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(ABSTRACT) 

Incorporation of chemicals into the internal matrix of cement or concrete, 

with later release occurring upon stimulation, alters the matrix parameters from 

those at the initial set. Permeability is reduced, for example, and therefore 

durability enhanced. The advantages of these designs would be the ability to 

reduce maintenance and repair costs in the initial building configuration and to 

delay the time of eventual repair. The components and the structure could take 

greater environmental abuse also. 

Permeability is significantly reduced by release of a polymer from wax- 

coated porous fibers upon heating to temperature of polymerization. Freeze/thaw 

damage is somewhat reduced by the timed release of linseed oil or antifreeze from 

porous aggregates due to the freezing action itself. These example designs using 

timed release mostly gave improved durability performance when compared to



conventional treatments for durability or environmental distress. Concerns that 

significant strength reduction would occur due to heating or fiber loading were 

shown to be unfounded by our test results; indeed, heating and fiber inclusion 

increased strength. An adequate amount of wetting of the samples could be ob- 

tained with 2.75% volume of fibers; however, above a 2.75% volume of fibers, 

fibers do reduce the strength. Results were analyzed by the method of comparing 

results in the samples with factors varied to results in samples without variable 

factors, that is, by comparing to the controls. 

This research shows that timed internal release of chemicals into cement 

can be accomplished; it appears feasible and is potentially useful. 

Long-term tests need to be performed on such factors as chloride ion 

intrusion/ corrosion tests. Filled fiber, aggregate or prill manufacture, storage, and 

placement need to be researched and assessed for cost. Design of components 

using only targeted areas for release in the component and the use of time 

released fibers in reinforced cement laminates should be evaluated.
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CHAPTER I 

INTRODUCTION: BACKGROUND OF THE PROBLEM 

In the United States, where concrete is the most widely-used building 

material (Hobbs, 1988, preface), it has become clear in recent decades that the 

costs for maintenance, repair, and replacement for structures and infrastructures is 

much higher than initial costs. As a result, durability has become one of the 

important cost issues for design. 

In the American Concrete Institute conventional designs for components 

and structural systems, the durability issue is addressed mainly by the depth of the 

concrete: to prevent corrosion, a thicker cover is needed; to reduce microcrack- 

ing, fibers are included, for example. However, durability is not a function of the 

concrete material by itself. It is the relationship of aggressive environmental 

-agents intruding and ingressing into the material as related to the material 

properties, especially the permeability, which controls the rate of ingression and 

the rate of penetration of destructive environmental agents which deteriorate 

material properties such as modulus of elasticity. The deterioration of concrete is 

closely related to the way in which aggressive environmental agents penetrate and 

attack. Because permeability controls this rate and the associated pore structure, 

size, distribution, and cracking, it is then a most significant measure of the ability 

of environmental agents to intrude. Durability is not a property of concrete by 

itself. It must be evaluated as a function of performance versus time, it is influ- 

enced by the environment in which the concrete structure serves as well as the 

1



properties of the concrete itself. Durability problems specific to concrete in an 

environment must be addressed by changing the adaptable properties over time 

and, hence, controlling durability. 

The hypothesis of this study is that by incorporating physical or chemical 

means into the matrix of the material for later release, the material matrix can 

evolve or adapt to changing environmental and material circumstances over time; 

certain parameters such as matrix permeability, pore, and crack structure can be 

altered. This in turn can alter the potential for environmental degradation such as 

freeze/thaw damage and corrosion damage. 

Design of Systems for Activated Internal Release 

The release of chemicals into the matrix to adapt the material to changing 

circumstances over time can be in direct response to the intrusion of the environ- 

ment. The intrusion of chloride ions, the intrusion of water, which can freeze, or 

loading which can cause cracking are examples of this. A planned response to 

changes known to occur at specific times in the life of the concrete can also 

enhance durability. Examples of release in direct response to the naturally timed 

intrusion of the environment are (see Figure 1) (a) crack sealants may be released 

from porous fibers flexed due to loading, (b) calcium nitrite may be released from 

porous polypropylene fibers near the rebars due to degradation of a pH sensitive
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Figure 1. Release in direct response to naturally timed intrusion of the environ- 
ment. 

fiber coating which degrades at pH 11.5 (the level at which corrosion starts, thus 

reducing the corrosion on the rebars); (c) porous aggregates saturated with 

propylene glycol may release these chemicals into the matrix when freezing/ 

thawing pressures occur, thus the freeze/thaw damage may be reduced; and (d) 

Xypex, a catalytic crystallizing agent, may release from prills, after the matrix is 

set. A prill is a mixture of the Xypex and wax or polyol made into capsule form. 

When heat is applied the wax melts (or it releases the Xypex due to polyol 

degradation in alkalinity), releasing the Xypex to crystallize in the matrix. This 

reduces matrix permeability.



An example of release timed in response to a stimuli caused by human 

intervention is (see Figure 2) (e€) methyl methacrylate which may release from 

porous fibers coated with wax when heat is applied. This occurs after matrix is set 
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.Figure 2. Timed release in response to a stimuli caused by human intervention 

and heat is applied. The matrix would dry out as preparation to draw in the 

methyl methacrylate. The polymerization of the methyl methacrylate is also 

caused by the heat. The polymerization in the matrix pores reduces permeability. 

All of these designs are illustrated in Figure 3. 

Timed release of internal chemicals were also tested using two noncon- 

ventional cementitious materials: dense silica fume cement and phosphate bonded 

sintered bottom, and fly ash. In the first design: (a) after the matrix is set, water



a) Cracking due to loading 

b) Corrosion of rebars 

c) Freeze/thaw damage 

d) Permeability 

Figure 3. Alleviating 
environmental distress. 
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will release from porous aggregates into very dry, dense silica fume concrete. 

Usually, this material self-desiccates and causes cracking. We expect the time 

release of water from the aggregates due to water demand from the matrix to 

reduce the microcracking. This is in the category of release in response to a 

natural change. (b) Polyimides would release after the matrix is set from porous 

fibers coated with wax when heat is applied. It is in the category of one-time 

human-caused release. The matrix of phosphate bonded and sintered bottom ash 

composed of phosphoric acid and bottom ash is very permeable. The methy] 

polyimide would act as a polymer impregnating agent. It is one of the few materi- 

als known to reduce permeability and not carbonize at the 600° C used in sinter- 

ing. 

These materials are designed then to address the general durability issues 

of (a) permeability (porosity, structure, size), (b) cracking due to loading and self- 

desiccation and the specific penetration and attack of (c) chloride ion intrusion 

(causing corrosion), and (d) water and ion intrusion subjected to osmotic pressure 

causing damage such as freeze/thaw damage. 

Conventional Designs for Durability and Potential Impact of 

Activated Internal Release Designs on Them 

American Concrete Institute (ACI) designs treat durability of concrete as a 

property of the concrete to be embodied in the concrete from its first mix. New



�r�e�s�e�a�r�c�h� �s�p�o�n�s�o�r�e�d� �b�y� �v�a�r�i�o�u�s� �o�r�g�a�n�i�z�a�t�i�o�n�s�,� �h�o�w�e�v�e�r�,� �i�n�v�e�s�t�i�g�a�t�e�s� �t�h�e� �p�r�o�b�l�e�m�s� 

�i�n�t�r�o�d�u�c�e�d� �b�y� �s�o�m�e� �o�f� �t�h�o�s�e� �c�o�n�v�e�n�t�i�o�n�a�l� �d�e�s�i�g�n�s�.� �S�o�m�e� �o�f� �t�h�e�s�e� �c�o�n�v�e�n�t�i�o�n�a�l� 

�d�e�s�i�g�n� �s�t�r�a�t�e�g�i�e�s� �a�r�e�:� 

�1�.� �T�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �d�e�s�i�g�n� �s�t�r�a�t�e�g�y� �f�o�r� �p�e�r�m�e�a�b�i�l�i�t�y� �i�s� �t�o� �m�a�k�e� �t�h�e� �c�o�n�-� 

�c�r�e�t�e� �c�o�v�e�r� �t�h�i�c�k�e�r�.� �T�h�e� �d�e�s�i�g�n� �o�f� �a� �s�y�s�t�e�m� �f�o�r� �a�c�t�i�v�a�t�e�d� �i�n�t�e�r�n�a�l� 

�r�e�l�e�a�s�e� �t�o� �r�e�d�u�c�e� �p�e�r�m�e�a�b�i�l�i�t�y� �w�o�u�l�d� �r�e�l�e�a�s�e� �t�h�e� �c�r�y�s�t�a�l�l�i�z�i�n�g� �a�g�e�n�t� �o�r� 

�t�h�e� �p�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�o�r� �a�f�t�e�r� �t�h�e� �m�a�t�r�i�x� �h�a�s� �b�e�e�n� �s�e�t� �u�p� �t�o� �f�i�l�l� �i�n� �t�h�e� 

�p�o�r�e�s� �a�f�t�e�r� �h�y�d�r�a�t�i�o�n� �h�a�s� �t�a�k�e�n� �p�l�a�c�e�.� 

�2�.� �O�n�e� �c�o�n�v�e�n�t�i�o�n�a�l� �d�e�s�i�g�n� �t�o� �p�r�e�v�e�n�t� �l�o�a�d�i�n�g� �c�r�a�c�k�i�n�g� �i�s� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�f�i�b�e�r�s� �w�h�i�c�h� �i�n�t�e�r�r�u�p�t� �t�h�e� �e�n�e�r�g�y� �o�f� �c�r�a�c�k�i�n�g�.� �T�h�e� �c�e�m�e�n�t�/�f�i�b�e�r� �b�o�n�d� �i�s� 

�w�e�a�k�,� �t�h�u�s� �c�a�u�s�i�n�g� �a� �r�e�d�u�c�t�i�o�n� �i�n� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h�.� �T�h�e� �a�c�t�i�v�a�t�e�d� 

�i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �o�f� �c�h�e�m�i�c�a�l�s� �f�r�o�m� �f�i�b�e�r�s� �t�o� �r�e�d�u�c�e� �c�r�a�c�k�i�n�g� �w�o�u�l�d� 

�i�n�c�r�e�a�s�e� �t�h�e� �b�o�n�d� �b�e�t�w�e�e�n� �f�i�b�e�r� �a�n�d� �m�a�t�r�i�x�.� �T�h�e� �c�r�a�c�k� �s�e�a�l�a�n�t� �w�o�u�l�d� 

�f�l�o�w� �o�u�t� �o�f� �t�h�e� �f�i�b�e�r�,� �b�o�n�d�i�n�g� �t�h�e� �f�i�b�e�r� �w�e�l�l� �t�o� �t�h�e� �m�a�t�r�i�x�.� 

�3�.� �C�r�a�c�k�i�n�g� �i�s� �u�s�u�a�l�l�y� �d�u�e� �t�o� �s�e�l�f�-�d�e�s�i�c�c�a�t�i�o�n� �i�f� �a� �l�o�w� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o� �i�s� 

�u�s�e�d� �s�u�c�h� �a�s� �i�n� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t�.� �I�t� �w�o�u�l�d� �b�e� �a�l�l�e�v�i�a�t�e�d� �b�y� �t�h�e� 

�a�c�t�i�v�a�t�e�d� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �o�f� �w�a�t�e�r� �f�r�o�m� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �i�n� �t�h�e� �s�y�s�t�e�m�s� 

�d�e�s�i�g�n�e�d� �i�n� �t�h�i�s� �r�e�p�o�r�t�.� 

�4�.� �F�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �i�s� �c�o�n�v�e�n�t�i�o�n�a�l�l�y� �p�r�e�v�e�n�t�e�d� �b�y� �t�h�e� �u�s�e� �o�f� �a�i�r� 
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�5�.� �C�o�n�v�e�n�t�i�o�n�a�l� �d�e�s�i�g�n� �s�t�r�a�t�e�g�i�e�s� �t�o� �r�e�d�u�c�e� �c�o�r�r�o�s�i�o�n� �d�a�m�a�g�e� �i�n�v�o�l�v�e� 
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�a�g�a�i�n�s�t� �c�o�r�r�o�s�i�o�n� �w�o�u�l�d� �e�l�i�m�i�n�a�t�e� �t�h�e� �n�e�e�d� �f�o�r� �c�o�a�t�i�n�g� �t�h�e� �r�e�i�n�f�o�r�c�i�n�g� 

�b�a�r�s�,� �t�h�u�s� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �b�o�n�d� �b�e�t�w�e�e�n� �s�t�e�e�l�]� �a�n�d� �c�o�n�c�r�e�t�e�.� �T�h�e� �d�e�p�t�h� 

�o�f� �c�o�n�c�r�e�t�e� �c�o�v�e�r� �r�e�q�u�i�r�e�d� �t�o� �p�r�e�v�e�n�t� �i�o�n� �i�n�t�r�u�s�i�o�n� �w�o�u�l�d� �a�l�s�o� �b�e� 

�r�e�d�u�c�e�d�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �a�r�e� �b�a�s�i�c� �a�s�s�u�m�p�t�i�o�n�s� �u�n�d�e�r�l�y�i�n�g� �t�h�e� �i�d�e�a� �o�f� �t�i�m�e�d�,� �i�n�t�e�r�n�a�l� 

�r�e�l�e�a�s�e�:� 

�1�.� �I�f� �a� �c�h�e�m�i�c�a�l� �i�s� �r�e�l�e�a�s�e�d� �i�n�t�e�r�n�a�l�l�y�,� �t�h�e�n� �i�t� �c�o�u�l�d� �m�o�v�e� �m�o�r�e� �e�a�s�i�l�y� �a�n�d� 

�q�u�i�c�k�l�y� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �c�o�n�c�r�e�t�e� �m�a�t�r�i�x� �g�i�v�i�n�g� �b�e�t�t�e�r� �c�o�v�e�r�a�g�e�,� �o�r� �b�o�n�d�i�n�g� �w�i�t�h� �t�h�e� 

�c�e�m�e�n�t�;� 

�2�.� �I�f� �a� �c�h�e�m�i�c�a�l� �i�s� �r�e�l�e�a�s�e�d� �o�v�e�r� �t�i�m�e� �i�n� �r�e�s�p�o�n�s�e� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�v�e�n�t�s�,� 

�t�h�e�n� �i�t� �w�o�u�l�d� �r�e�d�u�c�e� �t�h�e� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� �d�e�g�r�a�d�a�t�i�o�n� �f�a�c�t�o�r�s� �s�u�c�h� �a�s� �f�r�e�e�z�e�/�t�h�a�w� 

�d�a�m�a�g�e�,� �c�o�r�r�o�s�i�o�n� �d�a�m�a�g�e�,� �a�n�d� �s�o� �f�o�r�t�h�,� �b�y� �r�e�s�p�o�n�d�i�n�g� �t�o� �e�a�c�h� �e�v�e�n�t� �a�s� �i�t� �o�c�c�u�r�s�;



�3�.� �I�f� �a� �c�h�e�m�i�c�a�l� �s�u�c�h� �a�s� �a� �p�o�l�y�m�e�r� �o�r� �a�d�h�e�s�i�v�e� �i�s� �r�e�l�e�a�s�e�d� �f�r�o�m� �i�n�s�i�d�e� �t�h�e� 

�f�i�b�e�r� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�,� �t�h�e� �b�o�n�d� �b�e�t�w�e�e�n� �f�i�b�e�r� �a�n�d� �m�a�t�r�i�x� �c�o�u�l�d� �b�e� �i�m�p�r�o�v�e�d�;� 

�4�.� �I�f� �a� �s�p�e�c�i�f�i�c� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�v�e�n�t� �t�r�i�g�g�e�r�s� �t�h�e� �r�e�m�e�d�i�a�l� �a�c�t�i�o�n� �r�e�q�u�i�r�e�d� �t�o� 

�p�r�e�v�e�n�t� �d�a�m�a�g�e� �f�r�o�m� �t�h�a�t� �e�v�e�n�t� �w�i�t�h�i�n� �t�h�e� �c�o�n�c�r�e�t�e�,� �t�h�e�n� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� 

�p�a�r�a�m�e�t�e�r� �c�o�u�l�d� �b�e� �i�n�c�r�e�a�s�e�d� �a�n�d� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �d�e�s�i�g�n�e�d� �f�o�r� �p�r�o�t�e�c�t�i�o�n� 

�f�r�o�m� �t�h�a�t� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�v�e�n�t� �r�e�d�u�c�e�d�.� 

�S�o�m�e� �f�a�c�t�o�r�s� �w�h�i�c�h� �i�n�f�l�u�e�n�c�e�d� �t�h�e� �m�a�t�e�r�i�a�l� �d�e�s�i�g�n�s� �a�r�e� �a�s� �f�o�l�l�o�w�s�:� �f�i�b�e�r�s� 

�g�i�v�e� �a�d�d�e�d� �f�l�e�x�u�r�a�l� �s�t�r�e�n�g�t�h� �t�o� �t�h�e� �c�e�m�e�n�t� �m�a�t�r�i�x� �b�u�t� �c�a�n� �r�e�d�u�c�e� �c�o�m�p�r�e�s�s�i�v�e� 

�s�t�r�e�n�g�t�h� �a�b�o�v�e� �2�.�7�5�%�,� �w�h�e�r�e�a�s� �m�i�c�r�o�c�a�p�s�u�l�e�s� �r�e�d�u�c�e� �t�h�e� �o�v�e�r�a�l�l� �c�o�m�p�r�e�s�s�i�v�e� 

�s�t�r�e�n�g�t�h� �b�y� �a�d�d�i�n�g� �d�e�f�e�c�t�s� �y�e�t� �a�d�d� �n�o� �o�t�h�e�r� �s�t�r�e�n�g�t�h�s�.� �V�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �f�l�u�i�d� �t�o� �b�e� 

�c�o�n�t�a�i�n�e�d� �i�n� �t�h�e� �f�i�b�e�r�s�,� �a�s�p�e�c�t� �r�a�t�i�o�,� �a�n�d� �t�h�e� �p�o�r�o�s�i�t�y� �o�f� �t�h�e� �f�i�b�e�r� �w�a�l�l�s� �a�l�l� �d�e�t�e�r�-� 

�m�i�n�e� �t�h�e� �r�a�t�e� �o�f� �r�e�l�e�a�s�e� �f�r�o�m� �t�h�e� �f�i�b�e�r�.� �T�h�e� �p�o�r�o�s�i�t�y� �a�n�d� �t�h�e� �m�o�i�s�t�u�r�e� �i�n� �t�h�e� 

�c�e�m�e�n�t� �m�a�t�r�i�x� �a�r�e� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�s� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �r�a�t�e� �o�f� �f�l�o�w� �o�f� �t�h�e� 

�c�h�e�m�i�c�a�l�s� �i�n� �t�h�e� �c�e�m�e�n�t�.� �I�n� �g�e�n�e�r�a�l�,� �o�n�e� �m�u�s�t� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �o�f� �t�h�e� 

�c�e�m�e�n�t� �m�a�t�r�i�x� �a�t� �a�n�y� �g�i�v�e�n� �t�i�m�e�,� �t�h�e� �d�e�s�i�r�e�d� �t�i�m�e� �a�n�d� �a�m�o�u�n�t� �o�f� �r�e�l�e�a�s�e� �i�n�t�o� �t�h�e� 

�c�e�m�e�n�t� �m�a�t�r�i�x�,� �a�n�d� �u�s�e� �t�h�o�s�e� �c�h�e�m�i�c�a�l�s� �a�n�d� �p�h�y�s�i�c�a�l� �a�t�t�r�i�b�u�t�e�s� �p�r�e�s�e�n�t� �o�r� �a�d�d�e�d� 

�b�y� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �o�r� �h�u�m�a�n� �i�n�t�e�r�v�e�n�t�i�o�n� �a�s� �m�e�c�h�a�n�i�s�m�s� �t�o� �o�p�e�n� �t�h�e� �f�i�b�e�r�s�,� �d�r�a�w� 

�o�f�f� �t�h�e� �c�h�e�m�i�c�a�l�s�,� �a�n�d� �c�a�u�s�e� �t�h�e� �c�h�e�m�i�c�a�l�s� �t�o� �p�e�n�e�t�r�a�t�e� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�.� �T�h�e�r�m�o�-� 

�d�y�n�a�m�i�c� �f�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �f�l�o�w� �o�f� �f�l�u�i�d�s� �a�c�r�o�s�s� �a� �p�e�r�m�e�a�b�l�e� �m�a�t�r�i�x� �g�o�v�e�r�n� �t�h�e� 

�d�e�s�i�g�n� �o�f� �t�h�e� �s�y�s�t�e�m�s�.� �Y�e�t� �t�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �a�l�l� �t�h�e� �p�e�r�t�i�n�e�n�t� �f�a�c�t�o�r�s� 

�i�s� �n�o�t� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.



�1�0� 

�T�h�e� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�e� �r�e�s�e�a�r�c�h� �a�r�e� �t�o� �a�s�s�e�s�s� �(�a�)� �i�f� �t�h�e� �t�i�m�e�d� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� 

�o�f� �c�h�e�m�i�c�a�l�s� �i�n� �c�e�m�e�n�t�i�o�u�s� �m�a�t�r�i�x� �c�a�n� �b�e� �a�c�c�o�m�p�l�i�s�h�e�d�,� �(�b�)� �i�f� �i�t� �a�p�p�e�r�a�s� �f�e�a�s�i�b�l�e�,� 

�a�n�d� �(�c�)� �i�f� �i�t� �i�s� �p�o�t�e�n�t�i�a�l�l�y� �u�s�e�f�u�l�.� �I�n� �o�r�d�e�r� �t�o� �d�o� �t�h�e�s�e� �f�i�r�s�t� �t�w�o� �a�s�s�e�s�s�m�e�n�t�s�,� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �r�e�s�e�a�r�c�h� �q�u�e�s�t�i�o�n�s� �w�i�l�l� �b�e� �a�n�s�w�e�r�e�d� �f�o�r� �s�e�v�e�n� �s�p�e�c�i�f�i�c� �d�e�s�i�g�n�s� �f�o�r� �t�i�m�e�d� 

�i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �o�f� �c�h�e�m�i�c�a�l�s�:� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �1�-�-�D�o�e�s� �t�h�e� �d�e�s�i�g�n� �f�o�r� �t�i�m�e�d� �r�e�l�e�a�s�e� �o�f� �i�n�t�e�r�n�a�l� 

�c�h�e�m�i�c�a�l�s� �w�o�r�k�?� �R�e�l�a�t�i�v�e� �p�a�r�t�s� �t�o� �t�h�e� �q�u�e�s�t�i�o�n�,� �o�n� �t�h�e� �w�o�r�k�a�b�i�l�i�t�y� �o�f� �t�h�e� �r�e�l�e�a�s�e� 

�s�e�q�u�e�n�c�e� �f�o�r� �t�h�e� �d�e�s�i�g�n�s� �f�o�r� �t�i�m�e�d� �r�e�l�e�a�s�e�,� �a�r�e�:� 

�I�s� �t�h�e� �c�h�e�m�i�c�a�l� �t�a�k�e�n� �u�p� �i�n� �t�h�e� �f�i�b�e�r�s� �o�r� �a�g�g�r�e�g�a�t�e�?� 

�C�a�n� �t�h�e� �c�a�r�r�i�e�r� �b�e� �c�o�a�t�e�d�?� 

�I�s� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�t�a�i�n�e�d� �i�n� �t�h�e� �c�o�a�t�e�d� �c�a�r�r�i�e�r�?� 

�W�i�l�l� �a� �s�t�i�m�u�l�i� �r�e�l�e�a�s�e� �t�h�e� �c�h�e�m�i�c�a�l�?� 

�I�s� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e�d� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�?� 

�W�i�l�l� �t�h�e� �c�h�e�m�i�c�a�l� �m�o�v�e� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�?� 
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�V�i�s�u�a�l� �o�r� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�i�s� �t�o� �s�e�e� �s�u�c�c�e�s�s� �o�f� �r�e�l�e�a�s�e�.� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �2�-�-�D�o�e�s� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �r�e�l�e�a�s�e� �a�l�l�e�v�i�a�t�e� �t�h�e� �p�a�r�t�i�c�u�l�a�r� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�r�e�s�s� �o�r� �r�e�d�u�c�e� �c�r�a�c�k�i�n�g� �o�r� �p�e�r�m�e�a�b�i�l�i�t�y�?� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �3�-�-�D�o� �t�h�e� �f�i�b�e�r�s� �a�n�d� �s�t�i�m�u�l�i� �d�e�g�r�a�d�e� �t�h�e� �s�t�r�e�n�g�t�h� �o�r� 

�p�e�r�m�e�a�b�i�l�i�t�y� �p�r�o�p�e�r�t�i�e�s�;� �w�h�a�t� �a�r�e� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �p�e�r�m�e�a�b�i�l�i�t�y� �c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� 

�t�h�e� �v�a�r�i�o�u�s� �s�e�p�a�r�a�t�e� �f�a�c�t�o�r�s� �o�f� �w�a�x�,� �c�h�e�m�i�c�a�l�,� �f�i�b�e�r�?� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �4�-�-�A�r�e� �t�h�e�s�e� �d�e�s�i�g�n�s� �a�n� �i�m�p�r�o�v�e�m�e�n�t� �o�v�e�r� �c�o�n�v�e�n�t�i�o�n�a�l� 

�t�r�e�a�t�m�e�n�t�s� �f�o�r� �i�m�p�e�r�m�e�a�b�i�l�i�t�y� �o�r� �c�r�a�c�k� �r�e�d�u�c�t�i�o�n� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�r�e�s�s�e�s�?



