 0.46 

 CC 0.87 0.19 

CC Existing 0.00 0.00 

 AA 0.92 0.56 

 BB 0.87 0.19 

 

 
Table 4.72 shows the comparison of existing and experimental clothing materials for their 

after-flame time and char length. The p-value of Existing with AA, BB and CC is found as 

0.00 for both after flame and char length that suggests a significant difference between 

existing and experimental clothing materials. The p-value of AA and BB is calculated as 

0.95, AA and CC is 0.92, BB and CC is 0.87 for after-flame time. The p-value of AA and BB 

is found as 0.46, AA and CC is 0.56, BB and CC is 0.19 for char length. This shows the 

insignificant difference between their flame resistance behavior. 

Results of phase one and phase two are presented along with a comprehensive 

comparison of existing and experimental clothing materials based on their performance 
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behavior. Descriptive and inferential statistical techniques were applied to test hypotheses. 

According to the statistical study all null hypotheses were rejected and alternate hypotheses 

were verified. 

4.5 Cost Comparison of Existing and Experimental Clothing Materials  
 
 
Table 4.37 describes the cost comparison between existing and experimental clothing 

materials. 

Table 4.73 
 
Cost Comparison of Existing and Experimental Clothing Materials  
 

Fabric Total Cost 
(Pak Rs.) 

A 500 

B 530 

C 515 

D 925 

E 915 

F 900 

G 925 

H 680 

I 600 

J 650 

K 890 

L 460 

M 400 

N 520 

O 550 

AA 2264 

BB 1500 

CC 3250 
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Experimental clothing materials were expensive as compared to the existing materials, but 

their performance was much better and met all international safety standards. Although these 

new materials are expensive, yet their long-lasting quality makes them an affordable 

alternative. 
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Chapter No 5 
Conclusion and Recommendations for Future Work 

 

Summary of the Study 
 

The study assessed the performance characteristics of existing and experimental chemical 

protective coveralls. This research work aimed at manufacturing an appropriate clothing 

material for chemical protective coveralls. To achieve these goals, following research 

objectives were categorized: 

Objective No. 1 

To develop a sound understanding of the performance aspects of chemical protective 

clothing materials. 

To achieve the first objective, literature related to chemical protective clothing was studied. 

Number of articles, papers, reports, standards, books and other research works were studied 

to inculcate an understanding on this topic. Among other information, following mechanical 

and resistance characteristics were studied: 

x Tensile strength 

x Abrasive strength 

x Moisture transmission 

x Chemical resistance 

x Flame resistance 

Different tests were conducted to study the behaviour of the fabrics. In order to understand 

construction parameters of existing materials, following aspects were studied:  

x Determination of warp and filling yarn count per inch 

x Determination of yarn number or linear density 
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x Determination of fabric weight 

Objective No. 2 

To analyze performance of locally manufactured chemical protective clothing by 

investigating mechanical and resistance characteristics after various washing cycles.  

This objective was achieved by evaluating mechanical and resistant characteristics of locally 

manufactured protective clothing fabrics. Different standard test procedures were conducted 

on these fabrics. It was observed that all locally manufactured protective clothing materials 

had low tensile and abrasive strength to with-stand the working conditions. These materials 

were not able to resist water, chemical and fire hazards even when new. Effect of laundering 

on fabric‘s performance was also studied as performance of a fabric could deteriorate after 

washing. The results showed that the performance of locally manufactured clothing 

deteriorated with each washing cycle. It was concluded that these materials were not proper 

for use in chemical industries, as they failed to meet the required safety standards. 

Objective No. 3 

To produce new chemical protective clothing materials conforming to various safety 

standards yielding better results than locally manufactured materials. 

Three different types of experimental clothing materials were manufactured which out- 

performed the locally manufactured protective clothing materials. 

First experimental fabric was a layered fabric, with polyester/cotton blend as an inner 

layer and aramid as an outer layer. A lamination layer was coated on top of fabric surface for 

protection against harmful chemicals. The second experimental fabric was made with typical 

combinations of fibers (Polyester and cotton) but with different finishes. Lastly, third 

experimental clothing material was made with 100% Aramid fiber, a fire retardant material, 

with a chemical finish.  
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Objective No. 4 

To analyze performance of newly manufactured protective clothing materials by 

investigating mechanical and resistance characteristics after various washing cycles.  