�1�1� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �5�-�-�W�h�a�t� �a�r�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �m�a�n�u�f�a�c�t�u�r�e�,� �s�t�o�r�a�g�e�,� �a�n�d� �i�n�-� 

�t�h�e�-�f�i�e�l�d� �p�r�o�b�l�e�m�s�?� 

�P�o�t�e�n�t�i�a�l� �u�s�e�f�u�l�n�e�s�s� �w�i�l�l� �b�e� �a�s�s�e�s�s�e�d� �b�y� �a�n�s�w�e�r�i�n�g� �t�h�e� �f�o�l�l�o�w�i�n�g� �q�u�e�s�t�i�o�n�s� 

�o�n� �d�e�s�i�g�n� �a�n�d� �c�o�s�t� �i�m�p�l�i�c�a�t�i�o�n�s�:� 

�1�.� �W�h�a�t� �w�o�u�l�d� �b�e� �t�h�e� �d�e�s�i�g�n� �i�m�p�l�i�c�a�t�i�o�n�s� �o�f� �a�c�t�i�v�a�t�e�d� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �i�n� 

�r�e�g�a�r�d� �t�o� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �d�e�s�i�g�n�s� �f�o�r� �d�u�r�a�b�i�l�i�t�y�?� 

�2�.� �I�f� �d�u�r�a�b�i�l�i�t�y� �i�s� �i�m�p�r�o�v�e�d�,� �h�o�w� �w�o�u�l�d� �c�o�s�t�s� �f�o�r� �m�a�i�n�t�e�n�a�n�c�e� �a�n�d� �r�e�p�a�i�r� �b�e� 

�c�h�a�n�g�e�d�?� 

�3�.� �I�n� �a� �s�p�e�c�i�f�i�c� �e�x�a�m�p�l�e�,� �c�o�r�r�o�s�i�o�n�,� �w�h�a�t� �w�o�u�l�d� �b�e� �t�h�e� �d�e�s�i�g�n� �i�m�p�r�o�v�e�-� 

�m�e�n�t�s� �a�n�d� �c�o�s�t� �r�e�d�u�c�t�i�o�n�s� �b�y� �t�h�e� �u�s�e� �o�f� �i�n�t�e�r�n�a�l� �t�i�m�e�d� �r�e�l�e�a�s�e� �o�f� �c�h�e�m�i�-� 

�c�a�l�s�?� 

�a�.� �I�f�a� �r�e�l�e�a�s�e� �i�s� �t�o� �b�e� �a�c�c�o�m�p�l�i�s�h�e�d� �f�r�o�m� �a� �p�a�r�t�i�c�u�l�a�r� �v�o�l�u�m�e� �o�f� 

�f�i�b�e�r�s� �o�r� �a�g�g�r�e�g�a�t�e� �l�o�c�a�t�e�d� �i�n� �o�n�e� �p�a�r�t� �o�f� �a� �c�o�m�p�o�n�e�n�t�,� �w�h�a�t� �w�o�u�l�d� 

�b�e� �t�h�e� �c�o�s�t� �a�n�d� �d�e�s�i�g�n� �i�m�p�l�i�c�a�t�i�o�n�s� �o�f� �t�h�a�t�?� 

�b�.� �W�h�a�t� �w�o�u�l�d� �b�e� �t�h�e� �c�o�s�t� �a�n�d� �d�e�s�i�g�n� �a�d�v�a�n�t�a�g�e�s� �i�n� �t�h�i�s� �e�x�a�m�p�l�e�?� 

�4�,� �W�h�a�t� �w�o�u�l�d� �b�e� �t�h�e� �o�v�e�r�a�l�l� �c�o�s�t�s� �a�n�d� �d�e�s�i�g�n� �v�a�l�u�e�s� �o�f� �t�h�e�s�e� �d�e�s�i�g�n� 

�c�h�a�n�g�e�s�?� 

�5�.� �W�h�a�t� �n�e�w� �k�i�n�d�s� �o�f� �s�t�r�u�c�t�u�r�a�l� �a�n�d�/�o�r� �c�o�m�p�o�n�e�n�t� �d�e�s�i�g�n�s� �w�o�u�l�d� �b�e�n�e�f�i�t� 

�m�o�s�t� �f�r�o�m� �t�h�e�s�e� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �m�e�c�h�a�n�i�s�m�s�?� 

�6�.� �W�h�a�t� �w�o�u�l�d� �b�e� �t�h�e� �s�p�e�c�i�f�i�c� �i�m�p�a�c�t�s� �o�f� �t�h�e�s�e� �s�y�s�t�e�m�s� �f�o�r� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� 

�o�n� �(�a�)� �d�i�f�f�e�r�e�n�t� �b�u�i�l�d�i�n�g� �t�y�p�e�s�,� �(�b�)� �f�o�r� �u�s�e� �i�n� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s�,� �(�C�c�)



�1�2� 

�d�i�f�f�e�r�e�n�t� �b�u�i�l�d�i�n�g� �d�e�t�a�i�l�s�,� �(�d�)� �o�n� �r�e�p�a�i�r� �r�e�g�i�m�e�s�,� �a�n�d� �(�e�)� �o�n� �d�i�f�f�e�r�e�n�t� 

�s�t�r�u�c�t�u�r�a�l� �s�y�s�t�e�m�s�?� 

�7�.� �O�f� �w�h�a�t� �v�a�l�u�e� �w�o�u�l�d� �t�i�m�e�d� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �b�e� �t�o� �t�h�e� �h�i�s�t�o�r�i�c� �d�e�v�e�l�o�p�-� 

�m�e�n�t� �o�f� �p�l�a�s�t�i�c� �e�x�p�r�e�s�s�i�o�n� �i�n� �r�e�i�n�f�o�r�c�e�d� �c�o�n�c�r�e�t�e�?� 

�(�N�o�t�e�.� �A� �g�l�o�s�s�a�r�y� �o�f� �t�e�r�m�s� �i�s� �p�r�o�v�i�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�.�)



�C�H�A�P�T�E�R� �I�I� 

�R�E�C�E�N�T� �R�E�S�E�A�R�C�H�;� �R�E�V�I�E�W� �O�F� �T�H�E� �L�I�T�E�R�A�T�U�R�E� 

�R�e�c�e�n�t� �c�o�n�c�r�e�t�e� �a�n�d� �c�e�m�e�n�t� �r�e�s�e�a�r�c�h� �a�t�t�e�m�p�t�s� �t�o� �a�d�d�r�e�s�s� �t�h�e� �m�a�j�o�r� 

�p�e�r�f�o�r�m�a�n�c�e� �p�r�o�b�l�e�m�s� �o�f� �c�e�m�e�n�t� �m�a�t�e�r�i�a�l�s�;� �n�a�m�e�l�y�,� �p�e�r�m�e�a�b�i�l�i�t�y�/�c�r�a�c�k�i�n�g�,� �a�s� �w�e�l�l� 

�a�s� �b�r�i�t�t�l�e�n�e�s�s�.� �D�e�v�e�l�o�p�m�e�n�t�s� �i�n� �c�e�m�e�n�t� �r�e�s�e�a�r�c�h� �o�n� �p�e�r�m�e�a�b�i�l�i�t�y� �e�i�t�h�e�r� �a�t�t�e�m�p�t� 

�t�o� �f�i�l�l� �t�h�e� �p�o�r�e� �s�t�r�u�c�t�u�r�e� �o�r� �r�e�d�u�c�e� �t�h�e� �n�u�m�b�e�r�,� �s�i�z�e�,� �a�n�d� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �p�o�r�e�s�.� 

�F�o�r� �i�n�s�t�a�n�c�e�,� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t�s� �a�t�t�e�m�p�t� �t�o� �f�i�l�l� �u�p� �t�h�e� �p�o�r�e� �s�t�r�u�c�t�u�r�e� �w�i�t�h� 

�c�l�o�s�e� �p�a�c�k�i�n�g� �o�f� �s�m�a�l�l� �p�a�r�t�i�c�l�e�s�,� �t�h�e� �m�i�c�r�o� �s�i�l�i�c�a�.� �P�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�i�o�n� �w�h�i�c�h� 

�o�c�c�u�r�s� �a�t� �i�n�i�t�i�a�l� �m�i�x�i�n�g�,� �a�t�t�e�m�p�t�s� �t�o� �d�e�p�o�s�i�t� �p�o�l�y�m�e�r�s� �i�n� �t�h�e� �p�o�r�e� �s�t�r�u�c�t�u�r�e�.� �L�a�t�e�x� 

�m�o�d�i�f�i�e�d� �c�e�m�e�n�t�s� �l�e�a�v�e� �a� �r�u�b�b�e�r�y� �d�e�p�o�s�i�t� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �p�a�s�t�e� �t�o� �"�f�o�r�m� �a� 

�c�o�n�t�i�n�u�o�u�s� �p�o�l�y�m�e�r� �f�i�l�m�"� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �6�2�4�)�.� �M�a�c�r�o� �d�e�f�e�c�t�-�f�r�e�e� 

�c�o�n�c�r�e�t�e� �i�s� �d�e�s�i�g�n�e�d� �t�o� �r�e�d�u�c�e� �t�h�e� �m�a�c�r�o� �d�e�f�e�c�t� �s�i�z�e� �a�n�d� �c�l�o�s�e� �u�p� �t�h�e� �p�o�r�e� 

�s�t�r�u�c�t�u�r�e�.� �T�h�e�s�e� �l�a�s�t� �t�h�r�e�e� �m�a�t�e�r�i�a�l�s�,� �a�l�l� �o�f� �w�h�i�c�h� �a�r�e� �d�e�s�i�g�n�e�d� �t�o� �r�e�d�u�c�e� �t�h�e� �p�o�r�e� 

�s�i�z�e�,� �a�r�e� �s�u�b�j�e�c�t� �t�o� �t�h�e� �m�i�c�r�o�s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �c�e�m�e�n�t� �a�s� �i�t� �i�s� �s�e�t� �a�t� �t�h�e� �i�n�i�t�i�a�l�]� �m�i�x�.� 

�I�n� �r�e�a�l�i�t�y�,� �t�h�e� �m�a�t�r�i�c�e�s� �a�r�e� �n�o�t� �p�e�r�f�e�c�t�l�y� �p�a�c�k�e�d� �n�o�r� �a�r�e� �f�r�e�e� �o�f� �p�o�r�e�s� �a�n�d� �a�r�e� 

�t�h�e�r�e�f�o�r�e� �s�u�b�j�e�c�t� �t�o� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �o�n� �t�h�e� �m�a�t�e�r�i�a�l� �o�v�e�r� �t�i�m�e�;� �t�h�a�t� 

�i�s�,� �t�h�e�y� �h�a�v�e� �d�u�r�a�b�i�l�i�t�y� �p�r�o�b�l�e�m�s� �o�v�e�r� �t�i�m�e�.� �D�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t� �(�D�S�P�)� 

�c�e�m�e�n�t� �i�s� �p�r�o�n�e� �t�o� �s�e�l�f�-�d�e�s�i�c�c�a�t�i�o�n� �w�h�i�c�h� �c�a�u�s�e�s� �i�n�t�e�r�n�a�l� �c�r�a�c�k�i�n�g� �(�P�a�i�l�l�e�r�e�,� �B�u�i�l�,� 

�a�n�d� �S�e�r�r�a�m�o�,� �1�9�8�9�)�.� �I�n� �m�a�c�r�o� �d�e�f�e�c�t�-�f�r�e�e� �c�o�n�c�r�e�t�e�,� �t�h�e�r�e� �i�s� �m�o�i�s�t�u�r�e� �s�e�n�s�i�t�i�v�i�t�y� 

�w�h�i�c�h� �i�s� �d�u�e� �t�o� �s�h�r�i�n�k�a�g�e� �a�t� �t�h�e� �i�n�i�t�i�a�l� �s�e�t� �(�W�e�i�s�s�,� �G�e�r�t�n�e�r�,� �a�n�d� �T�r�e�s�o�u�t�h�w�i�c�k�,� 

�1�9�8�4�,� �p�.� �2�2�)�.� �P�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�e�d� �c�e�m�e�n�t� �i�s� �r�a�r�e�l�y� �c�o�m�p�l�e�t�e�l�y� �w�a�t�e�r�p�r�o�o�f� 

�b�e�c�a�u�s�e� �i�t� �c�a�n� �r�a�r�e�l�y� �b�e� �i�m�p�r�e�g�n�a�t�e�d� �t�o� �m�o�r�e� �t�h�a�n� �7�0�-�8�0�%� �o�f� �t�h�e� �v�o�l�u�m�e�,� �l�e�a�v�i�n�g� 

�1�3



�1�4� 

�t�h�e� �r�e�s�t� �v�u�l�n�e�r�a�b�l�e� �t�o� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�.� �M�a�c�r�o� �d�e�f�e�c�t�-�f�r�e�e� �c�o�n�c�r�e�t�e� �h�a�s� �a�l�s�o� �b�e�e�n� 

�f�o�u�n�d� �t�o� �b�e� �p�a�r�t�i�a�l�l�y� �w�a�t�e�r� �s�o�l�u�b�l�e�.� 

�R�e�c�e�n�t� �r�e�s�e�a�r�c�h� �a�l�s�o� �a�d�d�r�e�s�s�e�s� �t�h�e� �o�t�h�e�r� �m�a�i�n� �i�s�s�u�e� �i�n� �c�e�m�e�n�t�/�c�o�n�c�r�e�t�e� 

�p�e�r�f�o�r�m�a�n�c�e�,� �t�h�a�t� �i�s�,� �b�r�i�t�t�l�e�n�e�s�s�.� �T�h�e� �p�r�e�v�a�l�e�n�t� �m�e�t�h�o�d� �p�r�o�p�o�s�e�d� �i�s� �t�h�e� �a�d�d�i�t�i�o�n� 

�o�f� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�m�e�n�t� �t�o� �i�n�c�r�e�a�s�e� �t�o�u�g�h�n�e�s�s� �s�t�r�e�n�g�t�h�.� �T�h�e� �d�i�s�a�d�v�a�n�t�a�g�e�s� �t�o� �t�h�i�s� 

�a�p�p�r�o�a�c�h� �a�r�e� �(�a�)� �t�h�e� �f�i�b�e�r�s� �d�e�t�e�r�i�o�r�a�t�e� �i�n� �t�h�e� �c�e�m�e�n�t� �e�n�v�i�r�o�n�m�e�n�t� �o�v�e�r� �t�i�m�e�,� 

�d�e�s�p�i�t�e� �m�u�c�h� �r�e�s�e�a�r�c�h� �o�n� �n�e�w� �a�l�k�a�l�i� �r�e�s�i�s�t�a�n�t� �f�i�b�e�r�s�,� �a�n�d� �i�n� �l�e�s�s� �a�l�k�a�l�i�n�e� �c�e�m�e�n�t�s�,� 

�(�b�)� �t�h�e�y� �a�r�e� �e�x�p�e�n�s�i�v�e�,� �(�c�)� �t�h�e�y� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �p�l�a�c�e�,� �a�n�d� �(�d�)� �t�h�e� �b�o�n�d� �b�e�t�w�e�e�n� 

�f�i�b�e�r� �a�n�d� �m�a�t�r�i�x� �i�s� �a� �s�i�t�e� �o�f� �s�t�r�u�c�t�u�r�a�l� �w�e�a�k�n�e�s�s�.� �F�i�b�e�r�s� �t�o�u�g�h�e�n� �b�r�i�t�t�l�e� �c�e�m�e�n�t� 

�m�a�t�e�r�i�a�l�s� �b�y� �a�c�t�i�n�g� �a�s� �c�r�a�c�k� �a�r�r�e�s�t�o�r�s� �o�r� �d�i�s�s�i�p�a�t�o�r�s� �o�f� �c�r�a�c�k� �e�n�e�r�g�y�.� �C�o�n�s�i�d�e�r�a�b�l�e� 

�e�n�e�r�g�y� �i�s� �c�o�n�s�u�m�e�d� �b�y� �t�h�i�s�.� 

�I�n�t�e�g�r�a�t�i�o�n� �b�y� �P�r�o�p�o�s�e�d� �D�e�s�i�g�n�s� �o�f� �T�r�e�n�d�s� �i�n� 

�R�e�c�e�n�t� �R�e�s�e�a�r�c�h� �i�n� �C�e�m�e�n�t�/�C�o�n�c�r�e�t�e� 

�T�h�e�s�e� �s�y�s�t�e�m�s� �d�e�s�i�g�n�e�d� �w�i�t�h� �a�c�t�i�v�a�t�e�d� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �a�r�e� �a�t�t�e�m�p�t�s� �t�o� �s�o�l�v�e� 

�t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �r�e�s�e�a�r�c�h� �p�r�o�b�l�e�m�s� �o�f� �(�a�)� �b�r�i�t�t�l�e�n�e�s�s� �a�n�d� �(�b�)� �p�e�r�m�e�a�b�i�l�i�t�y�/� 

�c�r�a�c�k�i�n�g� �a�n�d� �i�n�t�e�g�r�a�t�e� �t�h�e�m� �i�n� �a� �n�e�w� �w�a�y�.� �T�h�e� �a�p�p�r�o�a�c�h� �i�s� �t�o� �c�o�m�b�i�n�e� �t�h�e� 

�i�n�c�r�e�a�s�e�d� �t�o�u�g�h�n�e�s�s� �f�r�o�m� �t�h�e� �f�i�b�e�r�s� �w�i�t�h� �t�h�e� �r�e�d�u�c�e�d� �p�e�r�m�e�a�b�i�l�i�t�y�/�c�r�a�c�k�i�n�g� �o�r� 

�r�e�d�u�c�e�d� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �a�n�d� �c�o�r�r�o�s�i�o�n� �d�a�m�a�g�e� �b�y� �t�h�e� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �o�f� 

�c�h�e�m�i�c�a�l�s� �t�o� �r�e�d�u�c�e� �p�e�r�m�e�a�b�i�l�i�t�y�/�c�r�a�c�k�i�n�g� �o�r� �a�t�t�e�n�d�a�n�t� �f�r�e�e�z�i�n�g� �o�r� �c�o�r�r�o�s�i�o�n�.



�1�5� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �a�t�t�e�m�p�t�i�n�g� �t�o� �a�d�d�r�e�s�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� 

�r�e�s�e�a�r�c�h� �g�o�a�l�s� �o�f� �r�e�d�u�c�i�n�g� �p�e�r�m�e�a�b�i�l�i�t�y� �a�n�d� �b�r�i�t�t�l�e�n�e�s�s�,� �t�h�e� �s�y�s�t�e�m�s� �d�e�s�i�g�n�e�d� �w�i�t�h� 

�a�c�t�i�v�a�t�e�d� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e�,� �r�e�l�e�a�s�e� �t�h�e�i�r� �c�h�e�m�i�c�a�l�s� �i�n�s�i�d�e� �t�h�e� �c�o�n�c�r�e�t�e� �a�s� �a� �r�e�s�u�l�t� �o�f� 

�a�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �t�r�i�g�g�e�r� �o�r� �h�u�m�a�n� �i�n�t�e�r�v�e�n�t�i�o�n� �a�f�t�e�r� �m�a�t�r�i�x�,� �s�e�t� �g�i�v�i�n�g� �t�h�e�m� �h�u�g�e� 

�p�o�t�e�n�t�i�a�l� �a�d�v�a�n�t�a�g�e�s�.� �T�h�e�s�e� �a�r�e�:� 

�1�.� �T�h�e� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �c�o�u�l�d� �c�h�a�n�g�e� �t�h�e� �m�i�c�r�o�s�t�r�u�c�t�u�r�e� 

�o�f� �t�h�e� �c�e�m�e�n�t� �s�e�t� �a�n�d� �t�h�e�r�e�f�o�r�e� �c�h�a�n�g�e� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y�/�c�r�a�c�k�i�n�g� �a�n�d� �a�s�s�o�c�i�a�t�e�d� 

�e�f�f�e�c�t�s�,� �a�n�d� �r�e�l�a�t�e�d� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �a�n�d� �c�h�l�o�r�i�d�e� �i�n�t�r�u�s�i�o�n� �d�a�m�a�g�e�;� 

�2�.� �I�f� �t�h�e� �c�h�e�m�i�c�a�l� �i�s� �r�e�l�e�a�s�e�d� �i�n�t�e�r�n�a�l�l�y�,� �i�t� �c�o�u�l�d� �p�e�n�e�t�r�a�t�e� �t�h�o�r�o�u�g�h�l�y� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �m�a�t�r�i�x�;� 

�3�.� �I�n� �t�h�e� �c�a�s�e�s� �w�h�e�r�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �e�v�e�n�t�s� �t�r�i�g�g�e�r� �t�h�e� �r�e�m�e�d�i�a�l� �a�c�t�i�o�n�,� 

�t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t� �c�o�u�l�d� �b�e� �i�n�c�r�e�a�s�e�d� �a�n�d� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �c�o�n�s�t�r�u�c�-� 

�t�i�o�n� �m�a�t�e�r�i�a�l� �r�e�d�u�c�e�d�.� 

�T�h�e� �p�o�t�e�n�t�i�a�l� �d�i�s�a�d�v�a�n�t�a�g�e�s� �w�o�u�l�d� �b�e� �t�h�a�t� �t�h�e�s�e� �s�y�s�t�e�m�s� �a�r�e� �n�o�v�e�l�;� �t�h�e�r�e�-� 

�f�o�r�e�,� �w�o�r�k�m�e�n� �m�u�s�t� �b�e� �t�r�a�i�n�e�d�.� �F�i�e�l�d� �c�o�n�d�i�t�i�o�n�s� �m�a�y� �b�e� �s�u�c�h� �t�h�a�t� �i�t� �w�i�l�l� �n�o�t� �w�o�r�k� 

�w�e�l�l� �i�n� �s�o�m�e� �u�n�f�o�r�e�s�e�e�n� �w�a�y�.� �T�h�e�s�e� �m�u�s�t� �b�e� �i�n�v�e�s�t�i�g�a�t�e�d� �f�u�r�t�h�e�r�.� 

�R�e�l�a�t�e�d� �R�e�s�e�a�r�c�h� �o�n� �I�n�t�e�r�n�a�l� �R�e�l�e�a�s�e� �i�n� �B�u�i�l�d�i�n�g� �M�a�t�e�r�i�a�l�s� 

�R�e�s�e�a�r�c�h� �o�n� �t�i�m�e�d� �r�e�l�e�a�s�e� �o�f� �c�h�e�m�i�c�a�l�s� �i�s� �m�a�i�n�l�y� �d�o�n�e� �i�n� �t�h�e� �f�i�e�l�d� �o�f� 

�b�i�o�l�o�g�y�,� �b�o�t�a�n�y�,� �m�e�d�i�c�i�n�e�,� �o�r� �i�n� �c�h�e�m�i�c�a�l� �s�e�p�a�r�a�t�i�o�n� �s�c�i�e�n�c�e�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �t�h�e� 

�F�e�d�e�r�a�l� �H�i�g�h�w�a�y� �A�d�m�i�n�i�s�t�r�a�t�i�o�n� �(�F�H�W�A�)� �s�p�o�n�s�o�r�e�d� �a� �s�t�u�d�y� �o�n� �t�h�e� �u�s�e� �o�f



�1�6� 

�i�n�t�e�r�n�a�l�l�y� �s�e�a�l�e�d� �c�o�n�c�r�e�t�e� �c�o�n�t�a�i�n�i�n�g� �M�o�n�t�a�n�-�p�a�r�a�f�f�i�n� �w�a�x� �b�e�a�d�s�.� �T�h�e� �c�o�n�c�l�u�s�i�o�n� 

�w�a�s� �t�h�a�t� �s�p�e�c�i�m�e�n�s� �o�f� �2� �c�u�.� �f�t�.� �h�e�a�t�e�d� �o�n� �t�h�e� �t�o�p� �s�u�r�f�a�c�e� �o�n�l�y� �r�e�l�e�a�s�e�d� �t�h�e� �w�a�x� �t�o� 

�a� �m�a�x�i�m�u�m� �d�e�p�t�h� �o�f� �1�/�1�6�"� �h�e�a�t�e�d� �a�t� �t�h�e� �m�a�x�i�m�u�m� �a�l�l�o�w�a�b�l�e� �o�f� �4�2�5�°� �F� �a�n�d� �t�h�a�t� �i�t� 

�w�a�s� �t�o�o� �c�o�s�t�l�y� �a�n�d� �d�i�f�f�i�c�u�l�t� �t�o� �h�e�a�t� �t�h�e� �s�l�a�b�s� �i�n� �t�h�e� �f�i�e�l�d� �t�o� �o�b�t�a�i�n� �m�a�t�r�i�x� �d�r�y� �o�u�t� 

�a�n�d� �w�a�x� �m�e�l�t�i�n�g� �(�G�e�i�s�h�a�u�s�e�r� �a�n�d� �C�a�d�y�,� �1�9�7�7�,� �p�p�.� �8�5�-�9�4�)�.� �T�h�e�y� �t�h�e�r�e�f�o�r�e� �f�u�n�d�e�d� 

�t�h�e� �B�a�t�t�e�l�l�e� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�y� �p�r�o�g�r�a�m� �t�o� �d�e�v�e�l�o�p� �d�e�g�r�a�d�a�b�l�e� �m�i�c�r�o�c�a�p�s�u�l�e�s� �i�n� 

�w�h�i�c�h� �t�h�e� �s�e�a�l�a�n�t� �i�s� �g�r�a�d�u�a�l�l�y� �r�e�l�e�a�s�e�d� �w�i�t�h� �t�i�m�e� �i�n� �o�r�d�e�r� �t�o� �s�t�o�p� �c�h�l�o�r�i�d�e� �i�o�n� �a�n�d� 

�w�a�t�e�r� �i�n�g�r�e�s�s� �w�i�t�h�o�u�t� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �h�e�a�t� �f�o�r� �m�e�l�t�i�n�g� �o�r� �r�e�m�o�v�a�l� �o�f� �f�r�e�e� 

�m�o�i�s�t�u�r�e�.� 

�T�h�e� �c�o�n�c�e�p�t� �o�f� �i�n�t�e�r�n�a�l� �t�i�m�e�d� �r�e�l�e�a�s�e� �t�o� �r�e�d�u�c�e� �c�o�r�r�o�s�i�o�n� �a�n�d� �f�r�e�e�z�e�/�t�h�a�w� 

�d�a�m�a�g�e� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �B�a�t�t�e�l�l�e� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�i�e�s� �(�K�i�s�t�l�e�r� �a�n�d� �B�e�n�t�o�n�,� 

�1�9�8�3�)�.� �T�h�a�t� �w�o�r�k� �e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �t�h�e� �u�s�e� �o�f� �e�n�c�a�p�s�u�l�a�t�e�d� �s�e�a�l�e�r�s� �i�n� �b�e�a�d� �f�o�r�m� 

�-� �c�a�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �a�n�d� �t�h�e� �p�r�o�b�l�e�m�s� �o�f� �c�o�r�r�o�s�i�o�n� �a�n�d� 

�f�r�e�e�z�e�/�t�h�a�w�.� �T�h�e� �s�t�u�d�y� �w�a�s� �l�i�m�i�t�e�d� �t�o� �t�h�e� �u�s�e� �o�f� �d�e�g�r�a�d�a�b�l�e� �b�e�a�d�s� �w�h�i�c�h� �r�e�l�e�a�s�e� 

�t�h�e�i�r� �s�e�a�l�a�n�t�s� �i�n�t�o� �t�h�e� �c�o�n�c�r�e�t�e�.� �T�h�e� �p�r�o�b�l�e�m�s� �e�n�c�o�u�n�t�e�r�e�d� �w�e�r�e� �(�a�)� �t�h�e� �i�n�c�o�r�p�o�-� 

�r�a�t�i�o�n� �o�f� �t�h�e� �b�e�a�d�s� �p�r�o�d�u�c�e�d� �s�i�g�n�i�f�i�c�a�n�t� �d�e�f�e�c�t�s� �i�n� �t�h�e� �c�e�m�e�n�t�,� �s�o�m�e�t�i�m�e�s� �c�a�u�s�i�n�g� 

�a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �c�o�n�c�r�e�t�e�;� �(�b�)� �s�o�m�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l�s� 

�u�s�e�d� �i�n�t�e�r�f�e�r�e�d� �w�i�t�h� �t�h�e� �s�e�t� �o�f� �t�h�e� �c�o�n�c�r�e�t�e�;� �a�n�d� �(�c�)� �s�o�m�e� �c�h�e�m�i�c�a�l�s� �w�o�u�l�d� �n�o�t� 

�r�e�l�e�a�s�e� �i�n�t�o� �t�h�e� �m�a�t�r�i�x� �o�f� �t�h�e� �c�o�n�c�r�e�t�e�.� �L�i�n�s�e�e�d� �o�i�l� �a�n�d� �s�i�l�a�n�e� �l�i�q�u�i�d� �s�e�a�l�a�n�t�s� �w�e�r�e� 

�m�a�d�e� �i�n�t�o� �p�r�i�l�l�s� �w�i�t�h� �a�m�m�o�n�i�u�m� �s�t�e�a�r�a�t�e� �a�n�d� �d�e�g�r�a�d�a�b�l�e� �p�o�l�y�m�e�r� �c�a�r�r�i�e�r�s�.� �S�o�m�e



�1�7� 

�t�y�p�e�s� �o�f� �b�e�a�d�s� �r�e�d�u�c�e�d� �t�h�e� �c�o�m�p�r�e�s�s�i�o�n� �s�t�r�e�n�g�t�h� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �t�o�t�a�l� �v�o�l�u�m�e� 

�o�f� �b�e�a�d�s� �u�s�e�d� �p�l�u�s� �e�n�t�r�a�i�n�e�d� �a�i�r�.� �F�r�e�e�z�e�/�t�h�a�w� �r�e�s�i�s�t�a�n�c�e� �d�e�p�e�n�d�e�d� �o�n�l�y� �o�n� 

�e�n�t�r�a�i�n�e�d� �a�i�r�,� �w�h�e�r�e�a�s� �l�a�b� �t�e�s�t�s� �s�h�o�w�e�d� �t�h�e� �c�h�l�o�r�i�d�e� �p�e�n�e�t�r�a�t�i�o�n� �w�a�s� �r�e�d�u�c�e�d� 

�t�w�o�f�o�l�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �a� �4�%� �v�o�l�u�m�e� �o�f� �b�e�a�d�s�.� �T�h�e� �d�e�g�r�a�d�a�b�l�e� �p�o�l�y�m�e�r� 

�l�i�n�s�e�e�d� �o�i�l� �b�e�a�d�s� �w�e�r�e� �o�p�t�i�m�i�z�e�d� �f�o�r� �b�e�a�d� �f�o�r�m�u�l�a�t�i�o�n�,� �s�i�z�e�,� �l�o�a�d�i�n�g�,� �a�n�d� �o�t�h�e�r� 

�f�a�c�t�o�r�s� �b�e�f�o�r�e� �c�o�n�d�u�c�t�i�n�g� �f�i�e�l�d� �t�e�s�t�s�.� �F�i�e�l�d� �t�e�s�t�s� �f�o�r� �c�h�l�o�r�i�d�e� �p�e�n�e�t�r�a�t�i�o�n�,� �h�o�w�e�v�e�r�,� 

�s�h�o�w�e�d� �m�a�r�g�i�n�a�l� �b�e�n�e�f�i�t� �f�r�o�m� �t�h�e� �b�e�a�d�s� �a�n�d� �g�a�v�e� �a� �h�i�g�h�e�r� �p�e�r�m�e�a�b�i�l�i�t�y�.� �P�r�o�d�u�c�-� 

�t�i�o�n� �c�o�s�t�s� �w�o�u�l�d� �r�a�i�s�e� �t�h�e� �p�r�i�c�e� �o�f� �c�o�n�c�r�e�t�e� �m�i�x� �a�b�o�u�t� �2�.�5� �f�o�l�d�,� �w�e�l�l� �w�i�t�h�i�n� �t�h�e� 

�r�a�n�g�e� �o�f� �a� �f�e�a�s�i�b�l�e� �m�a�t�e�r�i�a�l�.� �S�i�m�u�l�a�t�e�d� �s�t�o�r�a�g�e� �r�e�v�e�a�l�e�d� �t�h�e�y� �c�o�u�l�d� �b�e� �s�t�o�r�e�d� �u�p� 

�t�o� �9�0�°� �F� �b�u�t� �a�g�g�l�o�m�e�r�a�t�e�d� �a�t� �1�0�5�°� �F�.� �T�h�e� �p�o�l�y�m�e�r� �m�a�t�e�r�i�a�l�s� �d�e�g�r�a�d�e� �o�v�e�r� �t�i�m�e� 

�b�u�t� �t�h�e� �p�r�i�l�l� �p�r�o�v�i�d�e�s� �m�e�c�h�a�n�i�c�a�l� �i�n�t�e�g�r�i�t�y� �f�o�r� �t�h�e� �b�e�a�d�s� �(�K�i�s�t�l�e�r� �a�n�d� �B�e�n�t�o�n�,� 

�1�9�8�3�)�.� 

�S�o�l�u�t�i�o�n�s� �t�o� �P�r�o�b�l�e�m�s� �o�f� �I�n�t�e�r�n�a�l� �R�e�l�e�a�s�e� �M�a�t�e�r�i�a�l�s� 

�b�y� �t�h�e� �S�y�s�t�e�m�s� �D�e�s�i�g�n�e�d� �f�o�r� �T�h�i�s� �R�e�p�o�r�t� 

�T�h�e� �s�y�s�t�e�m�s� �d�e�s�i�g�n�e�d� �h�e�r�e�i�n� �u�s�e� �f�i�b�e�r�s� �o�r� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e� �t�o� �g�i�v�e� �m�e�-� 

�c�h�a�n�i�c�a�l� �i�n�t�e�g�r�i�t�y� �f�o�r� �t�h�e� �e�n�c�a�p�s�u�l�a�t�i�o�n� �s�y�s�t�e�m�.� �T�h�e� �f�i�b�e�r�s� �d�o� �n�o�t� �d�e�g�r�a�d�e� �t�h�e� 

�o�t�h�e�r� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s�.� �T�h�i�s� �i�s� �a�n� �i�m�p�r�o�v�e�m�e�n�t� �o�v�e�r� �t�h�e� �B�a�t�t�e�l�l�e� �w�o�r�k�.� �T�h�e� 

�c�o�a�t�i�n�g�,� �w�a�x� �i�n� �m�o�s�t� �c�a�s�e�s�,� �a�l�s�o� �a�c�t�s� �t�o� �s�e�a�l� �t�h�e� �c�o�n�c�r�e�t�e�.� �T�h�e� �f�i�l�l�e�d� �f�i�b�e�r�s� �c�a�n� �b�e� 

�s�t�o�r�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �w�h�i�c�h� �p�a�r�a�f�f�i�n� �w�a�x� �w�i�l�l� �n�o�t� �m�e�l�t�.



�1�8� 

�D�u�r�a�b�i�l�i�t�y� �i�n� �C�o�n�c�r�e�t�e� 

�T�h�e�o�r�e�t�i�c�a�l� �B�a�s�i�s� �f�o�r� �U�n�d�e�r�s�t�a�n�d�i�n�g� �D�u�r�a�b�i�l�i�t�y� �a�n�d� �t�h�e� �D�e�t�e�r�i�o�r�a�t�i�o�n� �P�r�o�c�e�s�s�e�s� 

�B�u�i�l�d�e�r�s�,� �o�w�n�e�r�s�,� �a�n�d� �t�e�n�a�n�t�s� �n�e�e�d� �d�u�r�a�b�i�l�i�t�y� �d�a�t�a� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �t�h�e� 

�m�o�s�t� �b�u�i�l�d�i�n�g� �f�o�r� �t�h�e�i�r� �m�o�n�e�y�,� �a�n�d� �m�a�k�e� �n�e�c�e�s�s�a�r�y� �r�e�p�a�i�r�s� �i�n� �a� �p�l�a�n�n�e�d� �w�a�y�.� �T�h�e� 

�q�u�e�s�t�i�o�n� �i�s�,� �w�i�l�l� �t�h�e� �b�u�i�l�d�i�n�g�s� �d�e�t�e�r�i�o�r�a�t�e� �t�o� �a�n� �u�n�a�c�c�e�p�t�a�b�l�e� �l�e�v�e�l�]� �w�i�t�h�i�n� �t�h�e�i�r� 

�d�e�s�i�g�n�e�d� �s�e�r�v�i�c�e� �l�i�f�e�?� �(�B�r�o�w�n�e�,� �1�9�8�6�,� �p�.� �1�0�2�)�.� �W�h�e�n� �t�h�a�t� �s�t�a�g�e� �i�s� �a�p�p�r�o�a�c�h�e�d�,� 

�d�e�m�o�l�i�t�i�o�n� �o�r� �u�p�g�r�a�d�i�n�g� �r�e�p�a�i�r� �a�r�e� �t�h�e� �o�n�l�y� �c�h�o�i�c�e�s�.� 

�"�D�u�r�a�b�i�l�i�t�y� �o�f� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �b�u�i�l�d�i�n�g� �m�a�t�e�r�i�a�l�,� �c�e�m�e�n�t�,� �o�r� �c�o�n�c�r�e�t�e� �i�s� �n�o�t� �a� 

�p�r�o�p�e�r�t�y� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �b�u�t� �a�n� �a�t�t�r�i�b�u�t�e� �w�h�i�c�h� �c�a�n� �b�e� �e�v�a�l�u�a�t�e�d� �b�y� �f�u�n�c�t�i�o�n� �o�f� 

�p�e�r�f�o�r�m�a�n�c�e� �v�e�r�s�u�s� �t�i�m�e�"� �(�C�a�b�r�e�r�a�,� �1�9�8�6�,� �p�.� �1�5�4�)�.� �T�h�e� �a�t�t�a�c�k� �b�y� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� 

�h�a�s� �t�w�o� �s�t�a�g�e�s�:� �t�h�e� �t�i�m�e� �r�e�q�u�i�r�e�d� �t�o� �p�e�n�e�t�r�a�t�e� �a�n�d� �t�h�e� �t�i�m�e� �f�o�r� �d�e�t�e�r�i�o�r�a�t�i�o�n� 

�(�B�r�o�w�n�e�,� �1�9�8�6�,� �p�.� �1�0�4�)�.� �T�h�e� �p�e�r�f�o�r�m�a�n�c�e� �l�i�f�e� �f�u�n�c�t�i�o�n� �i�s� �s�c�h�e�m�a�t�i�c�a�l�l�y� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �4� �(�C�a�b�r�e�r�a�,� �1�9�8�6�,� �p�.� �2�9�)�.� �T�h�e� �r�e�s�i�s�t�a�n�c�e� �t�o� �d�e�t�e�r�i�o�r�a�t�i�o�n� �o�f� �t�h�e� �p�a�r�t�i�c�u�l�a�r� 

�m�a�t�e�r�i�a�l� �u�n�d�e�r� �a� �n�u�m�b�e�r� �o�f� �i�n�g�r�e�s�s�i�v�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �i�n� 

�t�h�e� �f�i�g�u�r�e�.� �R�a�t�h�e�r� �t�h�a�n� �a�c�c�e�p�t� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �o�f� �F�i�g�u�r�e� �5� �t�h�a�t� �"�t�h�e� �c�r�u�c�i�a�l� 

�q�u�e�s�t�i�o�n� �i�s� �w�h�e�n� �w�i�l�l� �a� �b�u�i�l�d�i�n�g� �d�e�t�e�r�i�o�r�a�t�e� �t�o� �a�n� �u�n�a�c�c�e�p�t�a�b�l�e� �l�e�v�e�l�"� �(�B�r�o�w�n�e�,� 

�1�9�8�6�,� �p�.� �1�0�2�)�,� �t�h�e� �p�r�e�f�e�r�r�e�d� �v�i�s�i�o�n� �o�f� �d�e�t�e�r�i�o�r�a�t�i�o�n� �i�s� �t�h�a�t� �o�f� �t�h�e� �F�i�g�u�r�e� �6� �(�a�f�t�e�r� 

�B�r�o�w�n�e�)� �i�n� �w�h�i�c�h� �d�e�t�e�r�i�o�r�a�t�i�n�g� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �r�e�s�t�o�r�e�d�.� �F�i�g�u�r�e� �7� �s�h�o�w�s� �t�h�a�t� 

�v�a�r�i�a�t�i�o�n�s� �o�c�c�u�r� �w�i�t�h�i�n� �a� �s�t�r�u�c�t�u�r�e�,� �u�s�u�a�l�l�y� �d�u�e� �t�o� �t�h�e� �q�u�a�l�i�t�y� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �c�o�v�e�r� 

�i�n� �t�h�e� �a�r�e�a� �a�n�d� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �t�o� �a�c�c�e�s�s� �t�h�a�t� �p�a�r�t� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� 

�(�B�r�o�w�n�e�,� �1�9�8�6�,� �p�.� �1�0�2�)�.
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 ��-� �T�i�m�e� �M�i�n�k�m�u�m� �l�e�v�e�l� 
�o�f� �p�e�r�f�o�r�m�a�n�c�e� �r�e�q�u�i�r�e�d�.� 

 �� �l�f�e� �e�p�e�t�a�m�y�  ��e�"�"�|� 

� � � � 
� � 

�F�i�g�u�r�e� �4�.� �D�u�r�a�b�i�l�i�t�y� �s�c�h�e�m�a�t�i�c�a�l�l�y� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e�-�l�i�f�e� 
�f�u�n�c�t�i�o�n� �(�f�r�o�m� �C�a�b�r�e�r�a�,� �1�9�8�6�,� �p�.� �2�9�)�.� 

�(�a�)� �D�E�T�E�R�I�O�R�A�T�I�O�N� �W�I�T�H� �A�G�E� 

�A�g�e� �(�y�e�a�r�s�)� 
�2�5� �5�0� �7�5� �1�0�0� �1�2�5� 

�B�u�i�l�d�i�n�g� �B�r�i�d�g�e� 
�U�n�a�c�c�e�p�t�a�b�l�e� �l�e�v�e�l�  �� �-�!�6�0� �y�r�s�)� �(�1�2�0� �y�r�s�)� 

� � � � 

� � 

�L�e�v�e�l� �o�f� 
�d�e�t�e�r�i�o�r�a�t�i�o�n� 

�F�i�g�u�r�e� �5�.� �D�e�t�e�r�i�o�r�a�t�i�o�n� �w�i�t�h� �a�g�e� �o�f� �c�o�n�c�r�e�t�e� �d�u�r�a�b�i�l�i�t�y� �(�f�r�o�m� �B�r�o�w�n�e� �1�9�8�6�,� 
�p�.� �1�0�3�)�.� �)� 

�(�b�)� �R�E�M�E�D�I�A�L� �P�R�O�C�E�S�S� 

�0� �p�2�5� �3�0� �3� �1�9�0� �1�5� 
� � 

� � 

�F�i�g�u�r�e� �6�.� �R�e�m�e�d�i�a�l� �p�r�o�c�e�s�s� �o�f� �c�o�n�c�r�e�t�e� �d�u�r�a�b�i�l�i�t�y� �(�f�r�o�m� �B�r�o�w�n�e� �1�9�8�6�,� �p�.� 
�1�0�3�)�.



�2�0� 

�{�c�}� �V�A�R�I�A�T�I�O�N� �W�I�T�H�I�N� �A� �S�T�R�U�C�T�U�R�E� 

�0� �2�5� �5�0� �1�5� �1�0�0� �1�2�5� 
�A� �L� �|� �i� �l�e�e� 
� � 

� � � �8�  ��N�,�  ��  �� �_�.�.� 

� � 

�D�i�s�t�r�i�b�u�t�i�o�n� �o�f� �d�e�t�e�r�i�o�r�a�t�i�o�n� 
�a�t� �t�i�m�e� �{�(�t�)� 

�F�i�g�u�r�e� �7�.� �D�i�s�t�r�i�b�u�t�i�o�n� �o�f� �d�e�t�e�r�i�o�r�a�t�i�o�n� �(�f�r�o�m� �B�r�o�w�n�e� �1�9�8�6�,� �p�.� �1�0�3�)�.� 

�P�e�r�m�e�a�b�i�l�i�t�y� 

�P�e�r�m�e�a�b�i�l�i�t�y� �c�o�n�t�r�o�l�s� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �a�g�g�r�e�s�s�i�v�e� �a�g�e�n�t�s� �w�i�l�l� �p�e�n�e�t�r�a�t�e� �a�n�d� 

�a�t�t�a�c�k� �t�h�e� �c�o�n�c�r�e�t�e�.� �C�e�m�e�n�t�s� �o�f� �s�i�m�i�l�a�r� �t�o�t�a�l� �p�o�r�o�s�i�t�y� �m�a�y� �h�a�v�e� �v�e�r�y� �d�i�f�f�e�r�e�n�t� 

�p�e�r�m�e�a�b�i�l�i�t�i�e�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �p�o�r�e� �s�t�r�u�c�t�u�r�e� �a�n�d� �s�i�z�e� �(�P�e�a�c�o�c�k�,� �1�9�8�6�,� �p�.� �1�5�4�)�.� 

�T�h�e�y� �m�a�y� �h�a�v�e� �d�i�f�f�e�r�e�n�t� �s�t�r�e�n�g�t�h�s� �f�o�r� �t�h�e� �s�a�m�e� �r�e�a�s�o�n�s� �(�P�e�a�c�o�c�k�,� �1�9�8�6�,� �p�.� �1�5�4�)�.� 

�P�e�n�e�t�r�a�n�t�s� �c�a�n� �b�e� �g�a�s�,� �l�i�q�u�i�d�,� �o�r� �i�o�n�s�.� �P�e�r�m�e�a�b�i�l�i�t�y� �i�s� �t�h�e� �p�r�o�p�e�r�t�y� �m�o�s�t� �i�n�d�i�c�a�t�i�v�e� 

�o�f� �l�i�k�e�l�y� �d�u�r�a�b�i�l�i�t�y� �(�P�e�a�c�o�c�k�,� �1�9�8�6�,� �p�.� �1�5�4�)�.� �P�e�r�m�e�a�b�i�l�i�t�y� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �e�a�s�e� �w�i�t�h� 

�w�h�i�c�h� �w�a�t�e�r� �o�r� �o�t�h�e�r� �f�l�u�i�d�s� �c�a�n� �m�o�v�e� �t�h�r�o�u�g�h� �c�o�n�c�r�e�t�e�,� �t�r�a�n�s�p�o�r�t�i�n�g� �a�g�g�r�e�s�s�i�v�e� 

�a�g�e�n�t�s� �a�n�d� �t�h�u�s� �i�t� �i�s� �o�f� �c�r�i�t�i�c�a�l� �i�m�p�o�r�t�a�n�c�e� �f�o�r� �m�a�n�y� �t�y�p�e�s� �o�f� �d�i�s�t�r�e�s�s� �e�x�p�e�r�i�e�n�c�e�d� 

�b�y� �c�o�n�c�r�e�t�e� �(�Y�o�u�n�g�,� �1�9�8�8�,� �p�.� �2�)�.� �P�e�r�m�e�a�b�i�l�i�t�y� �i�s� �c�o�m�p�r�i�s�e�d� �o�f� �t�h�e� �f�a�c�t�o�r�s� �o�f� 

�p�o�r�o�s�i�t�y�,� �p�o�r�e� �s�i�z�e�,� �p�o�r�e� �s�t�r�u�c�t�u�r�e�,� �a�n�d� �c�r�a�c�k�i�n�g�.� �T�h�e� �m�a�j�o�r� �d�e�t�e�r�m�i�n�a�n�t� �o�f� 

�d�u�r�a�b�i�l�i�t�y� �i�s� �i�n� �m�o�s�t� �c�a�s�e�s� �t�h�e� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o� �b�e�c�a�u�s�e� �t�h�i�s� �d�e�t�e�r�m�i�n�e�s� �t�h�e



�2�1� 

�p�e�r�m�e�a�b�i�l�i�t�y� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �5�4�4�)�.� �L�o�w�e�r� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o� 

�c�a�u�s�e�s� �t�h�e� �c�o�n�c�r�e�t�e� �t�o� �h�a�v�e� �g�r�e�a�t�e�r� �s�t�r�e�n�g�t�h� �a�n�d� �l�e�s�s� �p�o�r�o�s�i�t�y� �(�s�e�e� �F�i�g�u�r�e� �8�)�.� 

�T�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �c�o�n�c�r�e�t�e� �i�s� �m�e�a�s�u�r�e�d� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �r�a�t�e� �o�f� �f�l�o�w� 

�o�f� �a� �f�l�u�i�d� �t�h�r�o�u�g�h� �a� �c�o�n�c�r�e�t�e� �s�l�a�b�;� �t�h�a�t� �i�s�,� �i�t� �o�b�e�y�s� �D ��A�r�c�y ��s� �l�a�w� �f�o�r� �f�l�o�w� �t�h�r�o�u�g�h� �a� 

�p�o�r�o�u�s� �m�e�d�i�u�m�:� 

�V�=�K�, �� 

�V� �=� �r�a�t�e� �o�f� �f�l�o�w� �o�f� �w�a�t�e�r�,� �h� �=� �t�h�e� �h�e�a�d� �o�f� �w�a�t�e�r�,� �x� �=� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�,� 

�a�n�d� �K�,� �=� �p�e�r�m�e�a�b�i�l�i�t�y� �c�o�e�f�f�i�c�i�e�n�t� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �5�4�6�)�.� 

� � 

 ��  �� �t� �r�o� 

�=� �1�2�0� �a�+� �F� �C�o�n�c�r�e�t�e� �1�2�0� �=� 
�°� �°� 

�L� �J� �L�o� �S� 
�*� �x� 
�~� �x� 

�a�e�  �� �~�~�  �� �=� �2� 
�=� �¢� �=�e� 

�3�3� �3�5� 
�E�=� �4�0�7� �7� �F� �4�0� �#�2� 
�8� �=�e� �e� �8� �L� �L� �4� �e�s� 

�0� �1� �L�s� �0� � � 

� � 

� � � � � � � � 

�0�.�2� �0�.�4� �0�.�6� �0�.�8� �a�2� �0�.�4� �0�.�6� �0�8� 

�w�i�e� �r�a�t�i�o� �w�i�c� �r�a�t�i�o� 

�(�a�)� �(�o�)� 

�F�i�g�u�r�e� �8�.� �I�n�f�l�u�e�n�c�e� �o�f� �w�/�c� �r�a�t�i�o� �o�n� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f�:� �(�a�)� �c�e�m�e�n�t� �p�a�s�t�e� �(�f�r�o�m� �T�.� 
�C�.� �P�o�w�e�r�s�,� �L�.� �E�.� �C�o�p�e�l�a�n�d�,� �J�.� �C�.� �H�a�y�e�s�,� �a�n�d� �H�.� �M�.� �M�a�n�n�,� �J�o�u�r�n�a�l� �o�f� �t�h�e� �A�m�e�r�i�-� 
�c�a�n� �C�o�n�c�r�e�t�e� �I�n�s�t�i�t�u�t�e�,� �V�o�l�.� �5�1�,� �N�o�.� �3�,� �1�9�5�4�,� �p�p�.� �2�8�5�-�2�9�8�)�;� �(�b�)� �c�o�n�c�r�e�t�e� �(�a�d�a�p�t�e�d� 
�f�r�o�m� �C�o�n�c�r�e�t�e� �M�a�n�u�a�l�,� �8�t�h� �e�d�.�,� �U�.�S�.� �B�u�r�e�a�u� �o�f� �R�e�c�l�a�m�a�t�i�o�n�,� �D�e�n�v�e�r�,� �C�o�l�o�r�a�d�o�,� 
�1�9�7�5�)� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �5�4�5�)�.� 

�T�h�e� �u�s�u�a�l� �t�r�e�a�t�m�e�n�t�s� �t�o� �r�e�d�u�c�e� �p�e�r�m�e�a�b�i�l�i�t�y� �a�r�e�:� �(�a�)� �a�p�p�l�i�c�a�t�i�o�n� �o�f� 

�s�e�a�l�a�n�t�s� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e�,� �(�b�)� �r�e�d�u�c�t�i�o�n� �o�f� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o�,� �a�n�d� �(�c�)� �c�l�o�s�e� 

�p�a�c�k�i�n�g� �o�f� �p�a�r�t�i�c�l�e�s�.� �T�h�e� �r�e�l�a�t�e�d� �p�r�o�b�l�e�m�s� �a�r�e� �t�h�a�t� �s�e�a�l�a�n�t�s� �p�e�n�e�t�r�a�t�e� �i�m�p�e�r�f�e�c�t�l�y



�2�2� 

�a�n�d� �o�n�l�y� �t�o� �a� �c�e�r�t�a�i�n� �d�i�s�t�a�n�c�e� �a�n�d� �c�a�n� �t�r�a�p� �w�a�t�e�r� �b�e�l�o�w�,� �p�r�e�v�e�n�t�i�n�g� �i�t�s� �e�v�a�p�o�r�a�-� 

�t�i�o�n�.� �C�l�o�s�e� �p�a�c�k�e�d� �m�a�t�e�r�i�a�l�s� �w�i�t�h� �l�o�w� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o� �s�u�c�h� �a�s� �d�e�n�s�e� �s�i�l�i�c�a� 
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�e�l�i�m�i�n�a�t�i�n�g� �t�h�e� �v�o�i�d� �s�p�a�c�e�,� �i�s� �t�h�e� �t�h�e�o�r�y� �o�f� �p�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�e�d� �c�o�n�c�r�e�t�e�.� 

�S�o�l�u�t�i�o�n�s� �t�o� �P�e�r�m�e�a�b�i�l�i�t�y� �P�r�o�b�l�e�m�s� �i�n� �C�o�n�c�r�e�t�e� �b�y� �t�h�e� �U�s�e� �o�f� �I�n�t�e�r�n�a�l� �R�e�l�e�a�s�e� 

�C�h�e�m�i�c�a�l� 

�T�h�e� �t�w�o� �r�e�m�e�d�i�e�s� �f�o�r� �p�e�r�m�e�a�b�i�l�i�t�y� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �s�y�s�t�e�m�s� �d�e�s�i�g�n�e�d� 

�h�e�r�e�i�n� �a�r�e� �t�h�e� �r�e�l�e�a�s�e� �o�f� �a� �c�r�y�s�t�a�l�i�z�i�n�g� �p�o�w�d�e�r� �X�y�p�e�x� �o�r� �a� �p�o�l�y�m�e�r� �w�h�i�c�h� �w�o�u�l�d� 
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�p�r�o�m�o�t�i�o�n�a�l� �l�i�t�e�r�a�t�u�r�e�,� �1�9�8�9�)�.� �I�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �w�a�t�e�r�,� �X�y�p�e�x�,� �a� �c�r�y�s�t�a�l� �f�o�r�m�i�n�g� 

�b�a�r�r�i�e�r�,� �w�i�l�l� �g�r�o�w� �d�e�e�p� �i�n�t�o� �t�h�e� �c�o�n�c�r�e�t�e�.� �T�h�e�y� �o�b�s�e�r�v�e�d� �X�y�p�e�x� �c�r�y�s�t�a�l�l�i�n�e� �g�r�o�w�t�h� 

�a�t� �5�0�m�m� �w�i�t�h�i�n� �t�h�r�e�e� �w�e�e�k�s�.� �T�h�e�i�r� �l�i�t�e�r�a�t�u�r�e� �c�i�t�e�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �i�n�f�o�r�m�a�t�i�o�n�.� �I�t� �i�s� 

�a� �r�e�a�c�t�i�v�a�t�i�o�n� �o�f� �t�h�e� �c�e�m�e�n�t� �c�u�r�i�n�g� �p�r�o�c�e�s�s� �t�h�a�t� �e�v�e�n�t�u�a�l�l�y� �b�l�o�c�k�s� �t�h�e� �c�a�p�i�l�l�a�r�y� 

�s�y�s�t�e�m�s� �f�r�o�m� �p�a�s�s�a�g�e� �o�f� �w�a�t�e�r� �b�u�t� �a�l�l�o�w�s� �t�h�e� �p�a�s�s�a�g�e� �o�f� �v�a�p�o�r� �f�o�r� �e�v�a�p�o�r�a�t�i�o�n�.� �I�n� 

�a� �n�o�r�m�a�l� �s�e�t�t�i�n�g�,� �u�p� �t�o� �2�5�%� �o�f� �t�h�e� �c�e�m�e�n�t� �w�i�l�l� �n�o�t� �b�e�c�o�m�e� �h�y�d�r�a�t�e�d� �d�u�e� �t�o� �t�h�e� 

�p�r�o�t�e�c�t�i�o�n� �a�g�a�i�n�s�t� �w�a�t�e�r� �w�h�i�c�h� �t�h�e� �c�h�e�m�i�s�t�r�y� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �o�f�f�e�r�s�.� �D�u�e� �t�o� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �X�y�p�e�x�,� �t�h�i�s� �r�e�s�i�s�t�a�n�c�e� �c�h�a�n�g�e�s�,� �a�l�l�o�w�i�n�g� �w�a�t�e�r� �t�o� �r�e�a�c�h� �t�h�e� �u�n�h�y�d�r�a�t�e�d� 

�c�e�m�e�n�t�.� �C�r�y�s�t�a�l�s� �c�a�n� �g�r�o�w� �a�n�d� �t�h�e� �r�e�a�c�t�i�o�n�s� �s�p�r�e�a�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �o�s�m�o�s�i�s�,� �d�r�y� 

�p�a�r�t�i�c�l�e� �r�e�a�c�t�i�o�n�s�,� �a�n�d� �B�r�o�w�n�o�n�i�a�n� �m�o�v�e�m�e�n�t�.� �N�o�r�m�a�l�l�y�,� �t�h�i�s� �m�a�t�e�r�i�a�l� �h�a�s� �b�e�e�n� 

�a�p�p�l�i�e�d� �t�o� �t�h�e� �s�u�r�f�a�c�e�,� �a�n�d� �i�n� �s�u�c�h� �c�a�s�e�s� �t�h�e� �c�r�y�s�t�a�l�s� �g�r�o�w� �u�n�t�i�l� �t�h�e�y� �r�e�a�c�h� �a� �p�o�i�n�t� 

�d�e�e�p� �i�n� �t�h�e� �p�r�o�d�u�c�t� �w�h�e�r�e� �w�a�t�e�r� �i�s� �n�o�t� �a�v�a�i�l�a�b�l�e� �o�r� �a�l�l� �t�h�e� �c�e�m�e�n�t� �h�a�s� �b�e�e�n� 

�h�y�d�r�a�t�e�d�.� �C�o�n�s�t�r�u�c�t�i�o�n� �j�o�i�n�t�s� �c�a�n� �b�e� �m�a�d�e� �w�a�t�e�r� �t�i�g�h�t� �a�n�d� �t�o� �w�i�t�h�s�t�a�n�d� �o�s�m�o�t�i�c� 

�p�r�e�s�s�u�r�e� �i�n� �e�x�c�e�s�s� �o�f� �s�i�x� �b�a�r� �a�t�m�o�s�p�h�e�r�i�c� �p�r�e�s�s�u�r�e�.� �I�f� �t�h�e� �X�y�p�e�x� �i�s� �u�s�e�d� �w�i�t�h� 

�f�r�e�s�h�l�y� �m�i�x�e�d� �c�o�n�c�r�e�t�e�,� �t�h�e� �e�f�f�e�c�t� �i�s� �t�o� �r�e�t�a�r�d� �s�e�t�t�i�n�g�,� �a�n�d� �o�t�h�e�r� �s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s� 

�w�i�l�l� �b�e� �d�e�t�e�r�i�o�r�a�t�e�d�.� �I�n�d�e�p�e�n�d�e�n�t� �c�o�m�p�a�n�i�e�s� �(�a�s� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �X�y�p�e�x� �l�i�t�e�r�a�-� 

�t�u�r�e�)� �s�u�g�g�e�s�t� �t�h�a�t� �p�e�r�m�e�a�b�i�l�i�t�y� �i�n� �s�a�m�p�l�e�s� �i�s� �n�o�n�e�x�i�s�t�e�n�t�,� �t�h�e�r�e� �i�s� �n�o� �d�a�m�a�g�e� �d�u�e� 

�t�o� �f�r�e�e�z�e�/�t�h�a�w� �c�y�c�l�i�n�g�,� �a�n�d� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �m�a�n�y� �c�o�m�m�o�n�l�y� �d�a�m�a�g�i�n�g� �c�h�e�m�i�c�a�l�s� 

�s�u�c�h� �a�s� �c�h�l�o�r�i�n�e�,� �e�t�h�y�l�e�n�e� �g�l�y�c�o�l�,� �m�i�n�e�r�a�l� �o�i�l�,� �a�c�i�d�,� �a�n�d� �t�h�e� �c�y�l�i�n�d�e�r�s� �a�v�e�r�a�g�e�d



�2�6� 

�b�e�t�w�e�e�n� �1�4�%� �a�n�d� �2�4�%� �i�n�c�r�e�a�s�e� �i�n� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �c�o�m�p�a�r�e�d� �t�o� �u�n�t�r�e�a�t�e�d� 

�c�y�l�i�n�d�e�r�s� �(�X�y�p�e�x� �C�o�m�p�a�n�y� �p�r�o�m�o�t�i�o�n�a�l� �l�i�t�e�r�a�t�u�r�e�,� �1�9�8�9�)�.� 

�T�h�e� �A�d�v�a�n�t�a�g�e�s� �o�f� �X�y�p�e�x� �A�p�p�l�i�e�d� �I�n�t�e�r�n�a�l�l�y� 