This objective of the study was achieved by evaluating experimental clothing materials 

adhering to the same standard test procedure as conducted for locally manufactured 

protective clothing materials. New clothing material had excellent strength and was able to 

better resist water, chemical and fire even at 20th wash. It was concluded that these materials 

met all the safety standards. 

Objective No. 5 

To compare performance aspects of locally manufactured chemical clothing materials with 

newly developed clothing materials. 

A comparison of all the fabrics, newly developed and locally manufactured, was done. As 

compared to locally manufactured clothing materials, experimental clothing materials showed 

much better results. Repeated laundering had no significant effect on the performance of 

experimental materials. Furthermore, it was found that experimental fabric, CC, made with 

100% Aramid exhibited the best results as compared to other experimental materials but it is 

an expensive option. While experimental fabric, AA, manufactured with aramid along with a 

blend of cotton / polyester, was cheaper as compared to CC. Experimental fabric, BB, 

constructed with cotton and polyester along with a chemical finish, gave satisfactory results. 
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Conclusion 
 

The study was based on the performance of locally manufactured protective clothing 

materials as well as newly manufactured protective clothing. The study was completed in two 

phases. During the first phase of the study, locally manufactured coveralls were collected. 

Construction parameters and performance characteristics of these coveralls were evaluated. It 

was found that local protective coveralls failed to meet the safety standards.  In the second 

phase of the study, three different experimental fabrics were manufactured. Their 

performance parameters were evaluated and compared with the existing materials. Newly 

manufactured materials out-performed the existing materials. Out of the three experimental 

fabrics, fabric CC was found to be the most appropriate material for chemical protective 

clothing. 

 
 

  



282 
 

Implications of the Study 
 
 

This study will help in the research and development of chemical protective clothing. The 

study will also help to establish a framework for evaluating the clothing materials used for 

manufacturing chemical protective clothing in Pakistan. This study may be used as a 

reference for developing quality standards for chemical protective clothing in Pakistan. The 

findings of this research can be beneficial to the manufacturers as it identifies quality fabrics 

which provide better protection. Furthermore, this study shows that with new construction 

techniques and new materials, better clothing solutions can be developed. 
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Recommendations for Future Study 

 

Protective clothing is used by various industries such as health care and medical, oil and gas, 

construction and manufacturing, military and police, fertilizer and pharmaceutical units, 

dyeing and finishing textile units, petrochemical and many more. Every industry has its own 

performance requirements. For example, the safety-requirements in a chemical industry are 

entirely different from those inside an operation theatre. This study was limited to chemical 

industry (fertilizer-manufacturing), follow up studies can be done on protective clothing used 

by other industries.  

This study will encourage numerous future research activities. This study was limited 

to chemical protective coveralls, but can be extended to other components of personal 

protective equipment (PPE) such as protective gloves, jackets, coats or masks etc. This study 

focused on mechanicals and resistance characteristics of clothing materials; other follow up 

studies can focus on other functional and comfort characteristics.   

Moreover, this study evaluated reusable clothing, future studies can focus on 

disposable or single-use protective coveralls. This research determined the performance of 

locally manufactured protective coveralls; other studies can focus on imported coveralls.  

This study determined the performance behaviour of coveralls up to twenty washing 

cycles, as conducted during many previous research activities in this field. Future studies can 

be extended to more laundering cycles. This study was limited to laboratory tests; future 

studies can focus on performance against wear trials and comfort along wearer-satisfaction. 
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Appendix A 

Construction Parameters of Existing Clothing Materials 
 
 

 
 

Sample Yarn Count Thread 
Count 

Linear Density Fabric 
Weight 

 

Code  Warp 

 (per inch) 

Filling  

(per inch) 

Per inch Warp 

(Tex 

system) 

Weft 

(Tex 

system) 