�T�h�e� �a�d�v�a�n�t�a�g�e�s� �o�f� �X�y�p�e�x� �a�p�p�l�i�e�d� �i�n�t�e�r�n�a�l�l�y� �p�r�o�t�e�c�t�e�d� �f�r�o�m� �w�a�t�e�r� �a�s� 

�p�r�o�p�o�s�e�d� �h�e�r�e�i�n� �w�o�u�l�d� �b�e� �(�a�)� �c�u�t�t�i�n�g� �t�h�e� �t�i�m�e� �f�o�r� �c�r�y�s�t�a�l�l�i�n�e� �g�r�o�w�t�h� �f�r�o�m� �w�e�e�k�s� 

�t�o� �d�a�y�s� �b�e�c�a�u�s�e� �t�h�e� �c�r�y�s�t�a�l�s� �w�o�u�l�d� �g�r�o�w� �f�r�o�m� �p�o�i�n�t�s� �a�l�l� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�p�e�c�i�m�e�n� 

�r�a�t�h�e�r� �t�h�a�n� �t�h�e� �s�u�r�f�a�c�e�,� �a�n�d� �(�b�)� �t�h�e� �X�y�p�e�x� �w�o�u�l�d� �n�o�t� �r�e�d�u�c�e� �s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s� 

�a�s� �o�c�c�u�r�s� �i�f� �a�p�p�l�i�e�d� �t�o� �w�e�t� �c�o�n�c�r�e�t�e�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �a�g�e�n�t�s� �t�o� 

�c�o�n�c�r�e�t�e� �t�o� �r�e�d�u�c�e� �p�e�r�m�e�a�b�i�l�i�t�y� �b�y� �a�d�d�i�n�g� �X�y�p�e�x� �o�r� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �a�s� �a� 

�p�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�o�r� �w�o�u�l�d� �a�f�f�e�c�t� �d�e�s�i�g�n� �p�r�i�n�c�i�p�l�e�s�,� �i�n� �t�h�a�t� �h�i�g�h� �l�o�a�d�s� �c�o�u�l�d� �b�e� 

�p�l�a�c�e�d� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�e�s� �d�u�e� �t�o� �i�n�c�r�e�a�s�e�d� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h�,� �f�e�w�e�r� �r�e�i�n�f�o�r�c�i�n�g� 

�b�a�r�s� �c�o�u�l�d� �b�e� �u�s�e�d� �d�u�e� �t�o� �i�n�c�r�e�a�s�e�d� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�,� �a�n�d� �l�e�s�s� �c�o�n�c�r�e�t�e� �c�o�v�e�r� 

�w�o�u�l�d� �b�e� �n�e�e�d�e�d� �t�o� �p�r�o�t�e�c�t� �t�h�e� �r�e�i�n�f�o�r�c�i�n�g� �b�a�r�s� �f�r�o�m� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s�.� �A�l�s�o� 

�d�e�s�i�g�n�s� �t�o� �p�r�e�v�e�n�t� �w�a�t�e�r� �b�u�i�l�d�u�p� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �c�o�u�l�d� �b�e� �e�l�i�m�i�n�a�t�-� 

�e�d�,� �a�i�r� �e�n�t�r�a�i�n�i�n�g� �w�o�u�l�d� �n�o�t� �b�e� �u�s�e�d� �d�u�e� �t�o� �i�n�c�r�e�a�s�e�d� �f�r�e�e�z�e�/�t�h�a�w� �r�e�s�i�s�t�a�n�c�e�,� �a�n�d� 

�t�h�e� �r�e�s�i�s�t�a�n�c�e� �t�o� �v�a�r�i�o�u�s� �c�h�e�m�i�c�a�l�s� �s�u�c�h� �a�s� �a�c�i�d� �w�o�u�l�d� �b�e� �i�n�c�r�e�a�s�e�d�,� �a�n�d� �e�x�p�a�n�s�i�o�n� 

�d�u�e� �t�o� �m�o�i�s�t�u�r�e� �i�n�t�r�u�s�i�o�n� �w�o�u�l�d� �b�e� �l�e�s�s�.� 

�C�r�a�c�k�i�n�g� 

�C�r�a�c�k�i�n�g�,� �a�l�o�n�g� �w�i�t�h� �p�o�r�e� �s�t�r�u�c�t�u�r�e�,� �s�i�z�e�,� �a�n�d� �n�u�m�b�e�r� �o�f� �p�o�r�e�s�,� �c�o�n�t�r�i�b�u�t�e� 

�t�o� �o�v�e�r�a�l�l� �p�e�r�m�e�a�b�i�l�i�t�y�.� �C�r�a�c�k�i�n�g� �b�e�g�i�n�s� �d�u�r�i�n�g� �t�h�e� �h�y�d�r�a�t�i�o�n� �p�r�o�c�e�s�s� �u�s�u�a�l�l�y� �d�u�e



�2�7� 

�t�o� �d�r�y�i�n�g� �a�n�d� �s�h�r�i�n�k�a�g�e� �b�u�t� �w�h�e�n� �t�h�e� �c�o�n�c�r�e�t�e� �s�t�r�u�c�t�u�r�e� �i�s� �l�o�a�d�e�d�,� �t�h�e� �s�t�r�e�s�s�e�s� �a�t� 

�t�h�e� �t�i�p�s� �o�f� �t�h�e� �c�r�a�c�k� �c�a�n� �b�e�c�o�m�e� �q�u�i�t�e� �l�a�r�g�e� �a�n�d� �g�r�o�w� �u�n�d�e�r� �r�e�p�e�a�t�e�d� �c�y�c�l�e�s� �o�f� 

�l�o�a�d�i�n�g�,� �t�h�u�s� �a� �c�y�c�l�i�c� �l�o�a�d�i�n�g� �o�f� �c�o�n�c�r�e�t�e� �p�r�o�d�u�c�e�s� �a� �h�y�s�t�e�r�e�s�i�s� �l�o�o�p� �a�s� �s�e�e�n� �i�n� 

�F�i�g�u�r�e� �1�0� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �3�7�8�)�.� 

�F�i�g�u�r�e� �1�0� �s�h�o�w�s� �t�h�a�t� �t�h�e� �a�r�e�a� �w�i�t�h�i�n� �t�h�e� �l�o�o�p�,� �t�h�e� �e�n�e�r�g�y�,� �b�e�c�o�m�e�s� 

�a�v�a�i�l�a�b�l�e� �t�o� �p�r�o�p�a�g�a�t�e� �c�r�a�c�k�s�,� �e�v�e�n�t�u�a�l�l�y� �l�e�a�d�i�n�g� �t�o� �f�a�i�l�u�r�e�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �t�h�e� �s�t�r�e�s�s� �r�a�n�g�e� �a�n�d� �t�h�e� �f�a�t�i�g�u�e� �l�i�f�e� �i�s� �e�x�p�r�e�s�s�e�d� �b�y� �t�h�e� �m�o�d�i�f�i�e�d� �G�o�o�d�-� 

�m�a�n� �L�a�w�:� 

�w�h�e�r�e� �o�,�,�,�,� �i�s� �t�h�e� �s�t�r�e�s�s� �a�m�p�l�i�t�u�d�e� �f�o�r� �a� �g�i�v�e�n� �f�a�t�i�g�u�e� �l�i�f�e�,� �o�,� �i�s� �t�h�e� �m�e�d�i�a�n� �f�a�t�i�g�u�e� 

�s�t�r�e�n�g�t�h� �f�o�r� �p�u�r�e� �a�l�t�e�r�n�a�t�i�n�g� �s�t�r�e�s�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �m�e�a�n� �s�t�r�e�s�s� �a�n�d� �t�h�e� �u�l�t�i�m�a�t�e� 

�s�t�r�e�s�s� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �3�7�3�)�.� �F�a�t�i�g�u�e� �o�f� �c�o�n�c�r�e�t�e� �i�s� �w�e�l�l� �d�e�f�i�n�e�d�.� �I�f� 

�a� �s�i�n�g�l�e� �l�o�a�d� �w�i�l�l� �f�a�i�l�,� �t�h�e� �c�o�n�c�r�e�t�e� �a�t� �4�0�0�0� �p�s�i�,� �t�h�e�n� �i�t� �s�h�o�u�l�d� �b�e� �a�b�l�e� �t�o� �h�a�n�d�l�e� �a�n� 

�i�n�f�i�n�i�t�e� �n�u�m�b�e�r� �(�1�0�°�)� �o�f� �l�o�a�d� �c�y�c�l�e�s� �a�t� �2�0�0�0� �p�s�i� �(�R�i�c�h�a�r�d� �W�a�l�k�e�r� �p�e�r�s�o�n�a�l� �c�o�m�m�u�-� 

�n�i�c�a�t�i�o�n�,� �J�u�l�y� �1�9�9�0�)�.� �T�h�e� �G�o�o�d�m�a�n� �D�i�a�g�r�a�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�1�.� 

�F�i�g�u�r�e� �1�1� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�e�s�s� �t�h�a�t� �c�o�n�c�r�e�t�e� 

�c�a�n� �w�i�t�h�s�t�a�n�d� �w�i�t�h� �1�0�°� �l�o�a�d� �c�y�c�l�e�s� �f�o�r� �g�i�v�e�n� �m�i�n�i�m�u�m� �s�t�r�e�s�s�;� �f�o�r� �z�e�r�o� �m�i�n�i�m�u�m� 

�s�t�r�e�s�s� �t�h�e� �c�o�n�s�e�r�v�a�t�i�v�e� �e�s�t�i�m�a�t�e� �i�s� �t�h�a�t� �t�h�e� �m�a�x�i�m�u�m� �l�o�a�d� �f�o�r� �1�0�°� �c�y�c�l�e�s� �o�f� �5�0�%� �o�f� 

�t�h�e� �s�t�a�t�i�c� �s�t�r�e�n�g�t�h� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �3�7�4�)�.
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�0� �4�0�0� �8�0�0� �1�2�0�0� �1�6�0�0� �2�0�0�0� �2�4�0�0� �2�8�0�0� �3�2�0�0� �3�6�0�0� 

�S�t�r�a�i�n� �x� �1�0�°� 

�F�i�g�u�r�e� �1�0�.� �V�a�r�i�a�t�i�o�n� �o�f� �s�t�r�e�s�s�-�s�t�r�a�i�n� �c�u�r�v�e� �w�i�t�h� �n�u�m�b�e�r� �o�f� �c�y�c�l�e�s� �(�M�i�n�d�e�s�s� 
�a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �3�7�7�)�.� 

� � 

� � 

�M�a�x�i�m�u�m� �t�e�n�s�i�l�e� �s�t�r�e�s�s� �T�e�n�s�i�o�n� 
�.� �\� �I�L� �R�a�n�g�e� �o�f� 

�t� 

�R�a�n�g�e� �o�f� 
�s�t�r�e�s�s� 

�\� �M�a�x�i�m�u�m� �R�e�l�a�t�i�v�e� �s�t�r�e�s�s� 

�c�o�m�p�r�e�s�s�i�v�e� �C�m�a�x� �O�f� �S�m�i�n� 

�G�u�r�,� 

�/� 

�C�o�m�p�r�e�s�s�i�o�n� 

�F�i�g�u�r�e� �1�1�.� �M�o�d�i�f�i�e�d� �G�o�o�d�m�a�n� �d�i�a�g�r�a�m� �f�o�r� �c�o�n�c�r�e�t�e� �(�s�c�h�e�m�a�t�i�c�)� �(�f�r�o�m� 
�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �3�7�5�)�.



�2�9� 

�T�h�e� �M�i�n�e�r� �h�y�p�o�t�h�e�s�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �f�a�i�l�u�r�e� �w�i�l�l� �o�c�c�u�r� �w�h�e�n�:� 

�M�y� 

�a�a� �1� 
�1� 

�w�h�e�r�e� �n�,� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �c�y�c�l�e�s� �o�f� �l�o�a�d� �a�t� �s�o�m�e� �s�t�r�e�s�s� �c�o�n�d�i�t�i�o�n� �a�n�d� �N�,� �i�s� �t�h�e� 

�n�u�m�b�e�r� �o�f� �c�y�c�l�e�s� �r�e�q�u�i�r�e�d� �t�o� �c�a�u�s�e� �f�a�i�l�u�r�e� �a�t� �t�h�a�t� �c�o�n�d�i�t�i�o�n�;� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �i�s� �t�h�a�t� 

�t�h�e�r�e� �i�s� �a� �l�i�n�e�a�r� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �d�a�m�a�g�e� �d�u�e� �t�o� �e�a�c�h� �l�o�a�d�i�n�g� �c�y�c�l�e� �(�M�i�n�d�e�s�s� �a�n�d� 

�Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �3�7�6�)�.� �T�h�e�s�e� �n�u�m�b�e�r�s� �a�r�e� �i�m�p�o�r�t�a�n�t� �b�e�c�a�u�s�e� �t�h�e�y� �c�a�n� �b�e� �u�s�e�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�o�u�n�t� �o�f� �c�h�e�m�i�c�a�l� �t�o� �b�e� �r�e�l�e�a�s�e�d� �o�v�e�r� �t�h�e� �l�i�f�e� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�n� 

�t�h�e� �d�e�s�i�g�n�s� �h�e�r�e�i�n� �d�e�v�e�l�o�p�e�d�.� 

�T�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�r�e�a�t�m�e�n�t�s� �f�o�r� �c�r�a�c�k�i�n�g� �a�r�e� �(�a�)� �s�u�r�f�a�c�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� 

�m�a�t�e�r�i�a�l�s� �s�u�c�h� �a�s� �p�a�i�n�t�s�;� �(�b�)� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �m�a�t�e�r�i�a�l�s� �w�h�i�c�h� �p�e�n�e�t�r�a�t�e� �i�n�t�o� �t�h�e� 

�s�u�r�f�a�c�e� �a�n�d� �b�l�o�c�k� �t�h�e� �p�o�r�e�s�,� �s�u�c�h� �a�s� �e�p�o�x�y� �r�e�s�i�n�s�,� �a�s�p�h�a�l�t�s�,� �p�o�l�y�m�e�r�s�;� �(�c�)� �i�n�j�e�c�t�i�o�n� 

�o�f� �p�o�l�y�m�e�r�s� �a�n�d� �e�p�o�x�i�e�s� �i�n�t�o� �t�h�e� �b�o�d�y� �o�f� �t�h�e� �c�o�n�c�r�e�t�e�;� �a�n�d� �(�d�)� �v�e�r�y� �r�a�p�i�d� �s�e�t�t�i�n�g� 

�c�e�m�e�n�t�s� �a�p�p�l�i�e�d� �a�s� �o�v�e�r�l�a�y�s� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �5�7�5�)�.� �S�u�r�f�a�c�e� �t�r�e�a�t�-� 

�m�e�n�t�s� �t�e�n�d� �t�o� �c�o�n�c�e�n�t�r�a�t�e� �t�h�e� �c�r�a�c�k�i�n�g� �s�t�r�e�s�s�e�s� �i�n�t�o� �a�r�e�a�s� �n�o�t� �t�r�e�a�t�e�d� �a�n�d� �t�r�a�p� 

�m�o�i�s�t�u�r�e� �i�n�s�i�d�e� �t�h�e� �c�o�n�c�r�e�t�e� �d�u�e� �t�o� �t�h�e� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �(�B�e�a�n�,� �1�9�8�8�,� �p�p�.� �7�-�8�)�.� 

�T�h�e� �l�a�t�t�e�r� �c�a�n� �c�a�u�s�e� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �t�o� �o�c�c�u�r�.� 

�S�o�l�u�t�i�o�n� �t�o� �C�r�a�c�k�i�n�g� �P�r�o�b�l�e�m�s� �S�u�g�g�e�s�t�e�d� �b�y� �D�e�s�i�g�n� �f�o�r� �I�n�t�e�r�n�a�l� �R�e�l�e�a�s�e� 

�I�n� �t�h�e� �s�y�s�t�e�m� �c�o�n�t�a�i�n�e�d� �h�e�r�e�i�n�,� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �f�i�b�e�r�s� �i�n�t�o� �c�o�n�c�r�e�t�e� �w�i�l�l� 

�i�n�t�e�r�r�u�p�t� �t�h�e� �e�n�e�r�g�y� �b�u�i�l�d�-�u�p� �n�e�e�d�e�d� �t�o� �c�a�u�s�e� �c�r�a�c�k�i�n�g�.� �T�h�e� �r�e�l�e�a�s�e� �o�f� �s�e�a�l�a�n�t�s� �o�r



�3�0� 

�i�m�p�r�e�g�n�a�t�o�r�s� �f�r�o�m� �t�h�e� �f�i�b�e�r�s� �w�i�l�l� �r�e�d�u�c�e� �p�e�r�m�e�a�b�i�l�i�t�y� �b�y� �f�i�l�l�i�n�g� �i�n� �c�r�a�c�k�s� �a�s� �w�e�l�l� �a�s� 

�p�o�r�e�s� �w�i�t�h� �c�h�e�m�i�c�a�l� �p�l�u�g�s�.� 

�F�i�b�e�r� �R�e�i�n�f�o�r�c�e�m�e�n�t� 

�L�o�w� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �c�o�n�c�r�e�t�e� �c�a�n� �r�e�s�u�l�t� �i�n� �c�r�a�c�k�i�n�g�.� �F�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� 

�c�o�n�c�r�e�t�e� �i�s� �i�n�t�e�n�d�e�d� �t�o� �r�e�d�u�c�e� �c�r�a�c�k� �d�e�v�e�l�o�p�m�e�n�t� �b�y� �a�b�s�o�r�b�i�n�g� �c�r�a�c�k�i�n�g� �e�n�e�r�g�y�.� 

�T�h�e� �m�o�s�t� �w�i�d�e�l�y� �u�s�e�d� �f�i�b�e�r�,� �f�i�b�e�r�g�l�a�s�s�,� �i�s� �a�t�t�a�c�k�e�d� �b�y� �t�h�e� �a�l�k�a�l�i�n�e� �e�n�v�i�r�o�n�m�e�n�t� �o�f� 

�c�e�m�e�n�t� �w�h�i�c�h� �d�e�g�r�a�d�e�s� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �f�i�b�e�r�s�.� �S�o�m�e� �g�l�a�s�s� �f�i�b�e�r�s� �h�a�v�e� �b�e�e�n� 

�p�r�o�d�u�c�e�d� �w�h�i�c�h� �a�r�e� �a�l�k�a�l�i�n�e� �r�e�s�i�s�t�a�n�t�,� �a�l�t�h�o�u�g�h� �t�h�e� �l�o�n�g�-�t�e�r�m� �d�u�r�a�b�i�l�i�t�y� �i�s�s�u�e� �i�s� 

�s�t�i�l�l� �o�p�e�n� �t�o� �q�u�e�s�t�i�o�n�.� �T�h�e� �b�o�o�k� �o�n� �c�o�n�c�r�e�t�e� �b�y� �M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g� �(�1�9�8�1�,� �p�.� 

�6�3�0�)� �d�i�f�f�e�r�e�n�t�i�a�t�e�s� �t�h�e� �o�t�h�e�r� �f�i�b�e�r�s� �a�s� �f�o�l�l�o�w�s�:� �P�o�l�y�m�e�r�i�c� �f�i�b�e�r�s�,� �s�u�c�h� �a�s� �p�o�l�y�p�r�o�p�-� 

�y�l�e�n�e�,� �h�a�v�e� �l�o�w�e�r� �e�l�a�s�t�i�c� �m�o�d�u�l�i� �i�n� �c�o�n�c�r�e�t�e�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �m�a�y� �e�v�e�n� �r�e�d�u�c�e� �t�h�e� 

�s�t�r�e�n�g�t�h�,� �b�u�t� �a�r�e� �e�f�f�e�c�t�i�v�e� �i�n� �i�n�c�r�e�a�s�i�n�g� �i�m�p�a�c�t� �r�e�s�i�s�t�a�n�c�e� �o�f� �t�h�e� �c�o�n�c�r�e�t�e�.� �K�e�v�l�a�r� 

�a�n�d� �p�o�l�y�i�m�i�d�e�s� �h�a�v�e� �h�i�g�h� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �a�n�d� �h�i�g�h� �m�o�d�u�l�u�s� �o�f� �e�l�a�s�t�i�c�i�t�y� �b�u�t� �a�r�e� 

�e�x�p�e�n�s�i�v�e�.� �C�a�r�b�o�n� �f�i�b�e�r�s� �h�a�v�e� �h�i�g�h� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �a�n�d� �a�r�e� �c�o�s�t�l�y�.� 

�O�r�g�a�n�i�c� �f�i�b�e�r�s�,� �b�a�s�e�d� �o�n� �c�e�l�l�u�l�o�s�e�,� �h�a�v�e� �l�o�w� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �a�n�d� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s� 

�a�n�d� �t�e�n�d� �t�o� �d�e�t�e�r�i�o�r�a�t�e� �i�n� �d�a�m�p� �o�r� �a�l�k�a�l�i�n�e� �e�n�v�i�r�o�n�m�e�n�t�s� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� 

�1�9�8�1�,� �p�.� �6�3�0�)�.� 

�T�h�e� �p�a�r�a�m�e�t�e�r�s� �w�h�i�c�h� �a�f�f�e�c�t� �t�h�e� �m�e�c�h�a�n�i�c�s� �o�f� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�m�e�n�t� �a�r�e� �t�h�e� 
�a�s�p�e�c�t� �r�a�t�i�o�,� �i�.�e�.� �d�i�a�m�e�t�e�r� �t�o� �l�e�n�g�t�h�,� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �f�i�b�e�r�,� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n�,� 
�a�n�d� �t�h�e� �s�p�a�c�i�n�g� �b�e�t�w�e�e�n� �f�i�b�e�r�s�.� �M�o�s�t� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �c�o�n�c�r�e�t�e� �f�a�i�l�u�r�e� 
�o�c�c�u�r�s� �a�t� �a� �b�o�n�d� �f�a�i�l�u�r�e� �o�r� �f�i�b�e�r� �p�u�l�l�-�o�u�t�.� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� 
�p�.� �6�3�2�)



�3�1� 

�A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �v�a�r�i�o�u�s� �r�e�i�n�f�o�r�c�i�n�g� �f�i�b�e�r�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e�s� �3� 

�a�n�d� �4�.� �T�y�p�i�c�a�l� �f�i�b�e�r�-�m�a�t�r�i�x� �p�u�l�l�-�o�u�t� �s�t�r�e�n�g�t�h� �i�s� �a� �v�e�r�y� �i�m�p�o�r�t�a�n�t� �p�a�r�a�m�e�t�e�r� �(�s�e�e� 

�T�a�b�l�e� �5�)�.� �T�h�e� �f�a�b�r�i�c�a�t�i�o�n� �o�f� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�o�n�c�r�e�t�e� �i�s� �d�i�f�f�i�c�u�l�t� �b�e�c�a�u�s�e� �o�f� �t�h�e� 

�b�a�l�l�i�n�g� �u�p� �o�f� �t�h�e� �f�i�b�e�r�s� �i�n� �t�h�e� �m�i�x�i�n�g� �e�q�u�i�p�m�e�n�t�.� �T�h�e� �t�y�p�i�c�a�l� �m�i�x� �i�s� �s�h�o�w�n� �i�n� 
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�w�o�u�l�d� �b�e� �i�n�c�r�e�a�s�e�d� �l�o�a�d�i�n�g� �d�u�e� �t�o� �l�o�w�e�r� �f�a�t�i�g�u�e� �l�e�v�e�l�,� �y�i�e�l�d� �s�t�r�e�s�s�,� �a�n�d� �f�a�i�l�u�r�e� 

�l�e�v�e�l�;� �l�e�s�s� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �d�u�e� �t�o� �w�a�t�e�r� �i�n�t�r�u�s�i�o�n�;� �t�h�i�n�n�e�r� �c�o�v�e�r� �n�e�e�d�e�d� �t�o



�3�5� 

�p�r�o�t�e�c�t� �r�e�i�n�f�o�r�c�i�n�g� �b�a�r�s� �f�r�o�m� �w�a�t�e�r� �i�n�t�r�u�s�i�o�n�;� �a�n�d� �f�e�w�e�r� �s�h�r�i�n�k�a�g�e� �a�n�d� �c�r�a�c�k�i�n�g� 

�j�o�i�n�t�s� �w�o�u�l�d� �b�e� �n�e�e�d�e�d�,� �a�n�d� �t�h�i�n�n�e�r� �c�o�n�s�t�r�u�c�t�i�o�n� �j�o�i�n�t�s� �c�o�u�l�d� �b�e� �u�s�e�d�.� 

�S�e�l�f�-�D�e�s�s�i�c�a�t�i�o�n� �C�r�a�c�k�i�n�g� �i�n� �D�e�n�s�e� �S�i�l�i�c�a� �F�u�m�e� �(�D�S�P�)� �C�e�m�e�n�t�s� 

�D�r�y�i�n�g� �c�r�a�c�k�i�n�g� �d�u�e� �t�o� �s�e�l�f�-�d�e�s�i�c�c�a�t�i�o�n� �i�s� �a� �p�r�o�b�l�e�m� �i�n� �l�o�w� �w�a�t�e�r�/�c�e�m�e�n�t� 

�r�a�t�i�o� �c�e�m�e�n�t�s� �s�u�c�h� �a�s� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t�s�.� �S�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t�s� �r�e�d�u�c�e� �t�h�e� 

�p�o�r�e� �s�i�z�e� �b�y� �c�l�o�s�e� �p�a�c�k�i�n�g� �o�f� �f�i�n�e�r� �m�a�t�e�r�i�a�l�s�.� �S�u�p�e�r�p�l�a�s�t�i�c�i�z�e�r�s� �a�r�e� �n�e�c�e�s�s�a�r�y� �t�o� 

�a�t�t�a�i�n� �t�h�i�s� �l�o�w� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o�.� �T�h�e� �u�n�i�f�o�r�m� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �h�y�d�r�a�t�i�o�n� �p�r�o�d�u�c�t�s� 

�a�n�d� �t�h�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �l�a�r�g�e�r� �p�o�r�e�s� �r�e�s�u�l�t�s� �i�n� �a� �n�e�t� �i�n�c�r�e�a�s�e� �i�n� �c�o�m�p�r�e�s�s�i�v�e� 

�s�t�r�e�n�g�t�h� �o�f� �u�p� �t�o� �4�3�,�0�0�0� �p�s�i� �(�Y�o�u�n�g�,� �1�9�8�5�,� �p�.� �6�4�)�.� �A� �m�o�d�e�l� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�s� 

�s�h�o�w�n� �i�n� �t�h�e� �F�i�g�u�r�e�s� �1�3� �a�n�d� �1�4�.� 

� � 

�F�i�g�u�r�e� �1�3�.� �T�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �(�a�)� �c�e�m�e�n�t� �p�a�s�t�e� �a�n�d� �(�b�)� �D�.�S�.�P�.� �p�a�s�t�e� 
�(�d�e�n�s�i�f�i�e�d�)� �s�y�s�t�e�m�s� �c�o�n�t�a�i�n�i�n�g� �h�o�m�o�g�e�n�e�o�u�s�l�y� �a�r�r�a�n�g�e�d� �u�l�t�r�a�f�i�n�e� 
�p�a�r�t�i�c�l�e�s�,� �a�f�t�e�r� �H�j�o�r�t�h� �(�f�r�o�m� �Y�o�u�n�g�,� �1�9�8�5�,� �p�.� �6�4�)�.
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�m�i�c�r�o�s�i�l�i�c�a� 
�p�a�r�t�i�c�l�e�s� 
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� � � 

� � 

�y�d�r�a�t�i�o�n� 
�p�r�o�d�u�c�t�s� � � � � � � � � 

�F�i�g�u�r�e� �1�4�.� �T�h�e� �e�f�f�e�c�t� �o�f� �m�i�c�r�o�s�i�l�i�c�a� �p�a�r�t�i�c�l�e�s� �i�n� �"�r�e�f�i�n�i�n�g�"� �t�h�e� 
�p�o�r�e� �s�y�s�t�e�m�,� �a�f�t�e�r� �H�j�o�r�t�h� �(�f�r�o�m� �Y�o�u�n�g�,� �1�9�8�5�,� �p�.� �6�0�)�.� 

�S�o�l�u�t�i�o�n� �t�o� �S�e�l�f�-�D�e�s�s�i�c�a�t�i�o�n� �C�r�a�c�k�i�n�g� �i�n� �D�S�P� �b�y� �D�e�s�i�g�n� �I�n� �T�h�i�s� �R�e�p�o�r�t� 

�S�l�o�w� �r�e�l�e�a�s�e� �o�f� �w�a�t�e�r� �f�r�o�m� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �a�s� �t�h�e� �D�S�P� �c�u�r�e�s� �c�o�u�l�d� 

�r�e�d�u�c�e� �t�h�e� �s�e�l�f�-�d�e�s�i�c�c�a�t�i�o�n� �d�r�y�i�n�g� �c�r�a�c�k�i�n�g�.� �P�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �r�e�d�u�c�e� �c�r�a�c�k�i�n�g� �b�y� 