GSM  

A 136 80 216 17.216 17.938 153  

B 140 88 228 26.599 26.362 257  

C 94 66 160 18.746 18.981 151  

D 122 48 170 28.946 29.233 208  

E 56 48 104 36.575 35.542 152  

F 75 50 125 15.254 15.968 160  

G 110 80 190 13.451 12.564 141  

H 80 62 142 13.921 14.351 264  

I 124 60 184 26.013 35.572 223  

J 72 61 133 15.743 16.236 215  

K 136 88 224 14.726 15.064 143  

L 108 63 171 16.53 16.932 145  

M 80 56 136 13.301 15.321 221  

N 105 60 165 29.525 29.525 210  

O 80 60 140 19.949 18.806 146  
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Appendix B 
Test Results of Clothing Materials 
B1: Determination of Tensile Strength 

 
 Mean value ( warp direction) in Newton Mean value ( warp direction) in Newton 

Sample 

Code 

0-Wash 5-Wash 10-Wash 15-Wash 20-Wash 0-Wash 5-Wash 10-Wash 15-Wash 20-Wash 

A 1109.1 1108.88 1088.7 1062.42 1036.96 879.12 860.56 845.1 816.9 786.7 

B 850.28 841.14 802 780.06 726.16 659.42 640.26 615.26 591.54 567.78 

C 816.06 803.24 779.02 755.68 730.5 626.72 608.72 593.58 531.86 541.64 

D 954.82 937.6 906.8 884.42 857.96 465.72 449.82 419.66 397.64 369.66 

E 1079.42 1057 1019.16 993.76 975.84 879.44 861.96 836.24 803.32 758.14 

F 1188.66 1179.88 1150.16 1126.4 1096.24 984.68 967.56 942.42 926.98 894.66 

G 603.24 602.9 582.5 546.96 531.26 491.26 449.94 426.66 398.74 384.52 

H 1243.86 1238.36 1198.4 1166.22 1143.74 595.28 571.58 546.4 515.82 488.24 

I 949.4 938.1 903.04 876.2 842.06 690.28 659.48 636.1 602.54 579.92 

J 982.28 960.76 912.44 877.74 865.2 538.88 520.3 497.5 467.98 446.02 

K 597.84 588.48 547.12 513.38 483.56 498.32 483.76 463.28 430.06 405.52 

L 653.52 637.28 604.28 577.74 521.32 523.44 503.98 488.06 475.78 449.24 

M 500.56 488.94 462.68 426.4 398.84 419.06 413.08 395.3 364.22 337.3 

N 713.42 698.84 687.26 664.98 647 433.38 409.02 381.14 348.72 330.58 

O 519.76 481.72 483.9 450.32 399.26 460 439.62 419.82 393.74 367.98 

AA 1591.14 1589.76 1591.12 1587.78 1588.2 1374.74 1373.52 1369.98 1370.9 1367.06 

BB 1502.8 1504.82 1503.04 1500.04 1501.48 1290.04 1289 1285.16 1283.86 1281.66 

CC 1613.68 1613.12 1609.74 1608.54 1608.48 1445 1446.38 1444.76 1445.52 1442.92 
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B2: Determination of Abrasive Strength  
 

  

 
  

 Mass loss %age ( at 5000 

cycle) 

Mass loss %age ( at 15000 

cycle) 

Mass loss %age ( at 25000 

cycle) 