�i�n�t�e�r�r�u�p�t�i�n�g� �t�h�e� �c�r�a�c�k� �e�n�e�r�g�y�.� 

�T�h�e� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s�,� �u�s�e�d� �h�e�r�e�i�n�,� �e�x�p�a�n�d�e�d� �v�e�r�m�i�c�u�l�i�t�e�,� �p�o�r�o�u�s� �l�i�m�e�-� 

�s�t�o�n�e� �a�n�d� �e�x�p�a�n�d�e�d� �s�h�a�l�e�,� �a�l�l� �i�n�t�e�r�a�c�t� �c�h�e�m�i�c�a�l�l�y� �w�i�t�h� �t�h�e� �c�e�m�e�n�t� �a�n�d� �t�h�e�i�r� �i�n�-� 

�c�r�e�a�s�e�d� �w�a�t�e�r� �r�e�q�u�i�r�e�m�e�n�t�s�,� �b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �h�i�g�h� �a�b�s�o�r�p�t�i�o�n�,� �c�a�n� �p�r�e�s�e�n�t� �p�r�o�b�-� 

�l�e�m�s� �b�e�c�a�u�s�e� �s�t�r�e�n�g�t�h� �d�e�p�e�n�d�s� �o�n� �t�h�e� �w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o� �a�n�d� �r�e�l�a�t�e�d� �d�e�n�s�i�t�y� 

�(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�p�.� �5�8�9�-�5�9�4�)�.� �A�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �1�5�,� �t�h�e� �d�e�n�s�e�r� �t�h�e� 

�m�a�t�e�r�i�a�l�,� �t�h�e� �m�o�r�e� �t�h�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h�.� �P�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �i�n� �D�S�P� �c�o�u�l�d� 

�s�e�r�v�e� �t�o� �r�e�d�u�c�e� �t�h�e� �a�u�t�o�g�e�n�o�u�s� �s�h�r�i�n�k�a�g�e� �a�n�d� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t� �f�o�r� �m�o�r�e� �w�a�t�e�r� 

�b�e�c�a�u�s�e� �t�h�e� �p�o�r�e�s� �o�f� �t�h�e� �a�g�g�r�e�g�a�t�e�s� �w�o�u�l�d� �b�e� �f�i�l�l�e�d� �i�n�i�t�i�a�l�l�y�.� �T�h�e� �m�a�i�n� �d�e�s�i�g�n
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�0� 

�D�e�n�s�i�t�y� �(�k�g�/�m�?�)� 

�B�Q� �A� �P�e�r�l�i�t�e�,� �V�e�r�m�i�c�u�l�i�t�e�,� �A�e�r�a�t�e�d� 

�=� �5� �p�u�m�i�c�e� 
�W�Y� �~�©�©� �E�x�p�a�n�d�e�d� �s�h�a�l�e� �o�r� �s�l�a�g� 

�F�i�g�u�r�e� �1�5�.� �I�n�f�l�u�e�n�c�e� �o�f� �d�e�n�s�i�t�y� �o�n� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �i�n�s�u�l�a�t�i�n�g� �c�o�n�c�r�e�t�e�s� 
�(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �5�9�6�)�.� 

�i�m�p�l�i�c�a�t�i�o�n� �f�r�o�m� �t�h�i�s� �s�y�s�t�e�m� �i�s� �t�h�a�t� �D�S�P� �c�e�m�e�n�t�s�,� �w�h�i�c�h� �h�a�v�e� �v�e�r�y� �h�i�g�h� �s�t�r�e�n�g�t�h�,� 

�c�o�u�l�d� �h�a�v�e� �e�n�h�a�n�c�e�d� �w�i�t�h� �p�r�e�d�i�c�t�a�b�l�e� �d�u�r�a�b�i�l�i�t�y� �d�u�e� �t�o� �r�e�d�u�c�e�d� �d�r�y�i�n�g� �s�h�r�i�n�k�a�g�e�.� 

�C�o�r�r�o�s�i�o�n� 

�"�C�o�r�r�o�s�i�o�n�,� �o�r� �r�u�s�t�i�n�g� �o�f� �m�e�t�a�l�,� �i�s� �a�n� �e�x�p�a�n�s�i�v�e� �r�e�a�c�t�i�o�n� �t�h�a�t� �c�a�u�s�e�s� �c�r�a�c�k�-� 

�i�n�g� �a�n�d� �d�a�m�a�g�e�s� �c�o�n�c�r�e�t�e�.� �I�t� �i�s� �a�n� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �p�r�o�c�e�s�s� �t�h�a�t� �r�e�q�u�i�r�e�s� �t�h�e� �f�l�o�w� 

�o�f� �e�l�e�c�t�r�i�c�a�l� �c�u�r�r�e�n�t� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �o�x�y�g�e�n� �a�n�d� �m�o�i�s�t�u�r�e�"� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� 

�1�9�8�1�,� �p�.� �5�5�7�)�.� �T�h�e� �h�i�g�h� �a�l�k�a�l�i�n�i�t�y� �c�o�n�d�i�t�i�o�n�s� �i�n� �c�o�n�c�r�e�t�e� �u�s�u�a�l�l�y� �c�a�u�s�e� �a�n� �o�u�t�s�i�d�e� 

�s�e�a�l� �t�o� �f�o�r�m� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �i�r�o�n� �b�a�r�s�,� �p�r�e�v�e�n�t�i�n�g� �c�o�r�r�o�s�i�o�n�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� 

�P�h� �i�s� �r�e�d�u�c�e�d� �t�o� �1�1�.�0� �o�r� �b�e�l�o�w� �d�u�e� �t�o� �c�a�r�b�o�n�a�t�i�o�n� �o�r� �t�h�e� �e�n�t�r�y� �o�f� �c�h�l�o�r�i�d�e� �i�o�n�s�,
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�s�u�c�h� �a�s� �f�r�o�m� �d�e�-�i�c�i�n�g� �s�a�l�t�s�,� �t�h�i�s� �o�x�i�d�e� �l�a�y�e�r� �r�u�s�t�s� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� 

�p�.� �5�5�8�)�.� �T�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s� �c�a�u�s�i�n�g� �c�o�r�r�o�s�i�o�n� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�6� �(�a�)� 

�a�n�d� �(�b�)�.� 

�T�h�e� �t�i�m�e� �i�t� �t�a�k�e�s� �f�o�r� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �t�o� �p�e�n�e�t�r�a�t�e� �t�h�e� �s�t�e�e�l� �i�s� �e�a�s�i�e�r� �t�o� 

�p�r�e�d�i�c�t� �t�h�a�n� �t�h�e� �t�i�m�e� �f�o�r� �t�h�e� �c�o�r�r�o�s�i�o�n� �t�o� �c�a�u�s�e� �d�a�m�a�g�e� �(�B�r�o�w�n�e�,� �1�9�8�6�,� �p�p�.� �1�1�0�)�.� 

�T�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �s�t�r�a�t�e�g�i�e�s� �f�o�r� �f�i�g�h�t�i�n�g� �c�o�r�r�o�s�i�o�n� �o�f� �r�e�i�n�f�o�r�c�i�n�g� �s�t�e�e�l� �a�r�e� �r�e�d�u�c�t�i�o�n� 

�o�f� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� �c�o�n�c�r�e�t�e�,� �p�r�o�t�e�c�t�i�v�e� �c�o�a�t�i�n�g� �o�f� �t�h�e� �c�o�n�c�r�e�t�e�,� �p�r�o�t�e�c�t�i�v�e� 

�c�o�a�t�i�n�g� �o�f� �t�h�e� �s�t�e�e�l� �r�e�i�n�f�o�r�c�i�n�g� �b�a�r�,� �a�n�d�/�o�r� �s�u�p�p�r�e�s�s�i�o�n� �o�f� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �p�r�o�c�e�s�s�-� 

�e�s� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �5�6�0�)�.� �T�h�e� �d�i�f�f�i�c�u�l�t�y� �w�i�t�h� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �m�e�a�n�s� 

�o�f� �f�i�g�h�t�i�n�g� �c�o�r�r�o�s�i�o�n� �a�r�e� �t�h�a�t� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �a�n�d� 

�t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �p�r�o�t�e�c�t�i�v�e� �c�o�a�t�i�n�g�s� �t�e�n�d� �t�o� �t�r�a�p� �m�o�i�s�t�u�r�e� �a�n�d� �a�r�e� �n�o�t� �1�0�0�%� 

�e�f�f�e�c�t�i�v�e� �a�s� �a� �p�r�e�v�e�n�t�a�t�i�v�e� �o�f� �c�h�l�o�r�i�d�e� �i�n�t�r�u�s�i�o�n� �(�B�e�a�n�,� �1�9�8�8�,� �p�p�.� �7�-�8�)�.� �T�h�e� �f�a�c�t� 

�t�h�a�t� �c�a�r�b�o�n�a�t�i�o�n� �i�s� �u�n�l�i�k�e�l�y� �t�o� �p�e�r�m�e�a�t�e� �m�o�r�e� �t�h�a�n� �2�5�m�m� �h�a�s� �a� �s�e�l�f�-�l�i�m�i�t�i�n�g� �e�f�f�e�c�t� 

�(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �5�5�8�)�.� �H�o�w�e�v�e�r�,� �c�h�l�o�r�i�d�e�s� �w�i�l�l� �e�v�e�n�t�u�a�l�l�y� �p�e�n�e�t�r�a�t�e� 

�t�h�e� �c�o�n�c�r�e�t�e� �c�o�m�p�l�e�t�e�l�y�.� 

�P�r�o�t�e�c�t�i�v�e� �c�o�a�t�i�n�g�s� �o�f� �t�h�e� �r�e�i�n�f�o�r�c�i�n�g� �b�a�r� �t�e�n�d� �t�o� �r�e�d�u�c�e� �b�o�n�d� �s�t�r�e�n�g�t�h� 

�b�e�t�w�e�e�n� �b�a�r� �a�n�d� �m�a�t�r�i�x�.� �S�u�p�p�r�e�s�s�i�o�n� �o�f� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �p�r�o�c�e�s�s�e�s� �i�s� �e�x�p�e�n�s�i�v�e�,� 

�a�n�d� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �s�o�m�e�w�h�a�t� �u�n�k�n�o�w�n� �a�l�t�h�o�u�g�h� �p�r�o�m�i�s�i�n�g�.� �S�i�d�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� 

�s�y�s�t�e�m� �p�r�o�p�o�s�e�d� �h�e�r�e�i�n� �a�r�e� �t�h�a�t� �t�h�e� �c�o�v�e�r� �o�f� �d�e�p�t�h� �o�f� �c�o�n�c�r�e�t�e� �c�a�n� �b�e� �r�e�d�u�c�e�d� 

�b�e�c�a�u�s�e� �t�h�e� �p�r�o�t�e�c�t�i�o�n� �i�s� �a�t� �t�h�e� �r�e�b�a�r�s�.� �T�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �c�o�n�d�i�t�i�o�n� �o�f� �t�h�e� �r�e�s�t� �o�f� 

�t�h�e� �c�o�n�c�r�e�t�e� �h�a�s� �l�i�t�t�l�e� �i�m�p�a�c�t�.
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�t�a�}� �C�R�I�T�I�C�A�L� �E�N�V�I�R�O�N�M�E�N�T�A�L� �F�A�C�T�O�R�S� �(�b�)� �T�H�R�E�E� �F�A�C�T�O�R� �M�O�D�E�L� �F�O�R� �A�T�T�A�C�K� 

�o�O�.� �C�h�l�o�r�i�d�e�s� �C�h�l�o�r�i�d�e�s� �O�x�y�g�e�n� �%� �2�.� �[�7� �c�o�v�o�n�a�t�i�o�n�  ��W�a�t�e�r� 
�e�e� �°� �e� �4�  ��  �� 

�(�. ��_ ��s � ��o�r�n�r�n�r�-� �S�t�e�e�l� �"�L�o�w�.� 
�o�s� �D�e�p�a�s�s�i�v�a�t�i�o�n� �R�e�s�i�s�t�i�v�i�t�y� �F�u�e�l� 

�c�i�r�  �� �b�a� �.� 
�e�.�.� �"�.� 

�#�0� �I� �e�n� �°� �(�8� �O�s�,� 
�o�e� �®� �:� 

�Q�Q�  � ��n �� �°� 
�O�°� �°� �0� 

�T�e�m�p�e�r�a�t� �e�o� �*� �6�  �� �3� �°� �0�,�9� �e�r�a�t�u�r�e� �.� �o� 
�°� �C�o�n�c�r�e�t�e� �o�f� �-�_ ��_�_ ��+� 

�c�o�v�e�r� �C�O�R�R�O�S�I�O�N� 

�F�i�g�u�r�e� �1�6�.� �(�a�)� �C�r�i�t�i�c�a�l� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s�;� �(�b�)� �T�h�r�e�e� �f�a�c�t�o�r� �m�o�d�e�l� 
�f�o�r� �a�t�t�a�c�k� �(�B�r�o�w�n�e�,� �1�9�8�6�,� �p�.� �1�0�5�)�.� 

�C�a�l�c�i�u�m� �N�i�t�r�i�t�e� �T�r�e�a�t�m�e�n�t� �f�o�r� �C�o�r�r�o�s�i�o�n� �P�r�o�t�e�c�t�i�o�n� 

�E�x�p�e�r�i�m�e�n�t�a�t�i�o�n� �h�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �n�i�t�r�i�t�e� �i�o�n� �o�x�i�d�i�z�e�s� �f�e�r�r�o�u�s� �i�r�o�n� �t�o� 

�f�e�r�r�i�c� �a�n�d� �t�h�u�s� �b�l�o�c�k�s� �t�h�e� �p�a�s�s�a�g�e� �o�f� �f�e�r�r�o�u�s� �i�o�n�s� �f�r�o�m� �t�h�e� �s�t�e�e�l� �(�R�o�s�e�n�b�e�r�g� �a�n�d� 

�G�a�i�d�i�s�,� �1�9�7�9�)�.� �N�i�t�r�i�t�e� �i�o�n�s� �a�n�d� �c�h�l�o�r�i�d�e� �e�n�g�a�g�e� �i�n� �c�o�m�p�e�t�i�n�g� �r�e�a�c�t�i�o�n�s�,� �o�n�e� 

�i�n�h�i�b�i�t�i�n�g� �a�n�d� �t�h�e� �o�t�h�e�r� �a�c�c�e�l�e�r�a�t�i�n�g� �c�o�r�r�o�s�i�o�n�.� �T�h�e� �r�e�l�a�t�i�v�e� �r�a�t�e�s� �o�f� �t�h�e�s�e� 

�c�o�m�p�e�t�i�n�g� �p�r�o�c�e�s�s�e�s� �i�s� �n�o�t� �k�n�o�w�n�.� �R�o�s�e�n�b�u�r�g� �a�n�d� �G�a�i�d�i�s ��s� �(�1�9�7�9�)� �e�x�p�e�r�i�m�e�n�t�a�-� 

�t�i�o�n� �h�a�s� �s�h�o�w�n� �t�h�e� �r�e�s�u�l�t� �o�f� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �c�h�l�o�r�i�d�e� �i�o�n�s� �i�s� �t�o� �b�r�i�n�g� �m�o�r�e� 

�f�e�r�r�o�u�s� �i�o�n�s� �f�r�o�m� �t�h�e� �m�i�d�d�l�e� �t�o� �t�h�e� �e�l�e�c�t�r�o�l�y�t�e�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �n�i�t�r�i�t�e� �e�n�h�a�n�c�e�s� 

�p�a�s�s�i�v�i�t�y� �a�n�d� �i�s� �c�o�n�n�e�c�t�e�d� �w�i�t�h� �i�t�s� �a�b�i�l�i�t�y� �t�o� �o�x�i�d�i�z�e� �f�e�r�r�o�u�s� �i�o�n�s� �t�o� �f�e�r�r�i�c� �i�o�n�s� 

�w�h�i�c�h� �a�r�e� �m�o�r�e� �i�n�s�o�l�u�b�l�e� �(�R�o�s�e�n�b�e�r�g� �a�n�d� �G�a�i�d�i�s�,� �1�9�7�9�)�.� 

�I�n� �a� �s�t�u�d�y� �d�o�n�e� �f�o�r� �W�i�s�s�,� �J�a�n�n�e�y�,� �E�l�s�t�n�e�r� �A�s�s�o�c�i�a�t�e�s�,� �I�n�c�.�,� �f�o�r� �t�h�e� �U�.�S�.� 

�D�e�p�a�r�t�m�e�n�t� �o�f� �T�r�a�n�s�p�o�r�t�a�t�i�o�n� �(�P�f�e�i�f�f�e�r�,� �L�a�n�g�r�e�n� �a�n�d� �Z�u�b�e�,� �1�9�8�7�)�,� �i�t� �w�a�s� �f�o�u�n�d� 

�t�h�a�t� �c�a�l�c�i�u�m� �n�i�t�r�i�t�e� �c�o�r�r�o�s�i�o�n� �i�n�h�i�b�i�t�i�n�g� �a�d�m�i�x�t�u�r�e� �d�o�e�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�e�l�a�y� �t�h�e� 

�i�n�i�t�i�a�t�i�o�n� �o�f� �c�o�r�r�o�s�i�o�n� �c�o�m�p�a�r�e�d� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� �c�o�n�c�r�e�t�e� �s�p�e�c�i�m�e�n�s� �d�u�r�i�n�g� �t�h�e�s�e



�4�0� 

�s�t�u�d�i�e�s�.� �T�h�e� �s�e�v�e�r�i�t�y� �o�f� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �c�o�r�r�o�s�i�o�n� �p�r�o�c�e�s�s� �o�n� �g�r�a�y� �b�a�r�s� �a�n�d� 

�s�t�r�a�n�d�s�,� �h�o�w�e�v�e�r�,� �w�a�s� �r�e�d�u�c�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� 

�c�o�n�c�r�e�t�e� �s�p�e�c�i�m�e�n�s�.� �T�h�e� �a�m�o�u�n�t� �o�f� �c�o�r�r�o�s�i�o�n� �b�y�-�p�r�o�d�u�c�t�s� �o�n� �t�h�e� �g�r�a�y� �b�a�r�s� �w�a�s� 

�a�b�o�u�t� �o�n�e�-�t�e�n�t�h� �t�h�a�t� �m�e�a�s�u�r�e�d� �o�n� �b�a�r�s� �f�r�o�m� �c�o�n�v�e�n�t�i�o�n�a�l� �c�o�n�c�r�e�t�e� �s�p�e�c�i�m�e�n�s�.� 

�C�h�l�o�r�i�d�e� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� �c�a�l�c�i�u�m� �n�i�t�r�i�t�e� �c�o�n�c�r�e�t�e� �w�a�s� �s�i�m�i�l�a�r� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� 

�c�o�n�c�r�e�t�e� �w�h�e�n� �m�o�i�s�t� �c�u�r�e�d� �b�u�t� �w�a�s� �g�r�e�a�t�e�r� �w�h�e�n� �h�e�a�t� �c�u�r�e�d� �(�P�f�e�i�f�f�e�r�,� �L�a�n�g�r�e�n�,� 

�a�n�d� �Z�u�b�e�,� �1�9�8�7�)�.� 

�S�o�l�u�t�i�o�n� �t�o� �C�o�r�r�o�s�i�o�n� �P�r�o�b�l�e�m� �b�y� �I�n�t�e�r�n�a�l� �R�e�l�e�a�s�e� �o�f� �C�a�l�c�i�u�m� �N�i�t�r�i�t�e� 

�C�a�l�c�i�u�m� �n�i�t�r�i�t�e�,� �w�h�e�n� �m�i�x�e�d� �f�r�e�e�l�y� �w�i�t�h� �t�h�e� �c�o�n�c�r�e�t�e�,� �r�e�t�a�r�d�s� �t�h�e� �s�e�t� �a�n�d� �i�s� 

�e�x�p�e�n�s�i�v�e�.� �T�h�e� �a�d�v�a�n�t�a�g�e�s� �o�f� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �c�a�l�c�i�u�m� �n�i�t�r�i�t�e�,� �r�e�l�e�a�s�e�d� �o�v�e�r� �t�i�m�e� 

�j�u�s�t� �a�t� �t�h�e� �r�e�i�n�f�o�r�c�i�n�g� �b�a�r�s�,� �w�o�u�l�d� �b�e� �a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �c�a�l�c�i�u�m� �n�i�t�r�i�t�e� 

�u�s�e�d�,� �a�n�d� �n�o� �r�e�d�u�c�t�i�o�n� �i�n� �s�e�t� �t�i�m�e� �d�u�e� �t�o� �i�n�i�t�i�a�l� �e�n�c�a�p�s�u�l�a�t�i�o�n� �o�f� �t�h�e� �c�a�l�c�i�u�m� 

�n�i�t�r�i�t�e�.� 

�F�r�e�e�z�e�/�T�h�a�w� �D�a�m�a�g�e� 

�T�h�e� �c�a�u�s�e� �o�f� �d�a�m�a�g�e� �i�n� �r�e�p�e�a�t�e�d� �f�r�e�e�z�i�n�g� �a�n�d� �t�h�a�w�i�n�g� �o�f� �p�o�r�o�u�s� �m�a�t�e�r�i�a�l�s� 

�c�o�n�t�a�i�n�i�n�g� �m�o�i�s�t�u�r�e� �w�a�s� �t�h�o�u�g�h�t� �b�y� �P�o�w�e�r�s� �t�o� �b�e� �h�y�d�r�a�u�l�i�c� �a�n�d� �o�s�m�o�t�i�c� �p�r�e�s�s�u�r�e�.� 

�"�T�h�e� �r�e�s�i�s�t�a�n�c�e� �t�o� �f�r�e�e�z�i�n�g� �a�n�d� �t�h�a�w�i�n�g� �d�e�p�e�n�d�s� �o�n� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� 

�c�o�n�c�r�e�t�e�,� �t�h�e� �d�e�g�r�e�e� �o�f� �s�a�t�u�r�a�t�i�o�n� �a�t� �a� �p�a�s�t�e�,� �t�h�e� �a�m�o�u�n�t� �o�f� �f�r�o�z�e�n� �w�a�t�e�r�,� �t�h�e� �r�a�t�e� 

�o�f� �f�r�e�e�z�i�n�g�,� �a�n�d� �t�h�e� �a�v�e�r�a�g�e� �m�a�x�i�m�u�m� �d�i�s�t�a�n�c�e� �f�r�o�m� �a�n�y� �p�o�i�n�t� �i�n� �t�h�e� �p�a�s�t�e� �t�o� �a� 

�f�r�e�e� �s�u�r�f�a�c�e� �w�h�e�r�e� �i�c�e� �c�a�n� �f�o�r�m�"� �(�M�i�n�d�e�s�s� �a�n�d� �Y�o�u�n�g�,� �1�9�8�1�,� �p�.� �5�6�5�)�.� �T�h�e�y� �s�a�y



�4�1� 

�t�h�a�t� �t�h�e� �s�a�m�e� �h�y�d�r�a�u�l�i�c� �p�r�e�s�s�u�r�e�s� �c�a�n� �d�e�v�e�l�o�p� �i�n� �a�g�g�r�e�g�a�t�e�s� �u�p�o�n� �f�r�e�e�z�i�n�g� �a�n�d� 

�t�h�a�w�i�n�g�,� �i�f� �w�a�t�e�r� �i�s� �p�r�e�s�e�n�t�,� �a�n�d� �s�u�c�h� �f�a�c�t�o�r�s� �a�s� �p�e�r�m�e�a�b�i�l�i�t�y�,� �f�r�e�e�z�i�n�g� �r�a�t�e�,� �a�n�d� 

�d�e�g�r�e�e� �o�f� �s�a�t�u�r�a�t�i�o�n� �a�p�p�l�y� �t�o� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s�.� �L�i�t�v�a�n� �(�1�9�7�8�,� �p�p�.� �4�5�5�-�4�6�3�)�)� 

�w�r�i�t�e�s� �t�h�a�t� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�s� �i�n� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �a�r�e� �(�a�)� �t�h�e� �w�a�t�e�r� 

�c�o�n�t�e�n�t� �o�f� �t�h�e� �p�o�r�o�u�s� �s�o�l�i�d�,� �(�b�)� �p�h�y�s�i�c�a�l� �s�i�z�e� �o�f� �t�h�e� �p�o�r�o�u�s� �s�o�l�i�d�s�,� �(�c�)� �i�n�c�r�e�a�s�i�n�g� 

�c�o�o�l�i�n�g� �r�a�t�e�s� �w�h�i�c�h� �i�n�c�r�e�a�s�e� �m�e�c�h�a�n�i�c�a�l� �d�a�m�a�g�e�,� �(�d�)� �s�o�l�i�d�s� �w�i�t�h� �e�i�t�h�e�r� �v�e�r�y� �h�i�g�h� �o�r� 

�l�o�w� �p�o�r�o�s�i�t�y�,� �a�n�d� �(�e�)� �m�e�c�h�a�n�i�c�a�l� �d�a�m�a�g�e� �i�s� �m�o�r�e� �s�e�v�e�r�e� �i�f� �t�h�e� �p�o�r�o�u�s� �s�o�l�i�d� 

�c�o�n�t�a�i�n�s� �a� �s�o�l�u�t�i�o�n� �i�n�s�t�e�a�d� �o�f� �a� �p�u�r�e� �l�i�q�u�i�d�.� 

�L�i�t�v�a�n� �s�u�g�g�e�s�t�s� �t�h�r�e�e� �w�a�y�s� �t�o� �a�v�o�i�d� �m�e�c�h�a�n�i�c�a�l� �d�a�m�a�g�e� �d�u�e� �t�o� �f�r�o�s�t� �a�c�t�i�o�n�.� 

�"�T�h�e� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �s�h�o�u�l�d� �b�e� �s�u�c�h� �t�h�a�t� �t�h�e� �a�m�o�u�n�t� �o�f� �e�x�c�e�s�s� �w�a�t�e�r� �g�e�n�e�r�a�t�e�d� 

�i�n� �u�n�i�t� �t�i�m�e� �i�s� �l�e�s�s� �t�h�a�n� �t�h�e� �q�u�a�n�t�i�t�y� �l�o�s�t� �b�y� �t�h�e� �p�o�r�e� �s�o�l�i�d� �t�o� �t�h�e� �e�x�t�e�r�i�o�r� �i�n� �t�h�e� 

�s�a�m�e� �p�e�r�i�o�d�.� �T�h�i�s� �w�i�l�l� �e�x�i�s�t� �i�f� �(�a�)� �t�h�e� �t�o�t�a�l� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �i�s� �l�o�w� �o�r� �(�b�)� �p�e�r�m�e�-� 

�a�b�i�l�i�t�y� �h�i�g�h� �a�n�d� �t�h�e� �c�o�o�l�i�n�g� �r�a�t�e� �l�o�w� �o�r� �(�c�)� �p�e�r�m�e�a�b�i�l�i�t�y� �l�o�w� �b�u�t� �t�h�i�c�k�n�e�s�s� �o�f� 

�e�l�e�m�e�n�t� �s�m�a�l�l� �(�s�p�a�c�e� �i�n� �b�e�t�w�e�e�n� �a�i�r� �v�o�i�d�s�)�"� �(�L�i�t�v�a�n�,� �1�9�7�8�,� �p�.� �4�6�2�)�.� �T�h�e� �c�o�n�v�e�n�-� 

�t�i�o�n�a�l� �m�e�a�n�s� �t�o� �a�c�h�i�e�v�e� �t�h�i�s� �l�a�t�t�e�r� �c�o�n�d�i�t�i�o�n� �i�s� �a�i�r� �e�n�t�r�a�i�n�i�n�g�.� 

�S�y�s�t�e�m�s� �D�e�s�i�g�n�e�d� �H�e�r�e�i�n� �t�o� �P�r�e�v�e�n�t� �F�r�e�e�z�e�/�T�h�a�w� �D�a�m�a�g�e� 

�T�h�e� �d�e�s�i�g�n� �d�e�v�e�l�o�p�e�d� �i�n� �t�h�i�s� �r�e�p�o�r�t� �h�e�r�e�i�n� �u�s�e�s� �t�h�e� �s�e�c�o�n�d� �c�a�s�e� �i�n� �w�h�i�c�h� 

�t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �b�o�t�h� �t�h�e� �m�a�t�r�i�x� �a�n�d� �t�h�e� �a�g�g�r�e�g�a�t�e� �i�s� �h�i�g�h� �a�n�d� �c�o�o�l�i�n�g� �r�a�t�e� �i�s� 

�l�o�w� �d�u�e� �t�o� �t�h�e� �a�n�t�i�f�r�e�e�z�e�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �l�i�n�s�e�e�d� �o�i�l� �i�n� �p�o�r�o�u�s� 

�a�g�p�r�e�g�a�t�e�,� �i�t� �r�e�d�u�c�e�s� �t�h�e� �t�o�t�a�l� �w�a�t�e�r� �c�o�n�t�e�n�t� �o�f� �t�h�e� �m�a�t�r�i�x�.



�4�2� 

�T�h�e� �u�s�e� �o�f� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �c�a�n� �b�e� �t�h�o�u�g�h�t� �o�f� �a�s� �a� �s�u�b�s�t�i�t�u�t�e� �f�o�r� �a�i�r� 

�e�n�t�r�a�i�n�i�n�g�:� 

�S�o�l�i�d� �p�a�r�t�i�c�l�e�s� �h�a�v�i�n�g� �a� �l�a�r�g�e� �i�n�t�e�r�n�a�l� �p�o�r�o�s�i�t�y� �i�n� �s�u�i�t�a�b�l�e� �p�o�r�e� �s�i�z�e� �h�a�v�e� 
�b�e�e�n� �a�d�d�e�d� �t�o� �c�o�n�c�r�e�t�e� �a�n�d� �a�c�t� �i�n� �a� �m�a�n�n�e�r� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �a�i�r� �v�o�i�d�s�.� 
�T�h�e� �o�p�t�i�m�u�m� �p�a�r�t�i�c�l�e� �s�i�z�e� �s�h�o�u�l�d� �r�a�n�g�e� �b�e�t�w�e�e�n� �2�9�0� �a�n�d� �8�5�0� �m�i�c�r�o�n�s�,� �t�o�t�a�l� 
�p�o�r�o�s�i�t�y� �t�o� �p�a�r�t�i�c�l�e�s� �s�h�o�u�l�d� �b�e� �a�t� �l�e�a�s�t� �3�0�%� �b�y� �v�o�l�u�m�e�,� �a�n�d� �p�o�r�e� �s�i�z�e� 
�d�i�s�t�r�i�b�u�t�i�o�n� �s�h�o�u�l�d� �b�e� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �.�0�5�2�3� �m�i�c�r�o�n�s�.� �(�A�C�I� �C�o�m�m�i�t�t�e�e� �2�1�2�,� 
�1�9�8�9�,� �p�.� �3�0�4�)� 

�P�o�r�o�u�s� �s�o�l�i�d� �p�a�r�t�i�c�l�e�s� �i�n� �t�h�e� �p�r�o�p�e�r� �p�r�o�p�o�r�t�i�o�n� �h�a�s� �p�r�o�d�u�c�e�d� �c�o�n�c�r�e�t�e� �w�i�t�h� 

�e�x�c�e�l�l�e�n�t� �r�e�s�i�s�t�a�n�c�e� �t�o� �f�r�e�e�z�i�n�g� �a�n�d� �t�h�a�w�i�n�g� �i�n� �l�a�b�o�r�a�t�o�r�y� �t�e�s�t�s� �u�s�i�n�g� �A�S�T�M� �C�6�6�6�.� 

�(�A�C�I� �C�o�m�m�i�t�t�e�e� �2�1�2�,� �1�9�8�9�,� �p�.� �3�0�4�.�)� �I�t� �h�a�s� �b�e�e�n� �s�h�o�w�n� �e�l�s�e�w�h�e�r�e� �t�h�a�t� �v�o�i�d�s� 

�c�a�u�s�e�d� �b�y� �a�i�r� �e�n�t�r�a�i�n�i�n�g�,� �a�s� �u�s�e�d� �i�n� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �t�r�e�a�t�m�e�n�t�,� �a�c�t�u�a�l�l�y� �c�a�n� 

�r�e�d�u�c�e� �t�h�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �c�o�n�c�r�e�t�e�,� �a�l�t�h�o�u�g�h� �n�o�t� �f�o�r� �n�o�r�m�a�l� �s�t�r�e�n�g�t�h� 

�c�o�n�c�r�e�t�e� �f�o�r� �a� �g�i�v�e�n� �s�t�r�e�n�g�t�h�.� 

�T�h�e� �d�e�s�i�g�n� �i�m�p�l�i�c�a�t�i�o�n�s� �f�o�r� �t�h�e� �s�y�s�t�e�m� �r�e�l�e�a�s�i�n�g� �a�n�t�i�f�r�e�e�z�e� �a�r�e� �t�h�a�t� �d�e�s�i�g�n�-� 

�e�r�s� �c�a�n� �a�v�o�i�d� �u�s�i�n�g� �a�i�r� �e�n�t�r�a�i�n�i�n�g�,� �i�f� �t�h�e�y� �w�a�n�t� �t�o� �a�v�o�i�d� �t�h�e� �e�x�p�e�n�s�e� �a�n�d� �p�o�t�e�n�t�i�a�l� 

�s�t�r�e�n�g�t�h� �r�e�d�u�c�t�i�o�n�,� �a�n�d� �y�e�t� �t�h�e� �c�o�n�c�r�e�t�e� �c�a�n� �b�e� �e�x�p�o�s�e�d� �t�o� �f�r�e�e�z�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s�.



�C�H�A�P�T�E�R� �I�I�I� 

�M�E�T�H�O�D�O�L�O�G�Y� �A�N�D� �T�H�E� �R�E�S�E�A�R�C�H� �Q�U�E�S�T�I�O�N�S� 

�D�e�s�i�g�n� �o�f� �t�h�e� �S�y�s�t�e�m�s� �f�o�r� �A�d�a�p�t�a�t�i�o�n� �O�v�e�r� �T�i�m�e� 

�U�s�i�n�g� �D�e�l�a�y�e�d� �A�c�t�i�v�a�t�e�d� �R�e�l�e�a�s�e� �o�f� 

�C�h�e�m�i�c�a�l�s� �F�r�o�m� �E�n�c�a�p�s�u�l�a�t�i�o�n� 

�T�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� �s�y�s�t�e�m�s� �f�o�r� �r�e�l�e�a�s�e� �o�f� �a�d�a�p�t�i�v�e� �m�a�t�e�r�i�a�l�s� �(�s�e�e� �A�p�p�e�n�d�i�x� 

�B� �f�o�r� �d�a�t�a� �o�n� �m�a�t�e�r�i�a�l�s� �u�s�e�d�)� �f�r�o�m� �e�n�c�a�p�s�u�l�a�n�t�s� �h�a�v�e� �c�o�m�m�o�n� �a�t�t�r�i�b�u�t�e�s� �s�h�a�r�e�d� 

�a�m�o�n�g� �t�h�e� �v�a�r�i�o�u�s� �d�e�s�i�g�n�s�.� �A�f�t�e�r� �w�o�r�k�i�n�g� �o�n� �s�e�v�e�r�a�l� �e�x�a�m�p�l�e�s� �o�f� �t�h�i�s� �i�d�e�a�,� �t�h�e� 

�a�u�t�h�o�r� �d�r�e�w� �u�p� �t�h�e� �f�o�l�l�o�w�i�n�g� �l�i�s�t� �o�f� �a�t�t�r�i�b�u�t�e�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �a� �s�u�c�c�e�s�s�f�u�l� �d�e�s�i�g�n� �o�f� 

�s�u�c�h� �a� �s�y�s�t�e�m�.� �S�t�e�p�s� �i�n� �t�h�e� �m�e�t�h�o�d� �o�f� �d�e�s�i�g�n�i�n�g� �t�h�e� �a�t�t�r�i�b�u�t�e�s� �f�o�r� �s�u�c�h� �a� �s�y�s�t�e�m� 

�a�r�e�:� 

�1�.� �T�h�e� �t�y�p�e�s� �o�f� �p�r�o�b�l�e�m�s� �o�r� �d�i�s�t�r�e�s�s� �t�h�a�t� �c�a�n� �b�e� �e�f�f�e�c�t�i�v�e�l�y� �t�r�e�a�t�e�d� �b�y� 

�c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e� �m�u�s�t� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e� �a�t�t�r�i�b�u�t�e�s� �o�f� �t�h�o�s�e� �t�y�p�e�s� �o�f� 

�d�i�s�t�r�e�s�s� �a�r�e�:� 

�a�.� �T�h�e�r�e� �m�u�s�t� �b�e� �a� �t�i�m�e� �d�e�p�e�n�d�e�n�t� �p�r�o�b�l�e�m� �o�f� �d�u�r�a�b�i�l�i�t�y�.� 

�b�.� �I�t� �w�i�l�l�,� �t�h�e�r�e�f�o�r�e�,� �b�e� �a� �p�r�o�b�l�e�m� �r�e�l�a�t�i�n�g� �t�h�e� �e�x�t�e�r�i�o�r� �e�n�v�i�r�o�n�m�e�n�t� �t�o� 

�t�h�e� �m�a�t�r�i�x� �i�n�t�e�r�i�o�r� �c�o�n�d�i�t�i�o�n�s�.� 

�c�.� �T�h�e� �p�r�o�b�l�e�m� �m�u�s�t� �b�e� �i�m�p�o�r�t�a�n�t� �i�n� �c�o�s�t� �a�n�d� �a� �f�r�e�q�u�e�n�t� �c�a�u�s�e� �o�f� 

�d�e�t�e�r�i�o�r�a�t�i�o�n�.� �O�b�v�i�o�u�s� �c�h�o�i�c�e�s� �h�e�r�e� �a�r�e� �p�e�r�m�e�a�b�i�l�i�t�y� �a�n�d� �c�r�a�c�k�i�n�g�.� 

�d�.� �T�h�e� �d�i�s�t�r�e�s�s� �c�o�u�l�d� �b�e� �t�r�e�a�t�e�d� �b�y� �c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e� �w�h�i�c�h� �o�c�c�u�r�s� �a�t� 

�o�n�e� �t�i�m�e� �(�s�u�c�h� �a�s� �p�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�i�o�n�)�.� �I�t� �m�a�y� �b�e� �t�h�e� �k�i�n�d� �o�f� 
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�d�i�s�t�r�e�s�s� �w�h�i�c�h� �i�s� �t�r�e�a�t�a�b�l�e� �a�t� �i�n�t�e�r�v�a�l�s�,� �a�s� �w�i�t�h� �c�h�e�m�i�c�a�l� �t�i�m�e� �r�e�l�e�a�s�e� 

�o�f� �a�n�t�i�-�c�o�r�r�o�s�i�o�n� �a�g�e�n�t�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �a�l�k�a�l�i�n�i�t�y� �c�h�a�n�g�e�s� �t�o� �p�r�e�v�e�n�t� 

�c�o�r�r�o�s�i�o�n� �d�a�m�a�g�e�.� 

�T�h�e� �c�e�m�e�n�t� �m�a�t�r�i�x� �p�r�o�p�e�r�t�i�e�s� �s�h�o�u�l�d� �b�e� �d�e�f�i�n�e�d� �a�t� �i�n�t�e�r�v�a�l�s� �o�f� �c�h�e�m�i�-� 

�c�a�l� �r�e�l�e�a�s�e� �a�s� �a�p�p�r�o�p�r�i�a�t�e�.� �T�h�i�s� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �s�h�o�u�l�d� �i�n�c�l�u�d�e� 

�a�l�k�a�n�i�t�y�,� �i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �p�o�r�o�s�i�t�y�,� �p�e�r�m�e�a�b�i�l�i�t�y�,� �t�h�e� �d�e�g�r�e�e� �o�f� �h�y�d�r�a�-� 

�t�i�o�n�.� 

�T�h�e� �i�n�t�e�r�n�a�l� �i�m�p�e�t�u�s� �m�u�s�t� �b�e� �c�h�o�s�e�n� �w�h�i�c�h� �w�i�l�l� �a�l�l�o�w� �t�h�e� �c�e�m�e�n�t� 

�m�a�t�r�i�x� �t�o� �a�c�c�e�p�t� �t�h�e� �c�h�e�m�i�c�a�l� �t�o� �b�e� �r�e�l�e�a�s�e�d�.� 

�T�h�e� �r�e�l�e�a�s�e� �m�e�c�h�a�n�i�s�m� �o�f� �t�h�e� �f�i�b�e�r�,� �a�g�g�r�e�g�a�t�e� �o�r� �p�r�i�l�l� �s�h�o�u�l�d� �b�e� �d�e�-� 

�s�i�g�n�e�d� �f�o�r� �t�h�i�s� �s�p�e�c�i�f�i�c� �a�p�p�l�i�c�a�t�i�o�n�;� �i�.�e�.�,� �s�l�o�w� �d�i�f�f�u�s�i�o�n�,� �r�e�l�e�a�s�e� �o�n�l�y� �w�i�t�h� 

�a� �s�p�e�c�i�f�i�c� �s�t�i�m�u�l�u�s�,� �r�a�p�i�d� �r�e�l�e�a�s�e� �w�i�t�h� �e�x�t�e�r�n�a�l� �(�h�u�m�a�n�)� �c�a�u�s�e�d� �s�t�i�m�u�l�i�.� 

�T�h�e� �t�y�p�e�s� �o�f� �c�h�e�m�i�c�a�l�s� �t�o� �b�e� �r�e�l�e�a�s�e�d�,� �o�r� �i�.�e�.�,� �t�h�e� �e�n�c�a�p�s�u�l�a�n�t�,� �m�u�s�t� �b�e� 

�e�f�f�e�c�t�i�v�e� �i�n� �t�r�e�a�t�i�n�g� �t�h�e� �s�p�e�c�i�f�i�c� �t�y�p�e� �o�f� �d�i�s�t�r�e�s�s� �s�u�c�h� �a�s� �s�a�l�t� �w�a�t�e�r� �i�n�t�r�u�-� 

�s�i�o�n�,� �c�r�a�c�k�i�n�g�,� �e�t�c�.� 

�a�.� �C�h�e�m�i�c�a�l�s� �m�u�s�t� �b�e� �e�f�f�e�c�t�i�v�e� �w�i�t�h�i�n� �t�h�e� �c�e�m�e�n�t� �m�a�t�r�i�x� �s�t�r�u�c�t�u�r�e� 

�c�o�n�t�a�i�n�i�n�g� �a� �p�a�r�t�i�c�u�l�a�r� �p�o�r�e� �s�i�z�e� �a�n�d� �s�t�r�u�c�t�u�r�e�;� �i�.�e�.�,� �p�e�r�m�e�a�b�i�l�i�t�y� 

�f�a�c�t�o�r�s�.� 

�b�.� �T�h�e� �c�h�e�m�i�c�a�l�s� �m�u�s�t� �b�e� �t�h�e� �r�i�g�h�t� �v�i�s�c�o�s�i�t�y� �a�n�d� �c�h�e�m�i�c�a�l� �s�i�z�e� �t�o� �e�n�t�e�r� 

�t�h�e� �f�i�b�e�r� �o�r� �m�i�c�r�o�c�a�p�s�u�l�e� �b�e�f�o�r�e� �i�n�c�l�u�s�i�o�n� �i�n� �t�h�e� �m�a�t�r�i�x�.� 

�c�.� �C�h�e�m�i�c�a�l�s� �a�d�d�e�d� �t�o� �t�h�e� �c�e�m�e�n�t� �s�h�o�u�l�d� �b�e� �e�v�a�l�u�a�t�e�d� �f�o�r� �t�h�e�i�r� �n�o�n�-� 

�i�n�t�e�r�f�e�r�e�n�c�e� �w�i�t�h� �t�h�e� �c�h�e�m�i�c�a�l� �s�e�t� �r�e�a�c�t�i�o�n� �n�o�r� �s�h�o�u�l�d� �t�h�e�y� �c�a�u�s�e
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�p�h�y�s�i�c�a�l� �d�a�m�a�g�e� �l�a�t�e�r� �s�u�c�h� �a�s� �r�e�l�e�a�s�e� �o�f� �l�i�q�u�i�d�s� �w�h�i�c�h� �c�o�u�l�d� �c�a�u�s�e� 

�i�n�c�r�e�a�s�e�d� �c�r�a�c�k� �s�i�z�e�.� 

�T�h�e� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �r�e�l�e�a�s�e� �a�g�e�n�t� �o�r� �e�n�c�a�p�s�u�l�a�t�o�r�,� �t�h�a�t� �i�s�,� 

�m�a�t�e�r�i�a�l� �a�n�d� �s�h�a�p�e� �s�h�o�u�l�d� �b�e� �t�a�i�l�o�r�e�d� �t�o� �t�h�e� �s�p�e�c�i�f�i�c� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� 

�s�t�r�e�s�s� �b�e�i�n�g� �t�r�e�a�t�e�d� �a�s� �w�e�l�l� �a�s� �t�h�e� �o�t�h�e�r� �n�e�e�d�s� �o�f� �t�h�e� �d�e�s�i�g�n� �o�f� �t�h�e� 

�c�o�m�p�o�n�e�n�t�.� 

�a�.� �T�h�e� �s�h�a�p�e� �o�f� �t�h�e� �r�e�l�e�a�s�e� �a�g�e�n�t� �o�r� �e�n�c�a�p�s�u�l�a�t�o�r� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� 

�b�u�i�l�d�i�n�g� �c�o�m�p�o�n�e�n�t� �f�o�r� �w�h�i�c�h� �t�h�e� �c�o�n�c�r�e�t�e� �i�s� �i�n�t�e�n�d�e�d�.� �F�i�b�e�r�s� �a�s� 

�r�e�l�e�a�s�e� �a�g�e�n�t�s� �a�r�e� �m�o�s�t� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �u�s�e� �i�n� �p�a�n�e�l�s� �w�h�i�c�h� �r�e�q�u�i�r�e� 

�r�e�i�n�f�o�r�c�i�n�g� �a�n�d� �e�n�h�a�n�c�e�d� �i�m�p�a�c�t� �r�e�s�i�s�t�a�n�c�e�.� �W�h�e�r�e� �t�h�e� �c�o�n�c�r�e�t�e� �i�s� 

�u�s�e�d� �i�n� �h�o�r�i�z�o�n�t�a�l� �a�p�p�l�i�c�a�t�i�o�n�s� �o�r� �t�h�i�c�k�e�r� �c�o�m�p�o�n�e�n�t�s�,� �q�u�i�t�e� �s�m�a�l�l� 

�m�i�c�r�o�c�a�p�s�u�l�e�s� �c�o�u�l�d� �b�e� �u�s�e�d� �b�e�c�a�u�s�e� �c�e�m�e�n�t� �i�s� �a�n�i�s�o�t�r�o�p�i�c�;� �i�.�e�.�,� �i�t� 

�h�a�s� �n�o� �p�r�e�f�e�r�r�e�d� �d�i�r�e�c�t�i�o�n�.� 

�b�.� �T�h�e� �f�i�b�e�r�,� �a�g�g�r�e�g�a�t�e� �o�r� �p�r�i�l�l� �v�o�l�u�m�e� �a�n�d� �p�l�a�c�e�m�e�n�t� �i�n� �t�h�e� �c�o�m�p�o�-� 

�n�e�n�t� �m�u�s�t� �b�e� �a�p�p�r�o�p�r�i�a�t�e� �t�o� �r�e�l�e�a�s�e� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �a�m�o�u�n�t� �o�f� 

�c�h�e�m�i�c�a�l� �i�n� �t�h�e� �n�e�c�e�s�s�a�r�y� �l�o�c�a�t�i�o�n� �t�o� �p�r�e�v�e�n�t� �d�e�t�e�r�i�o�r�a�t�i�o�n� �a�n�d� 

�p�r�e�s�e�r�v�e� �d�u�r�a�b�i�l�i�t�y�.� 

�c�.� �T�h�e� �f�i�b�e�r� �m�u�s�t� �h�a�v�e� �a� �r�e�l�e�a�s�e� �m�e�c�h�a�n�i�s�m� �t�a�i�l�o�r�e�d� �t�o� �t�h�i�s� �s�p�e�c�i�f�i�c� 

�t�r�e�a�t�m�e�n�t� �o�r� �a�p�p�l�i�c�a�t�i�o�n�,� �a�n�d� �a�p�p�r�o�p�r�i�a�t�e� �r�a�t�e� �o�f� �r�e�l�e�a�s�e�.� 

�d�.� �T�h�e� �f�i�b�e�r� �m�u�s�t� �h�a�v�e� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �r�e�l�e�a�s�e� �m�e�c�h�a�n�i�s�m� �i�n� �t�h�e� �s�e�n�s�e� 

�o�f� �r�e�l�e�a�s�i�n�g� �f�r�o�m� �a�l�l� �o�v�e�r� �t�h�e� �f�i�b�e�r�,� �e�n�d�s� �o�f� �t�h�e� �f�i�b�e�r�,� �t�o�p� �o�f� �t�h�e
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�f�i�b�e�r�,� �e�t�c�.�,� �i�n� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �m�a�t�r�i�x� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �a�t� �t�h�a�t� �p�a�r�t�i�c�u�l�a�r� 

�t�i�m�e� �o�f� �t�r�e�a�t�m�e�n�t�.� 

�e�.� �T�h�e� �f�i�b�e�r�,� �a�g�g�r�e�g�a�t�e� �o�r� �p�r�i�l�l�s� �m�u�s�t� �b�e� �s�u�c�h� �t�h�a�t� �i�t� �d�o�e�s� �n�o�t� �d�e�g�r�a�d�e� 

�t�h�e� �s�t�r�e�n�g�t�h� �o�r� �c�h�e�m�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �c�e�m�e�n�t�.� �F�o�r� �i�n�s�t�a�n�c�e�,� 

�l�a�r�g�e� �m�i�c�r�o�c�a�p�s�u�l�e�s� �c�a�u�s�e� �m�a�c�r�o� �d�e�f�e�c�t�s� �a�n�d� �a�r�e� �n�o�t� �u�s�e�d�.� �F�i�b�e�r�s�,� 

�o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �s�h�o�u�l�d� �n�o�t� �d�e�g�r�a�d�e� �i�n� �t�h�e� �c�e�m�e�n�t� �o�v�e�r� �t�i�m�e�;� 

�t�h�e�y� �m�u�s�t� �b�o�n�d� �w�e�l�l� �t�o� �t�h�e� �c�e�m�e�n�t� �m�a�t�r�i�x� �i�n� �o�r�d�e�r� �t�o� �h�a�v�e� �a� �c�o�m�-� 

�p�o�s�i�t�e� �a�c�t�i�o�n�.� �I�f� �t�h�e�y� �a�r�e� �e�m�p�t�i�e�d�,� �t�h�e�y� �m�u�s�t� �n�o�t� �c�r�e�a�t�e� �a� �m�a�c�r�o� 

�d�e�f�e�c�t�.� �T�h�e� �w�a�l�l�s� �m�u�s�t� �b�e� �s�t�r�o�n�g� �e�n�o�u�g�h� �a�n�d� �t�h�e� �f�i�b�e�r�s� �m�u�s�t� �h�a�v�e� 

�a�n� �o�v�e�r�a�l�l� �a�p�p�r�o�p�r�i�a�t�e� �a�s�p�e�c�t� �r�a�t�i�o� �s�o� �t�h�a�t� �w�h�e�n� �t�h�e� �m�a�t�e�r�i�a�l� �e�s�-� 

�c�a�p�e�s�,� �t�h�e� �P�o�i�s�s�o�n ��s� �r�a�t�i�o� �s�h�o�u�l�d� �n�o�t� �b�e� �a�f�f�e�c�t�e�d�.� �R�e�i�n�f�o�r�c�i�n�g� �f�i�b�e�r�s� 

�m�u�s�t� �h�a�v�e� �a�p�p�r�o�p�r�i�a�t�e� �s�t�i�f�f�n�e�s�s� �a�n�d� �m�a�t�e�r�i�a�l� �s�t�r�e�n�g�t�h� �t�o� �g�i�v�e� �r�e�i�n�-� 

�f�o�r�c�i�n�g�,� �i�.�e�.�,� �t�h�e�y� �m�u�s�t� �h�a�v�e� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �m�o�d�u�l�u�s� �o�f� �e�l�a�s�t�i�c�i�t�y�.� 

�T�h�e� �i�n�t�e�r�n�a�l� �s�t�i�m�u�l�i� �c�a�u�s�e�d� �b�y� �e�x�t�e�r�n�a�l� �e�n�v�i�r�o�n�m�e�n�t�a�l� �o�r� �h�u�m�a�n�l�y� 

�c�a�u�s�e�d� �e�v�e�n�t�s� �m�u�s�t� �c�a�u�s�e� �t�h�e� �c�h�e�m�i�c�a�l� �t�o� �b�e� �r�e�l�e�a�s�e�d� �a�n�d� �m�a�k�e� �t�h�e� 

�c�e�m�e�n�t� �m�a�t�r�i�x� �t�o� �a�c�c�e�p�t� �t�h�e� �c�h�e�m�i�c�a�l� �w�h�i�c�h� �i�s� �r�e�l�e�a�s�e�d�.� 

�f�.� �T�h�e� �m�e�t�h�o�d� �o�f� �e�n�c�a�p�s�u�l�a�t�i�n�g� �c�h�e�m�i�c�a�l�s� �i�n�t�o� �t�h�e� �f�i�b�e�r� �o�r� �m�i�c�r�o�c�a�p�-� 

�s�u�l�e�s� �m�u�s�t� �b�e� �a�n� �e�f�f�i�c�i�e�n�t� �a�n�d� �i�n�e�x�p�e�n�s�i�v�e� �p�r�o�c�e�s�s�.� 

�T�h�e� �s�t�i�m�u�l�i� �o�r� �s�o�u�r�c�e� �o�f� �e�n�e�r�g�y� �o�r� �c�h�a�n�g�e� �m�u�s�t� �b�e� �s�u�c�h� �t�h�a�t�:� �(�a�)� �i�t� �c�a�n� 

�c�a�u�s�e� �t�h�e� �c�h�e�m�i�c�a�l� �t�o� �b�e� �r�e�l�e�a�s�e�d� �a�n�d� �(�b�)� �c�a�u�s�e� �t�h�e� �m�a�t�r�i�x� �t�o� �a�c�c�e�p�t� 

�t�h�e� �c�h�e�m�i�c�a�l�;� �(�c�)� �t�h�i�s� �e�n�e�r�g�y� �o�r� �s�o�u�r�c�e� �o�f� �c�h�a�n�g�e� �m�u�s�t� �n�o�t� �d�a�m�a�g�e� �t�h�e
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�o�v�e�r�a�l�l� �s�t�r�u�c�t�u�r�a�l� �o�r� �c�h�e�m�i�c�a�l� �i�n�t�e�g�r�i�t�y� �o�f� �t�h�e� �c�e�m�e�n�t�;� �a�n�d� �(�d�)� �t�h�e� 

�s�t�i�m�u�l�i� �o�r� �s�o�u�r�c�e� �o�f� �e�n�e�r�g�y� �f�o�r� �c�h�a�n�g�e� �m�u�s�t� �n�o�t� �b�e� �d�i�f�f�i�c�u�l�t� �t�o� �r�e�l�e�a�s�e� 

�o�r� �a�c�t�i�v�a�t�e�.� 

�T�h�e� �m�a�t�r�i�x� �m�u�s�t� �b�e� �s�u�c�h� �t�h�a�t� �i�t� �c�a�n� �a�c�c�e�p�t� �t�h�e� �e�n�c�a�p�s�u�l�a�n�t� �i�n� �f�o�r�m�,� 

�c�h�e�m�i�s�t�r�y� �a�n�d� �v�o�l�u�m�e� �a�n�d� �a�c�c�e�p�t� �t�h�e� �c�h�e�m�i�c�a�l� �a�s� �i�t� �i�s� �r�e�l�e�a�s�e�d� �a�n�d� 

�a�c�c�e�p�t� �t�h�e� �s�t�i�m�u�l�i� �a�c�t�i�o�n� �n�e�c�e�s�s�a�r�y� �t�o� �r�e�l�e�a�s�e� �t�h�e� �c�h�e�m�i�c�a�l�.� 

�D�i�f�f�e�r�e�n�t� �a�g�g�r�e�s�s�i�v�e� �a�g�e�n�t�s� �s�u�c�h� �a�s� �s�a�l�t� �w�a�t�e�r� �a�n�d� �f�r�e�e�z�i�n�g� �a�n�d� �t�h�a�w�i�n�g�,� 

�f�o�r� �i�n�s�t�a�n�c�e�,� �h�a�v�e� �v�e�r�y� �d�i�f�f�e�r�e�n�t� �r�a�t�e�s� �a�n�d� �c�y�c�l�e�s�.� �T�h�e� �s�y�s�t�e�m� �m�u�s�t� �b�e� 

�d�e�s�i�g�n�e�d� �f�o�r� �t�h�e�s�e�.� �T�h�e�r�e� �a�r�e� �v�a�r�i�o�u�s� �a�g�g�r�e�s�s�i�v�e� �a�g�e�n�t�s� �s�u�c�h� �a�s� �g�a�s�e�s�,� 

�l�i�q�u�i�d�,� �a�c�i�d� �r�a�i�n�,� �w�a�t�e�r�,� �f�l�u�o�r�i�d�e� �i�o�n�s�,� �e�t�c�.� �F�l�o�w� �i�n� �c�a�p�i�l�l�a�r�y� �p�o�r�e�s� �c�a�n� 

�b�e� �d�e�s�c�r�i�b�e�d� �b�y� �D ��A�r�c�y ��s� �l�a�w� �f�o�r� �l�a�m�i�n�a�r� �f�l�o�w� �t�h�r�o�u�g�h� �p�o�r�o�u�s� �m�e�d�i�a� 

�(�Y�o�u�n�g�,� �1�9�8�8�)� �a�s�:� 

�d�q�/�d�t� �=� �K�A� �(�H�/�*�L�)� �w�h�e�r�e� �d�q�/�d�t� �i�s� �t�h�e� �r�a�t�e� �o�f� �f�l�o�w�,� �A� �i�s� �t�h�e� �c�r�o�s�s� 
�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�,� �a�n�d� �H�/�*�L� �i�s� �t�h�e� �h�y�d�r�a�u�l�i�c� �g�r�a�d�i�e�n�t� 
�a�c�r�o�s�s� �t�h�e� �s�e�c�t�i�o�n�.� �K� �i�s� �t�h�e� �m�e�a�s�u�r�e�d� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �c�o�n�s�t�a�n�t� �w�h�i�c�h� 
�r�e�p�r�e�s�e�n�t�s� �t�h�e� �e�a�s�e� �w�i�t�h� �w�h�i�c�h� �w�a�t�e�r� �f�l�o�w�s� �t�h�r�o�u�g�h� �t�h�e� �s�p�e�c�i�m�e�n�.� �T�h�e� 
�p�e�r�m�e�a�b�i�l�i�t�y� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �t�h�e� �m�a�t�e�r�i�a�l� �c�o�n�s�t�a�n�t� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� 
�f�l�u�i�d� �u�s�e�.� �K �� �=� �K�n�/�p�g� �w�h�e�r�e� �n� �i�s� �t�h�e� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �f�l�u�i�d�,� �p� �i�s� �t�h�e� 
�d�e�n�s�i�t�y� �a�n�d� �g� �i�s� �t�h�e� �g�r�a�v�i�t�a�t�i�o�n�a�l� �c�o�n�s�t�a�n�t�.� �I�n� �p�r�a�c�t�i�c�e�,� �K� �i�s� �t�h�e� �p�e�r�m�e�-� 
�a�b�i�l�i�t�y� �c�o�n�s�t�a�n�t�.� �(�Y�o�u�n�g�,� �1�9�8�8�,� �p�p�.� �3�-�4�)� 

�I�n� �i�t�s� �s�i�m�p�l�e�s�t� �f�o�r�m�:� 

�V�=�k�i� 

�w�h�e�r�e� �k� �i�s� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �p�e�r�m�e�a�b�i�l�i�t�y� �a�n�d� �i� �i�s� �h�y�d�r�a�u�l�i�c� �g�r�a�d�i�e�n�t�.� �T�h�e� 

�c�o�m�p�l�i�c�a�t�i�o�n�s� �o�f� �f�l�o�w� �t�h�r�o�u�g�h� �m�i�c�r�o� �p�o�r�e�s� �c�a�n� �b�e� �e�l�i�m�i�n�a�t�e�d� �f�r�o�m� �t�h�e� 

�a�n�a�l�y�s�i�s� �(�Y�o�u�n�g�,� �1�9�8�8�,� �p�p�.� �3�-�4�)�.� �T�h�e� �u�s�e� �o�f� �D ��A�r�c�y ��s� �l�a�w� �f�o�r� �l�a�m�i�n�a�r



�4�8� 

�f�l�o�w� �t�h�r�o�u�g�h� �p�o�r�o�u�s� �m�e�d�i�a� �i�s� �u�s�e�d�.� �T�h�e� �d�e�s�c�r�i�p�t�i�o�n�s� �f�o�r� �t�h�e� �t�r�e�a�t�m�e�n�t�s� 

�f�o�r� �t�h�e� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �d�i�s�t�r�e�s�s� �a�r�e� �q�u�i�t�e� �d�i�f�f�e�r�e�n�t�.� �F�o�r� �i�n�s�t�a�n�c�e�:� 

�a�.� �T�h�e� �t�y�p�e� �o�f� �d�i�s�t�r�e�s�s� �t�h�a�t� �c�a�n� �b�e� �q�u�i�t�e� �e�f�f�e�c�t�i�v�e�l�y� �t�r�e�a�t�e�d� �b�y� �o�n�e� �t�i�m�e� 

�c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e� �s�u�c�h� �a�s� �o�c�c�u�r�s� �i�n� �p�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�i�o�n� �t�o� �r�e�d�u�c�e� 

�w�a�t�e�r� �a�n�d� �c�h�l�o�r�i�d�e� �i�n�t�r�u�s�i�o�n� �w�o�u�l�d� �u�s�e� �D ��A�r�c�y ��s� �l�a�w� �f�o�r� �l�a�m�i�n�a�r� 

�f�l�o�w� �t�h�r�o�u�g�h� �p�o�r�o�u�s� �m�e�d�i�a� �t�o� �d�e�s�c�r�i�b�e� �o�n�l�y� �t�h�e� �f�l�o�w� �f�r�o�m� �t�h�e� 

�m�i�c�r�o�c�a�p�s�u�l�e� �f�i�b�e�r� �i�n�t�o� �t�h�e� �c�e�m�e�n�t� �m�a�t�r�i�x�.� 

�b�.� �T�h�e� �t�r�e�a�t�m�e�n�t� �f�o�r� �c�r�a�c�k�i�n�g� �i�n� �w�h�i�c�h� �t�h�e� �c�h�e�m�i�c�a�l� �i�s� �r�e�l�e�a�s�e�d� �i�n�t�e�r�-� 

�n�a�l�l�y� �o�n�l�y� �w�i�t�h� �t�h�e� �s�p�e�c�i�f�i�c� �s�t�i�m�u�l�u�s� �o�f� �l�o�a�d�i�n�g� �w�o�u�l�d� �b�e� �d�e�s�c�r�i�b�e�d� 

�b�y� �t�h�e� �f�l�o�w� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e� �f�r�o�m� �t�h�e� �f�i�b�e�r� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�.� 

�c�.� �T�h�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t� �f�o�r� �i�n�t�r�u�s�i�o�n� �o�f� �w�a�t�e�r� �o�r� �c�h�l�o�r�i�d�e� 

�i�o�n�s� �o�f� �t�h�e� �t�y�p�e� �i�n� �w�h�i�c�h� �r�e�l�e�a�s�e� �o�c�c�u�r�s� �o�n�l�y� �w�i�t�h� �t�h�e� �s�p�e�c�i�f�i�c� �s�t�i�m�u�-� 

�l�u�s� �o�f� �i�n�t�r�u�s�i�o�n� �o�f� �t�h�e� �c�h�l�o�r�i�d�e� �i�o�n� �o�r� �w�a�t�e�r� �w�o�u�l�d� �i�n�c�l�u�d�e� �D ��A�r�c�y ��s� 

�l�a�w� �f�o�r� �l�a�m�i�n�a�r� �f�l�o�w� �t�h�r�o�u�g�h� �p�o�r�o�u�s� �m�e�d�i�a� �f�o�r� �t�h�e� �s�a�l�t� �w�a�t�e�r� �o�r� 

�c�h�l�o�r�i�d�e� �i�o�n�s� �o�r� �w�a�t�e�r� �a�n�d� �t�h�e� �f�l�o�w� �a�s� �w�e�l�l� �a�s� �t�h�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� 

�f�l�o�w� �t�h�r�o�u�g�h� �t�h�e� �m�a�t�r�i�x� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e�d� �f�r�o�m� �t�h�e� �f�i�b�e�r� �o�r� 

�m�i�c�r�o�c�a�p�s�u�l�e�.� 

�I�n� �o�r�d�e�r� �t�o� �a�p�p�l�y� �D ��A�r�c�y ��s� �l�a�w�,� �o�n�e� �m�u�s�t� �k�n�o�w� �t�h�e� �f�o�l�l�o�w�i�n�g�:� 

�1�.� �T�h�e� �f�o�r�c�e� �a�n�d� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �i�n�t�r�u�s�i�o�n� �o�f� �t�h�e� �a�g�g�r�e�s�s�i�v�e� �a�g�e�n�t�.� 

�2�.� �T�h�e� �c�o�n�d�i�t�i�o�n� �o�f� �t�h�e� �m�a�t�r�i�x� �f�o�r� �i�o�n� �c�o�n�t�e�n�t�,� �p�e�r�m�e�a�b�i�l�i�t�y�,� �a�l�k�a�l�i�n�i�t�y� �a�t� 

�t�h�e� �t�i�m�e� �o�f� �i�n�t�r�u�s�i�o�n� �o�f� �a�g�g�r�e�s�s�i�v�e� �a�g�e�n�t�.



�4�9� 

�3�.� �T�h�e� �f�o�r�c�e� �o�f� �t�h�e� �s�t�i�m�u�l�u�s� �w�h�i�c�h� �r�e�l�e�a�s�e�s� �t�h�e� �c�h�e�m�i�c�a�l� �f�r�o�m� �t�h�e� �f�i�b�e�r� 

�a�n�d� �t�h�e� �f�o�r�c�e� �o�f� �t�h�e� �s�t�i�m�u�l�u�s� �w�h�i�c�h� �p�r�e�p�a�r�e�s� �t�h�e� �m�a�t�r�i�x� �f�o�r� �a�c�c�e�p�t�a�n�c�e� 

�o�f� �t�h�e� �c�h�e�m�i�c�a�l� �i�n� �t�h�e� �f�i�b�e�r�.� 

�4�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �a�n�d� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �c�o�n�d�i�t�i�o�n�s� �o�f� �t�h�e� 

�m�a�t�r�i�x�.� 

�5�.� �T�h�e� �v�i�s�c�o�s�i�t�y� �a�n�d� �d�e�n�s�i�t�y� �o�f� �t�h�e� �a�g�g�r�e�s�s�i�v�e� �a�g�e�n�t�.� 

�6�.� �T�h�e� �v�i�s�c�o�s�i�t�y� �a�n�d� �d�e�n�s�i�t�y� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e�d� �f�r�o�m� �t�h�e� �f�i�b�e�r� 

�7�.� �T�h�e� �h�y�d�r�a�u�l�i�c� �g�r�a�d�i�e�n�t� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�.� 

�8�.� �T�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �a�r�e�a� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�:� 

�T�h�e� �c�o�n�t�i�n�u�o�u�s� �c�a�p�i�l�l�a�r�y� �p�o�r�e�s� �s�y�s�t�e�m� �t�h�r�o�u�g�h� �w�h�i�c�h� �w�a�t�e�r� �f�l�o�w�s� 
�r�e�l�a�t�i�v�e�l�y� �e�a�s�i�l�y� �c�a�n� �b�e�c�o�m�e� �c�u�t� �o�f�f� �b�y� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �o�f� �h�y�d�r�a�t�i�o�n� 
�p�r�o�d�u�c�t�s�.� �T�h�i�s� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �w�a�t�e�r� �t�o� �c�e�m�e�n�t� �r�a�t�i�o� �o�f� �t�h�e� 
�p�a�s�t�e�.� �I�n� �d�i�s�c�o�n�t�i�n�u�o�u�s� �p�o�r�e� �s�y�s�t�e�m�s� �f�l�o�w� �i�s� �l�i�m�i�t�e�d� �b�y� �m�o�v�e�m�e�n�t� 
�t�h�r�o�u�g�h� �v�e�r�y� �f�i�n�e� �j� �p�o�r�e�s� �s�o� �t�h�e� �D ��A�r�c�y� �f�l�o�w� �i�s� �g�r�e�a�t�l�y� �m�o�d�i�f�i�e�d� �b�y� �t�h�e� 
�a�b�s�o�r�p�t�i�o�n� �o�f� �w�a�t�e�r� �o�n� �t�h�e� �p�o�r�o�u�s� �s�u�r�f�a�c�e�s�.� �.�.�.� �P�o�w�e�r�s� �d�e�v�e�l�o�p�e�d� �a� 
�t�h�e�o�r�e�t�i�c�a�l� �a�p�p�r�o�a�c�h� �t�o� �t�h�i�s� �m�o�d�e�l� �u�s�i�n�g� �t�h�e� �S�t�o�k�e�s� �l�a�w� �a�p�p�l�i�e�d� �t�o� �a� 
�c�o�n�c�e�n�t�r�a�t�e�d� �s�u�s�p�e�n�s�i�o�n�.� �(�Y�o�u�n�g�,� �1�9�8�8�,� �p�.� �3�)� 

�D�e�s�i�g�n� �o�f� �A�c�t�u�a�l� �S�y�s�t�e�m�s� �t�o� �R�e�d�u�c�e� �E�n�v�i�r�o�n�m�e�n�t�a�l� 

�D�a�m�a�g�e� �a�n�d� �D�e�t�e�r�i�o�r�a�t�i�o�n� 

�I�n� �a�c�t�u�a�l� �p�r�a�c�t�i�c�e�,� �i�t� �i�s� �v�e�r�y� �c�o�m�p�l�e�x� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �o�f� �t�h�e� 

�c�e�m�e�n�t� �m�a�t�r�i�x� �a�t� �a�n�y� �g�i�v�e�n� �t�i�m�e� �a�n�d� �f�o�r�m�u�l�a�t�e� �p�r�e�d�i�c�t�e�d� �f�l�o�w� �t�h�r�o�u�g�h� �t�h�e� �p�o�r�o�u�s� 

�m�e�d�i�u�m�.� �T�h�e� �n�u�m�b�e�r� �o�f� �h�o�l�l�o�w� �o�r� �p�o�r�o�u�s� �f�i�b�e�r�s� �a�n�d� �a�g�g�r�e�g�a�t�e�s� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� 

�u�s�e� �i�n� �t�h�e� �o�v�e�r�a�l�l� �s�y�s�t�e�m� �w�e�r�e� �s�e�v�e�r�e�l�y� �l�i�m�i�t�e�d�,� �t�h�e�r�e�b�y� �r�e�d�u�c�i�n�g� �t�h�e� �a�b�i�l�i�t�y� �t�o



�5�0� 

�c�h�o�o�s�e� �a�m�o�n�g� �t�h�e� �f�a�c�t�o�r�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�o�s�e�,� �s�u�c�h� �a�s� �w�h�e�t�h�e�r� �t�h�e� �f�i�b�e�r� �r�e�l�e�a�s�e�s� 

�f�r�o�m� �t�h�e� �e�n�d�s� �o�r� �t�h�e� �l�e�n�g�t�h�,� �t�h�e� �p�o�r�o�s�i�t�y� �o�f� �t�h�e� �f�i�b�e�r�s�.� �I�n� �p�r�a�c�t�i�c�a�l� �t�e�r�m�s� �o�n�e� 

�m�u�s�t� �f�i�r�s�t� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�r�e�s�s� �t�o� �b�e� �a�d�d�r�e�s�s�e�d� �a�n�d� �i�n�v�e�n�t� �a� 

�s�y�s�t�e�m� �t�o� �a�d�d�r�e�s�s� �i�t� �w�h�i�c�h� �i�n�c�l�u�d�e�s� �a� �c�a�r�r�i�e�r� �f�o�r� �t�h�e� �c�h�e�m�i�c�a�l�,� �a� �c�h�e�m�i�c�a�l� �t�o� �b�e� 

�r�e�l�e�a�s�e�d�,� �a� �c�o�a�t�i�n�g� �f�o�r� �t�h�e� �c�a�r�r�i�e�r�,� �a� �s�t�i�m�u�l�u�s� �t�o� �r�e�l�e�a�s�e� �t�h�e� �c�h�e�m�i�c�a�l�s� �f�r�o�m� �t�h�e� 

�c�a�r�r�i�e�r� �t�o� �p�r�e�p�a�r�e� �t�h�e� �m�a�t�r�i�x�.� �I�n� �o�p�t�i�m�u�m� �c�a�s�e�s�,� �t�h�e� �s�t�i�m�u�l�i� �f�o�r� �r�e�l�e�a�s�e� �i�s� �a� 

�p�r�o�p�e�r�t�y� �o�f� �t�h�e� �m�a�t�r�i�x� �w�h�e�n� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �a�t�t�a�c�k� �o�c�c�u�r�s� �a�n�d� �c�a�n� �b�e� �u�s�e�d� �t�o� 

�r�e�l�e�a�s�e� �t�h�e� �r�e�m�e�d�y�.� 

�D�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �S�y�s�t�e�m�s� �D�e�s�i�g�n�e�d� �f�o�r� 

�A�c�t�i�v�a�t�e�d� �I�n�t�e�r�n�a�l� �R�e�l�e�a�s�e� 

�1�.� �C�r�a�c�k�i�n�g�,� �d�u�e� �t�o� �l�o�a�d�i�n�g�,� �i�s� �a� �m�a�j�o�r� �p�r�o�b�l�e�m� �i�n� �c�o�n�c�r�e�t�e� �m�a�t�e�r�i�a�l�s� �b�e�-� 

�c�a�u�s�e� �t�h�e� �c�r�a�c�k�s� �i�n�c�r�e�a�s�e� �p�e�r�m�e�a�b�i�l�i�t�y�.� �L�o�a�d�i�n�g� �o�v�e�r� �t�i�m�e� �h�a�s� �a� 

�c�u�m�u�l�a�t�i�v�e� �e�f�f�e�c�t� �w�h�i�c�h� �c�a�n� �l�e�a�d� �f�i�n�a�l�l�y� �t�o� �c�o�m�p�l�e�t�e� �d�e�t�e�r�i�o�r�a�t�i�o�n� �o�f� �t�h�e� 

�c�o�m�p�o�n�e�n�t� �o�r� �s�t�r�u�c�t�u�r�e�.� �T�h�e� �d�e�s�i�g�n� �t�o� �a�l�l�e�v�i�a�t�e� �t�h�i�s� �p�r�o�b�l�e�m� �c�o�n�s�i�s�t�s� 

�o�f� �f�i�l�l�i�n�g� �p�o�r�o�u�s� �f�i�b�e�r�s� �w�i�t�h� �a� �c�r�a�c�k�-�f�i�l�l�i�n�g� �c�h�e�m�i�c�a�l�.� �T�h�e� �c�h�e�m�i�c�a�l� �i�s� 

�r�e�l�e�a�s�e�d� �f�r�o�m� �t�h�e� �f�i�b�e�r�s� �w�h�e�n� �t�h�e� �f�i�b�e�r�s� �f�l�e�x� �d�u�e� �t�o� �l�o�a�d�i�n�g�.� �T�h�e� 

�s�t�i�m�u�l�u�s� �f�o�r� �r�e�l�e�a�s�e� �i�s� �t�h�u�s� �l�o�a�d�i�n�g�.� �T�h�i�s� �i�s� �t�h�e� �i�d�e�a�l� �s�i�t�u�a�t�i�o�n� �i�n� �w�h�i�c�h� 

�t�h�e� �a�g�e�n�t� �o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�e�g�r�a�d�a�t�i�o�n�,� �n�a�m�e�l�y� �l�o�a�d�i�n�g�,� �i�s� �t�h�e� �s�t�i�m�u�l�u�s� 

�t�o� �r�e�l�e�a�s�e� �t�h�e� �r�e�p�a�i�r� �c�h�e�m�i�c�a�l�.� �T�h�e� �t�e�s�t�i�n�g� �r�e�g�i�m�e� �d�e�s�i�g�n� �r�e�l�i�e�s� �h�e�a�v�i�l�y



�5�1� 

�o�n� �t�h�e� �r�e�l�e�a�s�e� �o�f� �c�h�e�m�i�c�a�l�s� �f�r�o�m� �t�h�e� �f�i�b�e�r�s� �d�u�e� �t�o� �b�e�n�d�i�n�g� �c�a�u�s�e�d� �b�y� 

�l�o�a�d�i�n�g�,� �t�h�e�r�e�f�o�r�e� �t�h�e� �r�e�s�e�a�r�c�h� �o�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�i�l�l� �f�o�c�u�s� �o�n� �t�h�a�t� �a�r�e�a�.� 

�C�r�a�c�k�i�n�g� �d�u�e� �t�o� �s�h�r�i�n�k�a�g�e� �c�a�u�s�e�d� �b�y� �s�e�l�f�-�d�e�s�i�c�c�a�t�i�o�n� �i�s� �a� �m�a�j�o�r� �p�r�o�b�l�e�m� 

�i�n� �a� �n�e�w� �t�y�p�e� �o�f� �c�o�n�c�r�e�t�e�,� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�o�n�c�r�e�t�e�.� �T�h�e� �l�o�w� 

�w�a�t�e�r�/�c�e�m�e�n�t� �r�a�t�i�o� �u�s�e�d� �c�a�u�s�e�s� �t�h�i�s�.� �T�h�e� �d�e�s�i�g�n� �t�o� �a�d�d�r�e�s�s� �s�e�l�f�-�d�e�s�i�c�c�a�-� 

�t�i�o�n� �i�n�c�l�u�d�e�s� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �f�i�l�l�e�d� �w�i�t�h� �w�a�t�e�r� �s�h�o�u�l�d� �r�e�l�e�a�s�e� �s�l�o�w�l�y� 

�i�n� �r�e�s�p�o�n�s�e� �t�o� �t�h�e� �d�e�m�a�n�d� �f�o�r� �w�a�t�e�r� �f�r�o�m� �h�y�d�r�a�t�i�o�n� �o�f� �t�h�e� �c�e�m�e�n�t�.� 

�T�h�e� �s�t�i�m�u�l�u�s� �f�o�r� �r�e�l�e�a�s�e� �i�s� �t�h�i�s� �d�e�m�a�n�d� �f�o�r� �w�a�t�e�r�.� �T�h�e� �i�n�i�t�i�a�l� �v�o�l�u�m�e� �o�f� 

�t�h�e� �a�g�g�r�e�g�a�t�e�s� �a�l�l�o�w� �f�o�r� �c�o�n�t�a�i�n�m�e�n�t� �a�n�d� �s�l�o�w� �r�e�l�e�a�s�e� �u�p�o�n� �h�y�d�r�a�t�i�o�n�;� 

�t�h�e�r�e�f�o�r�e�,� �n�o� �c�o�a�t�i�n�g� �i�s� �u�s�e�d�.� �I�n� �t�h�e� �d�e�s�i�g�n� �h�e�r�e�i�n�,� �t�h�e� �d�r�y�i�n�g� �s�h�r�i�n�k�a�g�e� 

�c�o�u�l�d� �b�e� �r�e�d�u�c�e�d� �d�u�e� �t�o� �t�h�e� �s�l�o�w� �r�e�l�e�a�s�e� �o�f� �w�a�t�e�r� �f�o�r� �h�y�d�r�a�t�i�o�n� �i�n�t�o� 

�t�h�e� �s�y�s�t�e�m�.� 

�T�h�e� �a�b�i�l�i�t�y� �o�f� �w�a�t�e�r� �a�n�d� �c�h�e�m�i�c�a�l�s� �t�o� �i�n�t�r�u�d�e� �b�e�c�a�u�s�e� �t�h�e� �m�a�t�r�i�x� �i�s� 

�p�e�r�m�e�a�b�l�e� �i�s� �t�h�e� �m�a�j�o�r� �p�r�o�b�l�e�m� �i�n� �d�u�r�a�b�i�l�i�t�y�.� �I�n� �t�h�e� �d�e�s�i�g�n� �h�e�r�e�i�n� 

�p�e�r�m�e�a�b�i�l�i�t�y� �i�s� �a�d�d�r�e�s�s�e�d� �b�y� �t�h�e� �r�e�l�e�a�s�e� �o�f� �s�e�a�l�a�n�t�s� �i�n�t�o� �t�h�e� �b�o�d�y� �o�f� �t�h�e� 

�m�a�t�r�i�x� �f�r�o�m� �h�o�l�l�o�w�,� �p�o�r�o�u�s� �f�i�b�e�r�s�.� �T�h�e� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �i�s� �c�o�n�-� 

�t�a�i�n�e�d� �i�n� �t�h�e� �f�i�b�e�r�s� �f�o�r� �l�a�t�e�r� �r�e�l�e�a�s�e� �b�y� �c�o�a�t�i�n�g� �t�h�e� �f�i�b�e�r�s� �w�i�t�h� �w�a�x�.� �T�o� 

�b�e� �e�f�f�e�c�t�i�v�e�,� �t�h�e� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �h�a�s� �t�o� �b�e� �r�e�l�e�a�s�e�d� �f�r�o�m� �t�h�e� �f�i�b�e�r�s� 

�a�f�t�e�r� �t�h�e� �m�a�t�r�i�x� �i�s� �s�e�t� �u�p� �a�n�d� �t�h�e�n� �h�a�s� �t�o� �b�e� �p�o�l�y�m�e�r�i�z�e�d�.� �H�e�a�t� �i�s� �t�h�e� 

�s�t�i�m�u�l�u�s� �w�h�i�c�h� �n�o�t� �o�n�l�y� �r�e�l�e�a�s�e�s� �t�h�e� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �f�r�o�m� �t�h�e� 

�p�o�r�o�u�s� �f�i�b�e�r�s�,� �b�u�t� �i�t� �a�l�s�o� �d�r�i�e�s� �o�u�t� �t�h�e� �m�a�t�r�i�x� �t�o� �r�e�c�e�i�v�e� �t�h�e� �m�e�t�h�y�l
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�m�e�t�h�a�c�r�y�l�a�t�e� �a�n�d� �p�o�l�y�m�e�r�i�z�e�s� �t�h�e� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �i�n� �p�l�a�c�e�.� �T�h�e� 

�h�e�a�t� �s�t�i�m�u�l�u�s� �h�a�s� �t�h�a�t� �t�h�r�e�e�f�o�l�d� �e�f�f�e�c�t� �o�f� �a�c�c�o�m�p�l�i�s�h�i�n�g� �r�e�l�e�a�s�e�,� �m�a�t�r�i�x� 

�d�r�y�i�n�g�,� �a�n�d� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �r�e�s�e�a�r�c�h� �i�n�v�e�s�t�i�g�a�t�i�o�n� �i�n� �t�h�i�s� �d�e�s�i�g�n� 

�n�o�t� �o�n�l�y� �w�i�l�l� �f�o�c�u�s� �p�r�i�m�a�r�i�l�y� �o�n� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �i�m�p�e�r�m�e�a�b�i�l�i�t�y� �b�u�t� �a�l�s�o� 

�o�n� �i�n�c�r�e�a�s�e�d� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �d�u�e� �t�o� �t�h�e� �p�o�l�y�m�e�r� �a�n�d� �i�n�c�r�e�a�s�e�d� 

�b�e�n�d�i�n�g� �s�t�r�e�n�g�t�h� �a�d�d�e�d� �b�y� �f�i�b�e�r�s�.� 

�P�e�r�m�e�a�b�i�l�i�t�y� �i�s� �t�h�e� �d�u�r�a�b�i�l�i�t�y� �p�r�o�b�l�e�m� �b�e�c�a�u�s�e� �t�h�a�t� �i�s� �t�h�e� �w�a�y� �i�n� �w�h�i�c�h� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �a�g�e�n�t�s� �p�e�n�e�t�r�a�t�e� �t�o� �a�t�t�a�c�k�.� �I�n� �t�h�i�s� �d�e�s�i�g�n�,� �X�y�p�e�x�,� �a� 

�c�a�t�a�l�y�t�i�c� �c�r�y�s�t�a�l�l�i�z�i�n�g� �a�g�e�n�t� �w�h�i�c�h� �c�r�y�s�t�a�l�l�i�z�e�s� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �w�a�t�e�r� 

�a�n�d� �c�a�u�s�e�s� �t�h�e� �2�5�%� �u�n�h�y�d�r�a�t�e�d� �c�e�m�e�n�t� �t�o� �h�y�d�r�a�t�e�,� �i�s� �r�e�l�e�a�s�e�d� �f�r�o�m� 

�p�r�i�l�l�s�.� �T�h�e�s�e� �p�r�i�l�l�s� �a�r�e� �p�a�r�a�f�f�i�n� �w�a�x� �i�n� �w�h�i�c�h� �t�h�e� �X�y�p�e�x� �i�s� �m�i�x�e�d�.� �T�h�e� 

�s�t�i�m�u�l�u�s� �f�o�r� �r�e�l�e�a�s�e� �i�s� �h�e�a�t�.� �I�n� �a�n�o�t�h�e�r� �d�e�s�i�g�n� �h�e�r�e�i�n� �u�s�i�n�g� �X�y�p�e�x�,� �t�h�e� 

�p�r�i�l�l�s� �a�r�e� �m�a�d�e� �f�r�o�m� �a� �p�o�l�y�o�l� �w�h�i�c�h� �i�s� �a�l�k�a�l�i�n�e� �s�e�n�s�i�t�i�v�e� �a�n�d� �s�h�o�u�l�d� 

�d�e�g�r�a�d�e� �d�u�e� �t�o� �t�h�e� �s�t�i�m�u�l�a�t�i�o�n� �o�f� �t�h�e� �a�l�k�a�l�i�n�i�t�y� �c�h�a�n�g�e� �i�n� �c�e�m�e�n�t� �t�o� 

�m�o�r�e� �a�l�k�a�l�i�n�e� �a�s� �a� �p�r�e�c�u�r�s�o�r� �t�o� �c�o�r�r�o�s�i�o�n�.� �T�h�e� �r�e�s�e�a�r�c�h� �w�i�l�l� �i�n�v�e�s�t�i�g�e� 

�i�n�c�r�e�a�s�e�d� �i�m�p�e�r�m�e�a�b�i�l�i�t�y� �a�s� �w�e�l�l� �a�s� �a�n�y� �a�t�t�e�n�d�a�n�t� �i�n�c�r�e�a�s�e� �i�n� �c�o�m�p�r�e�s�-� 

�s�i�v�e� �s�t�r�e�n�g�t�h�.� 

�A� �n�o�v�e�l� �m�a�t�e�r�i�a�l� �d�e�v�e�l�o�p�e�d� �b�y� �t�h�e� �a�u�t�h�o�r� �o�f� �t�h�i�s� �r�e�p�o�r�t� �i�s� �a� �p�h�o�s�p�h�a�t�e�-� 

�b�o�n�d�e�d� �s�i�n�t�e�r�e�d� �b�o�t�t�o�m� �a�s�h�.� �T�h�i�s� �m�a�t�e�r�i�a�l� �i�s� �v�e�r�y� �p�e�r�m�e�a�b�l�e� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �o�p�e�n� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �a�t�t�a�c�k�.� �T�h�i�s� �d�e�s�i�g�n� �c�o�n�s�i�s�t�s� �o�f� �t�h�e� 

�i�n�c�l�u�s�i�o�n� �o�f� �a� �s�e�a�l�a�n�t� �m�a�t�e�r�i�a�l� �i�n� �f�i�b�e�r�s� �w�h�i�c�h� �w�i�l�l� �b�e� �r�e�l�e�a�s�e�d� �d�u�r�i�n�g
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�h�e�a�t�i�n�g�.� �T�h�e� �s�i�n�t�e�r�i�n�g� �p�r�o�c�e�s�s� �g�o�e�s� �t�o� �5�5�0�-�6�0�0�°� �C�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� 

�c�h�e�m�i�c�a�l� �a�n�d� �f�i�b�e�r�s� �h�a�v�e� �t�o� �w�i�t�h�s�t�a�n�d� �t�h�i�s� �h�e�a�t�.� �F�i�b�e�r�g�l�a�s�s� �f�i�b�e�r�s� 

�c�o�n�t�a�i�n�i�n�g� �a� �p�o�l�y�i�m�i�d�e� �s�h�o�u�l�d� �b�e� �t�h�e� �m�o�s�t� �h�e�a�t� �r�e�s�i�s�t�a�n�t� �c�o�m�b�i�n�a�t�i�o�n�.� 

�T�h�e� �r�e�s�e�a�r�c�h� �w�i�l�l� �f�o�c�u�s� �o�n� �i�m�p�e�r�m�e�a�b�i�l�i�t�y�.� 

�T�h�e� �p�r�o�b�l�e�m� �o�f� �c�o�r�r�o�s�i�o�n� �c�a�n� �b�e� �a�p�p�r�o�a�c�h�e�d� �b�y� �r�e�d�u�c�i�n�g� �t�h�e� �a�b�i�l�i�t�y� �o�f� 

�t�h�e� �s�t�e�e�l� �t�o� �c�o�r�r�o�d�e�.� �C�a�l�c�i�u�m� �n�i�t�r�i�t�e� �a�d�d�e�d� �f�r�e�e�l�y� �t�o� �c�e�m�e�n�t� �p�r�o�t�e�c�t�s� 

�t�h�e� �s�t�e�e�l� �b�u�t� �a�l�s�o� �r�e�t�a�r�d�s� �t�h�e� �c�o�n�c�r�e�t�e� �s�e�t� �t�i�m�e�.� �I�n� �t�h�i�s� �d�e�s�i�g�n� �c�a�l�c�i�u�m� 

�n�i�t�r�i�t�e� �i�s� �p�u�t� �i�n�t�o� �h�o�l�l�o�w�,� �p�o�r�o�u�s� �f�i�b�e�r�s� �c�o�a�t�e�d� �w�i�t�h� �w�a�x�.� �T�h�e�y� �a�r�e� 

�p�l�a�c�e�d� �n�e�a�r� �t�h�e� �r�e�b�a�r�s�.� �T�h�e� �r�e�b�a�r�s� �a�r�e� �h�e�a�t�e�d�,� �t�h�u�s� �r�e�l�e�a�s�i�n�g� �t�h�e� 

�c�h�e�m�i�c�a�l� �f�r�o�m� �t�h�e� �n�e�a�r�b�y� �f�i�b�e�r�s�.� �A�l�s�o�,� �t�h�e� �f�i�b�e�r�s� �c�o�u�l�d� �b�e� �c�o�a�t�e�d� �w�i�t�h� 

�p�o�l�y�o�l�.� �T�h�e� �s�t�i�m�u�l�u�s� �f�o�r� �t�h�a�t� �r�e�l�e�a�s�e� �i�s� �t�h�e� �c�h�a�n�g�e� �i�n� �a�l�k�a�l�i�n�i�t�y� �t�o� �1�1� �a�t� 

�w�h�i�c�h� �p�o�i�n�t� �c�o�r�r�o�s�i�o�n� �s�t�a�r�t�s�.� �T�h�i�s� �s�t�i�m�u�l�i� �h�a�s� �t�h�e� �a�d�v�a�n�t�a�g�e� �t�h�a�t� �t�h�e� 

�m�e�c�h�a�n�i�s�m� �o�f� �a�t�t�a�c�k�,� �i�.�e�.�,� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �a�l�k�a�l�i�n�i�t�y� �t�o� �1�1� �d�u�e� �t�o� �t�h�e� 

�i�n�g�r�e�s�s� �o�f� �c�h�l�o�r�i�d�e� �i�o�n�s� �o�r� �o�t�h�e�r� �c�a�u�s�e�s�,� �i�s� �a�l�s�o� �t�h�e� �s�t�i�m�u�l�u�s� �f�o�r� �a�c�t�i�v�a�-� 

�t�i�o�n� �o�f� �t�h�e� �p�r�e�v�e�n�t�i�o�n� �s�y�s�t�e�m�.� �T�h�e� �r�e�s�e�a�r�c�h� �i�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�i�l�l� �f�o�-� 

�c�u�s� �o�n� �r�e�d�u�c�t�i�o�n� �i�n� �c�o�r�r�o�s�i�o�n� �a�s� �m�e�a�s�u�r�e�d� �b�y� �r�e�d�u�c�t�i�o�n� �i�n� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�e�l�e�c�t�r�i�c�a�l� �p�o�t�e�n�t�i�a�l� �a�c�r�o�s�s� �r�e�b�a�r�s�.� 

�T�h�e� �p�r�o�b�l�e�m� �o�f� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �i�s� �i�m�p�o�r�t�a�n�t� �b�e�c�a�u�s�e� �i�t� �b�r�e�a�k�s� �u�p� 

�t�h�e� �c�o�n�c�r�e�t�e� �i�n�t�e�r�n�a�l�l�y�,� �c�a�u�s�i�n�g� �c�r�a�c�k�i�n�g� �a�n�d� �i�n�c�r�e�a�s�e�d� �p�e�r�m�e�a�b�i�l�i�t�y�.� 

�T�h�e� �d�e�s�i�g�n� �i�n� �t�h�i�s� �c�a�s�e� �i�s� �t�o� �l�o�a�d� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �w�i�t�h� �c�h�e�m�i�c�a�l�s� 

�w�h�i�c�h� �r�e�d�u�c�e� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e�.� �T�h�e�s�e� �c�h�e�m�i�c�a�l�s� �s�h�o�u�l�d� �b�e� �r�e�l�e�a�s�e�d
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�d�u�e� �t�o� �t�h�e� �e�x�p�a�n�s�i�o�n� �o�f� �w�a�t�e�r� �a�n�d� �t�h�e� �c�h�a�n�g�e�s� �i�n� �o�s�m�o�t�i�c� �p�r�e�s�s�u�r�e� �i�n� 

�t�h�e� �s�p�e�c�i�m�e�n�s� �u�p�o�n� �f�r�e�e�z�i�n�g�.� �I�n� �t�h�i�s� �c�a�s�e� �t�h�e� �s�t�i�m�u�l�u�s� �i�s� �t�h�e� �a�g�e�n�t� �o�f� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �a�t�t�a�c�k�,� �i�.�e�.�,� �f�r�e�e�z�i�n�g�.� �T�h�e� �c�h�e�m�i�c�a�l�s� �t�o� �b�e� �r�e�l�e�a�s�e�d� �a�r�e� 

�l�i�n�s�e�e�d� �o�i�l�,� �w�h�i�c�h� �i�s� �a� �h�y�d�r�o�p�h�o�b�i�c� �a�g�e�n�t� �a�n�d� �r�e�d�u�c�e�s� �t�h�e� �a�b�i�l�i�t�y� �o�f� 

�w�a�t�e�r� �t�o� �p�e�n�e�t�r�a�t�e� �i�n�t�e�r�n�a�l�l�y�,� �o�r� �a�n� �a�n�t�i�-�f�r�e�e�z�e�,� �p�r�o�p�y�l�e�n�e� �g�l�y�c�o�l�.� �T�h�e� 

�a�n�t�i�-�f�r�e�e�z�e� �s�h�o�u�l�d� �r�e�d�u�c�e� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �b�y� �d�e�c�r�e�a�s�i�n�g� �t�h�e� �t�e�m�-� 

�p�e�r�a�t�u�r�e� �a�t� �w�h�i�c�h� �f�r�e�e�z�i�n�g� �w�i�l�l� �o�c�c�u�r�.� �T�h�e� �r�e�s�e�a�r�c�h� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�i�l�l� 

�f�o�c�u�s� �o�n� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e�.� 

�G�e�n�e�r�a�l� �P�r�o�c�e�d�u�r�e�s� 

�E�x�p�e�r�i�m�e�n�t�a�l� �w�o�r�k� �w�a�s� �f�i�r�s�t� �u�n�d�e�r�t�a�k�e�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �f�e�a�s�i�b�i�l�i�t�y� �o�f� 

�v�a�r�i�o�u�s� �f�i�b�e�r�/�c�h�e�m�i�c�a�l� �c�o�m�b�i�n�a�t�i�o�n�s� �t�o� �b�e� �u�s�e�d� �a�s� �p�o�t�e�n�t�i�a�l� �t�r�e�a�t�m�e�n�t�s� �f�o�r� �v�a�r�i�o�u�s� 

�t�y�p�e�s� �o�f� �d�i�s�t�r�e�s�s� �i�n� �c�o�n�c�r�e�t�e�.� �E�v�a�l�u�a�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �o�f� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �c�o�m�b�i�n�a�-� 

�t�i�o�n�s� �o�f� �1�2� �h�o�l�l�o�w�,� �p�o�r�o�u�s� �o�r� �a�d�s�o�r�p�t�i�v�e� �f�i�b�e�r�s�,� �5� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s�,� �2� �c�a�p�s�u�l�e� 

�c�o�m�p�o�s�i�t�i�o�n�s�,� �5� �c�o�a�t�i�n�g� �a�g�e�n�t�s�,� �a�n�d� �4� �d�i�f�f�e�r�e�n�t� �c�h�e�m�i�c�a�l�s� �t�o� �b�e� �c�o�n�t�a�i�n�e�d� �f�o�r� �l�a�t�e�r� 

�r�e�l�e�a�s�e�.� �M�a�n�y� �m�o�r�e� �w�e�r�e� �t�r�i�e�d�.� �W�h�i�t�e� �c�e�m�e�n�t� �w�a�s� �u�s�e�d�.� �T�h�e� �c�h�r�o�n�o�l�o�g�y� �o�f� �t�h�e� 

�t�e�s�t�i�n�g� �p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �a�s� �f�o�l�l�o�w�s�:� �(�a�)� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �w�h�a�t� �c�h�e�m�i�c�a�l�s� �c�o�u�l�d� �b�e� 

�u�s�e�d� �t�o� �r�e�s�p�o�n�d� �t�o� �s�p�e�c�i�f�i�c� �e�v�e�n�t�s� �o�v�e�r� �t�h�e� �d�e�s�i�g�n� �l�i�f�e� �o�f� �t�h�e� �c�o�n�c�r�e�t�e� �s�t�r�u�c�t�u�r�e�,� 

�(�b�)� �e�v�a�l�u�a�t�i�o�n� �o�f� �e�a�c�h� �f�i�b�e�r�/�c�h�e�m�i�c�a�l� �c�o�m�b�i�n�a�t�i�o�n� �f�o�r� �c�o�m�p�a�t�i�b�i�l�i�t�y� �w�i�t�h� �t�h�e� 

�d�e�s�i�r�e�d� �o�b�j�e�c�t�i�v�e�s�,� �(�c�)� �s�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �f�o�r� �e�a�c�h� 

�f�i�b�e�r�/�c�h�e�m�i�c�a�l� �c�o�m�b�i�n�a�t�i�o�n�,� �(�d�)� �s�a�m�p�l�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�a�s�e�d� �o�n� �t�h�e�s�e� �f�a�c�t�o�r�s�,� �(�e�)
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�t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�u�r�e�d�,� �(�f�)� �t�h�e� �f�i�b�e�r�/�c�e�m�e�n�t� �i�n�t�e�r�f�a�c�e� �w�a�s� �v�i�s�u�a�l�l�y� �e�v�a�l�u�a�t�e�d� �f�o�r� 

�c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e� �f�o�r� �t�h�a�t� �p�a�r�t�i�c�u�l�a�r� �t�y�p�e� �o�f� �r�e�l�e�a�s�e� �d�e�s�i�r�e�d� �t�h�r�o�u�g�h� �u�s�e� �o�f� �r�e�d� �d�y�e� 

�v�i�s�i�b�l�e� �i�n� �t�h�e� �w�h�i�t�e� �c�e�m�e�n�t�.� 

�S�a�m�p�l�e� �P�r�e�p�a�r�a�t�i�o�n� 

�T�o� �a�n�s�w�e�r� �t�h�e� �r�e�s�e�a�r�c�h� �q�u�e�s�t�i�o�n�s�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� 

�p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �u�s�e�d� �f�o�r� �a�l�l� �t�e�s�t�s� �d�o�n�e� �u�s�i�n�g� �a� �c�e�m�e�n�t� �m�a�t�r�i�x� �(�s�e�e� �a�b�s�t�r�a�c�t� 

�d�i�a�g�r�a�m� �i�n� �F�i�g�u�r�e� �1�7�)�:� 

�1�.� �T�h�e� �a�m�o�u�n�t� �o�f� �f�i�b�e�r�,� �a�g�g�r�e�g�a�t�e�,� �o�r� �p�r�i�l�l� �t�o� �b�e� �u�s�e�d� �i�s� �d�e�t�e�r�m�i�n�e�d� �p�r�i�-� 

�m�a�r�i�l�y� �b�y� �t�h�e� �i�n�t�e�n�d�e�d� �u�s�e� �o�f� �t�h�e� �s�a�m�p�l�e� �(�i�.�e�.�,� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �c�h�e�m�i�c�a�l� 

�r�e�l�e�a�s�e�,� �c�o�m�p�r�e�s�s�i�v�e� �o�r� �f�l�e�x�u�r�a�l� �s�t�r�e�n�g�t�h�,� �a�n�d� �f�r�e�e�z�e�/�t�h�a�w� �r�e�s�i�s�t�a�n�c�e� 

�[�F�/�T�]�)�,� �e�t�c�.� 

�T�h�e� �f�i�b�e�r�,� �a�g�g�r�e�g�a�t�e� �o�r� �p�r�i�l�l� �i�s� �w�e�i�g�h�e�d� �p�r�i�o�r� �t�o� �t�h�e� �i�n�c�l�u�s�i�o�n� �o�f� �t�h�e� 

�c�h�e�m�i�c�a�l�.� 

�T�h�e� �f�i�b�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n� �a�n�d� �m�a�t�e�r�i�a�l� �t�y�p�e� �d�i�c�t�a�t�e� �w�h�e�t�h�e�r� �p�r�e�c�u�t�t�i�n�g� �t�o� 

�1� �i�n�c�h�,� �s�e�a�r�i�n�g� �t�h�e� �e�n�d�s�,� �i�s� �n�e�c�e�s�s�a�r�y� �p�r�i�o�r� �t�o� �t�h�e� �u�p�t�a�k�e� �o�f� �t�h�e� �c�h�e�m�i�-� 

�c�a�l� �o�r� �i�f� �l�o�n�g�e�r� �s�t�r�a�n�d�s� �w�i�t�h� �s�e�a�l�e�d� �e�n�d�s� �a�r�e� �u�s�e�d�.� �T�h�e� �f�l�u�i�d� �c�a�n� �b�e� 

�m�a�d�e� �t�o� �f�l�o�w� �t�o�w�a�r�d� �t�h�e� �c�e�n�t�e�r� �w�h�e�n� �h�e�l�d� �i�n� �a� �c�a�t�e�n�a�r�y� �c�u�r�v�e�,� �t�h�u�s� 

�p�r�o�d�u�c�i�n�g� �f�u�l�l�e�r� �f�i�b�e�r�s� �i�f� �o�n�l�y� �t�h�e� �f�u�l�l�e�r� �c�e�n�t�e�r� �s�e�c�t�i�o�n� �i�s� �u�s�e�d�.� �O�n�e� 

�i�n�c�h� �w�a�s� �c�h�o�s�e�n� �a�s� �t�h�e� �s�t�a�n�d�a�r�d� �f�i�b�e�r� �l�e�n�g�t�h� �f�o�r� �a�l�l� �t�e�s�t�s�.� �A�l�l� �a�g�g�r�e�-� 

�g�a�t�e�s� �u�s�e�d� �w�e�r�e� �s�i�f�t�e�d� �t�h�r�o�u�g�h� �a� �s�i�z�e� �8� �s�e�i�v�e�.
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�F�I�B�E�R�S� �P�U�T� �I�N�T�O� �C�H�E�M�I�C�A�L� �R�E�L�E�A�S�E�S� �M�A�T�R�I�X� �C�H�A�N�G�E�D� 
�M�A�T�R�I�X� �O�U�E� �T�O� �A�P�P�L�I�E�D� 

�S�T�I�M�U�L�U�S� 

�F�i�g�u�r�e� �1�7�.� �A�b�s�t�r�a�c�t� �o�f� �t�h�e� �p�r�o�c�e�s�s� �o�f� �m�a�k�i�n�g� �s�a�m�p�l�e�s� �w�i�t�h� �t�i�m�e� �d�e�l�a�y�e�d� �i�n�t�e�r�n�a�l� 
�r�e�l�e�a�s�e� �o�f� �c�h�e�m�i�c�a�l�s� �t�o� �a� �m�a�t�r�i�x�.
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�T�h�e� �p�o�r�o�u�s� �f�i�b�e�r�s� �o�r� �a�g�g�r�e�g�a�t�e�s� �a�r�e� �p�l�a�c�e�d� �i�n� �a� �v�a�c�u�u�m� �f�l�a�s�k�,� �c�o�v�e�r�e�d� 

�b�y� �t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� �a� �d�y�e�,� �a�n�d� �e�v�a�c�u�a�t�e�d� �t�o� �d�r�a�w� �t�h�e� �c�h�e�m�i�c�a�l� �i�n�t�o� �t�h�e� 

�f�i�b�e�r�s� �o�r� �a�g�g�r�e�g�a�t�e�s� �a�s� �i�n� �p�h�o�t�o�s� �1� �a�n�d� �2� �(�P�h�o�t�o�s� �c�a�n� �b�e� �f�o�u�n�d� �i�n� 

�A�p�p�e�n�d�i�x� �C�)�.� 

�T�h�e� �t�i�m�e� �r�e�q�u�i�r�e�d� �f�o�r� �u�p�t�a�k�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �d�e�p�e�n�d�s� �o�n� �v�a�r�i�o�u�s� 

�f�a�c�t�o�r�s� �i�n�c�l�u�d�i�n�g�:� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �c�h�e�m�i�c�a�l�,� �p�o�r�o�s�i�t�y� �o�f� �t�h�e� �f�i�b�e�r� �o�r� 

�a�g�g�r�e�g�a�t�e�,� �f�i�b�e�r� �o�r� �a�g�g�r�e�g�a�t�e� �d�i�a�m�a�t�e�r�,� �f�i�b�e�r� �o�r� �a�g�g�r�e�g�a�t�e� �l�e�n�g�t�h�,� �e�t�c�.� 

�T�h�e� �o�p�t�i�m�u�m� �t�i�m�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �n�u�m�e�r�o�u�s� �t�r�i�a�l�s�;� �i�n� �m�o�s�t� �c�a�s�e�s�,� �i�t� 

�w�a�s� �o�n�e� �h�o�u�r�.� 

�T�h�e� �f�i�b�e�r�s� �o�r� �a�g�g�r�e�g�a�t�e�s� �a�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �f�l�a�s�k� �a�n�d� �w�e�i�g�h�e�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �u�p�t�a�k�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l�.� 

�I�f� �t�h�e� �f�i�b�e�r�s� �o�r� �a�g�g�r�e�g�a�t�e�s� �w�e�r�e� �t�o� �b�e� �c�o�a�t�e�d� �w�i�t�h� �p�a�r�a�f�f�i�n� �w�a�x� �o�r� �p�o�l�y�o�l� 

�t�h�e�y� �w�e�r�e� �q�u�i�c�k�l�y� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �m�o�l�t�e�n� �b�a�t�h� �w�h�e�r�e� �a� �t�h�i�n� �c�o�a�t� �i�s� 

�a�p�p�l�i�e�d� �a�s� �i�n� �p�h�o�t�o� �3�.� �T�h�e�s�e� �w�e�r�e� �s�e�l�e�c�t�e�d� �f�o�r� �t�h�e� �s�e�a�l�i�n�g� �m�a�t�e�r�i�a�l�s� 

�b�e�c�a�u�s�e� �o�f� �t�h�e� �l�o�w� �m�e�l�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �i�n�e�r�t�n�e�s�s� �w�i�t�h� �t�h�e� �c�h�e�m�i�c�a�l�s�.� 

�T�h�e� �p�r�e�c�u�t� �f�i�b�e�r�s� �a�r�e� �t�h�e�n� �r�e�a�d�y� �f�o�r� �p�l�a�c�e�m�e�n�t� �i�n� �t�h�e� �s�a�m�p�l�e�.� �T�h�e� 

�f�i�b�e�r�s� �a�r�e� �n�o�w� �c�u�t� �t�o� �1�"� �l�e�n�g�t�h�s� �u�s�i�n�g� �a� �h�e�a�t�e�d�,� �w�a�x�e�d� �b�l�a�d�e� �t�o� �s�e�a�r� �t�h�e� 

�e�n�d�s� �a�n�d� �p�r�e�v�e�n�t� �l�o�s�s� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �a�s� �i�n� �p�h�o�t�o� �4�.� �T�h�e�y� �a�r�e� �t�h�e�n� 

�a�d�d�e�d� �t�o� �t�h�e� �m�a�t�r�i�x� �(�s�e�e� �p�h�o�t�o� �5�)�.� 

�T�h�e� �s�a�m�p�l�e�s� �a�r�e� �c�a�s�t� �i�n�t�o� �m�o�l�d�s� �w�i�t�h� �e�i�t�h�e�r� �r�a�n�d�o�m� �d�i�s�p�e�r�s�i�o�n� �o�r� 

�o�r�d�e�r�e�d� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �f�i�b�e�r�s�.� �T�h�i�s� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �i�s� �b�a�s�e�d� �o�n� �t�h�e
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�t�y�p�e� �o�f� �e�v�a�l�u�a�t�i�o�n� �b�e�i�n�g� �p�e�r�f�o�r�m�e�d� �(�i�.�e�.�,� �r�e�l�e�a�s�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l�,� 

�s�t�r�e�n�g�t�h�,� �F�/�T� �r�e�s�i�s�t�a�n�c�e�,� �e�t�c�.�)�.� �A�l�s�o�,� �s�a�m�p�l�e�s� �u�s�i�n�g� �a� �c�e�m�e�n�t� �m�a�t�r�i�x� 

�w�e�r�e� �c�a�s�t� �i�n�t�o� �2� �i�n�c�h� �c�u�b�e� �m�o�l�d�s� �f�o�r� �c�o�m�p�r�e�s�s�i�o�n� �t�e�s�t�s�,� �1�"�x� �1�"�x� �6�"� 

�p�r�i�s�m�s� �f�o�r� �b�e�n�d�i�n�g� �e�v�a�l�u�a�t�i�o�n� �(�p�h�o�t�o� �6�)�,� �1�-�1�/�2�"� �d�i�a�m�e�t�e�r� �b�y� �3�/�4�"� �t�h�i�c�k� 

�c�y�l�i�n�d�e�r�s� �f�o�r� �p�e�r�m�e�a�b�i�l�i�t�y� �e�v�a�l�u�a�t�i�o�n�,� �f�r�e�e�z�e�/�t�h�a�w� �s�a�m�p�l�e�s� �w�e�r�e� �m�a�d�e� 

�i�n�t�o� �3�"�x� �6�"� �c�y�l�i�n�d�e�r�s�,� �a�n�d� �c�o�r�r�o�s�i�o�n� �s�a�m�p�l�e�s� �w�e�r�e� �m�a�d�e� �i�n�t�o� �1�2�"�x� �1�2�"�x� �6�"� 

�c�u�b�e�s� �c�o�n�t�a�i�n�i�n�g� �6� �r�e�b�a�r�s�.� �I�f� �t�h�e� �m�a�t�r�i�x� �w�a�s� �b�o�t�t�o�m� �a�s�h�,� �c�l�o�s�e�d� �m�o�l�d�s� 

�w�e�r�e� �u�s�e�d� �f�o�r� �c�o�m�p�r�e�s�s�i�o�n�,� �1�-�1�/�2�"� �x� �3�"� �(�s�e�e� �p�h�o�t�o� �7�)�.� 

�1�0�.� �T�h�e� �c�u�r�i�n�g� �o�f� �t�h�e� �s�a�m�p�l�e�s� �i�s� �s�t�a�n�d�a�r�d�i�z�e�d� �a�n�d� �f�o�l�l�o�w�e�d� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� 

�1�1�.� 

�A�S�T�M� �s�t�a�n�d�a�r�d�s�.� 

�a�.� �T�h�e� �s�a�m�p�l�e�s� �(�w�h�i�l�e� �i�n� �t�h�e� �m�o�l�d�)� �a�r�e� �p�l�a�c�e�d� �i�n� �a� �c�u�r�i�n�g� �c�h�a�m�b�e�r� 

�m�a�i�n�t�a�i�n�e�d� �a�t� �1�0�0�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �a�n�d� �8�5�°� �F� �f�o�r� �2�4� �h�o�u�r�s� �(�s�e�e� 

�p�h�o�t�o� �8�)�.� 

�b�.� �A�f�t�e�r� �2�4� �h�o�u�r�s�,� �t�h�e� �s�a�m�p�l�e�s� �a�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �m�o�l�d� �a�n�d� �r�e�t�u�r�n�e�d� 

�t�o� �t�h�e� �c�u�r�i�n�g� �c�h�a�m�b�e�r� �f�o�r� �a�n� �a�d�d�i�t�i�o�n�a�l� �2� �o�r� �6� �d�a�y�s� �(�s�e�e� �p�h�o�t�o�s� �9�,� �1�0�)�.� 

�c�.� �T�h�e� �m�o�i�s�t� �c�u�r�e� �i�s� �f�o�l�l�o�w�e�d� �b�y� �d�r�y�i�n�g� �t�o� �5�0�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�.� 

�F�o�l�l�o�w�i�n�g� �t�h�e� �c�u�r�i�n�g� �p�r�o�c�e�d�u�r�e�s�,� �t�h�e� �s�a�m�p�l�e�s� �a�r�e� �a�p�p�r�o�p�r�i�a�t�e�l�y� �t�r�e�a�t�e�d� 

�f�o�r� �r�e�l�e�a�s�e� �s�t�i�m�u�l�a�t�i�o�n�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �m�e�t�h�y�l� �m�e�t�h�a�c�-� 

�r�y�l�a�t�e� �s�a�m�p�l�e�s�,� �t�h�e�y� �a�r�e� �h�e�a�t�e�d� �i�n� �a�n� �o�v�e�n� �(�s�e�e� �p�h�o�t�o� �1�1�)� �a�t� �1�2�0�°� �F�,� �o�r
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�2�2�0�°� �F� �f�o�r� �3�0� �m�i�n�u�t�e�s� �o�r� �m�i�c�r�o�w�a�v�e�d� �t�o� �i�n�i�t�i�a�t�e� �r�e�l�e�a�s�e� �o�f� �t�h�e� �f�i�l�l�e�r� 

�m�a�t�e�r�i�a�l� �d�r�y� �t�h�e� �m�a�t�r�i�x�.� 

�1�2�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �f�o�r� �r�e�l�e�a�s�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l�,� �c�o�m�p�r�e�s�s�i�v�e� 

�s�t�r�e�n�g�t�h� �(�p�h�o�t�o� �1�2�)�,� �f�l�e�x�u�r�a�l� �s�t�r�e�n�g�t�h� �(�p�h�o�t�o� �1�3�)�,� �p�e�r�m�e�a�b�i�l�i�t�y� �(�p�h�o�t�o�s� 

�1�4�,� �1�5�)�,� �F�/�T� �r�e�s�i�s�t�a�n�c�e� �i�n� �a� �L�o�g�a�n� �(�p�h�o�t�o�s� �1�6�,� �1�7�)� �m�a�c�h�i�n�e�,� �a�n�d� �f�o�r� 

�c�h�a�n�g�e�s� �i�n� �d�y�n�a�m�i�c� �m�o�d�u�l�e�s� �(�p�h�o�t�o� �1�8