Sample 

Code 

0-

W 

5-

W 

10-

W 

15-

W 

20-

W 

0-

W 

5-

W 

10-

W 

15-

W 

20-

W 

0-

W 

5-

W 

10-

W 

15-

W 

20-

W 

A 2.2 2.7 3 3.9 4.5 4.6 4.4 5.9 6.1 7.3 6.8 6.9 9.2 10.5 11.1 

B 3.4 7.9 8.5 9.4 10.4 5.6 11.6 12.4 13.1 12.3 7.3 13.8 14.5 15.4 15.9 

C 4.1 4.9 5.2 5.7 6.7 6.9 7.3 8.9 9.5 10.5 8.6 9.9 11.5 12.2 11.8 

D 6.9 7.1 7.6 7.9 8.8 8.8 10.8 10.3 11.4 14.1 9.1 11.9 14.5 14.8 12.1 

E 2.1 2.4 2.8 3.4 4.2 4.7 5.8 6.2 6.9 8.1 6.5 7.6 8.1 9.9 13.9 

F 2.3 2.7 3.2 3.8 4.6 4.9 6.9 6.1 7.1 10.5 7.5 9.1 8.3 10.2 12.2 

G 7.1 9.1 9.8 10.4 10.9 10.6 12.7 12.9 13.1 13.7 12.2 14.1 15.1 15.3 16.2 

H 5.5 6.2 6.9 7.4 8.1 7.5 8.4 9.4 10.1 11.9 9.2 11.5 12.5 13.5 12.7 

I 6.5 6.9 7.4 8.2 9 9.2 8.2 12.9 13.5 11.3 11.7 13.5 14.6 16.1 13.4 

J 5.7 6.1 6.5 7.1 8.2 8.1 9.9 9.5 12.4 15.9 12.5 13.1 13.4 14.5 16.3 

K 8.9 9.1 9.4 9.9 10.5 12.4 13.3 12.7 13.6 16.9 14.1 15.1 14.8 15.3 18.1 

L 4.2 4.9 5.3 6.1 7.3 7.2 8.4 10.8 12.7 14.2 9.4 12.3 14.2 16.1 17.2 

M 5.1 5.8 6.5 7.1 8.2 8.9 10.2 12.3 13.1 14.9 11.1 14.5 15.1 16.6 18.5 

N 2.6 2.9 3.3 3.8 4.5 5.4 6.9 8.9 8.9 11.8 8.1 10.7 12.3 13.2 14.1 

O 3.1 3.5 3.9 4.4 5.1 6.3 7.3 8.1 9.7 12.3 8.7 9.5 12.4 13.9 15.5 

AA 0.2 0.3 0.3 0.4 0.5 0.2 0.3 0.4 0.5 0.5 0.3 0.4 0.4 0.5 0.6 

BB 0.3 0.4 0.5 0.5 0.5 0.4 0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.6 0.8 

CC 0 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.2 
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B3: Determination of Water resistance 
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B3: Determination of Water Resistance 
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B4: Determination of Chemical Resistance 
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Determination of Chemical Resistance 
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B5: Determination of Flame Resistance 
 

 

 After flame (sec) Char length (inches) 

Sample 

Code 

0-Wash 5-Wash 10-Wash 15-Wash 20-Wash 0-Wash 5-Wash 10-Wash 15-Wash 20-Wash 

A 7.5 14.3 20.5 37.9 50.1 4.7 6.7 10.9 11.4 12 

B 13.8 21.6 29.3 42.1 41.9 6.3 8.2 12 12 12 

C 27.2 36.5 49.7 49.6 49.2 8.1 10.9 11.7 12 12 

D 18.6 25.2 36.4 43.5 43.1 7.6 9.5 12 12 12 

E 40.3 50.8 56.2 56.1 55.8 10.2 11.5 12 12 12 

F 28.2 39.6 39.9 39.7 39.4 11.6 12 12 12 12 

G 20.4 30.6 45.4 45.1 44.8 5.9 8.9 12 12 12 

H 35.2 48.3 48.4 48.2 47.9 12 12 12 12 12 

I 28.5 47.9 53.9 59.1 58.7 4.5 9.1 11.6 12 12 

J 9.2 29.9 42.1 41.5 41.1 10.3 11.2 12 12 12 

K 29.4 30 29.9 29.6 29.3 12 12 12 12 12 

L 40.8 40.4 40.6 44.3 44.1 12 12 12 12 12 

M 9.03 20.2 32.4 44.8 44.6 6.2 8.9 11.3 12 12 

N 24.1 38.6 44.1 43.9 43.7 9.2 11.3 12 12 12 

O 30.2 50.2 57.2 56.9 56.5 7 10.2 12 12 12 

AA 0.6 0.6 0.6 0.8 0.9 0.5 0.5 0.5 0.6 0.6 

BB 0.9 0.9 1 1.3 1.3 0.9 0.9 1.1 1.1 1.3 

CC 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 
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Appendix C: 

Samples of Clothing Materials at Various Washing Intervals 

Sample 
Code 

0-Wash 5-Wash 10-Wash 15-Wash 20-Wash 

A 

     
B 

     
C 

     
D 

     
E 

     
F 

     
G 

     
H 

     
I 

     
J 
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K 

     
L 

     
M 

     
N 

     
O 

     
AA 

     
BB 

     
CC 

     


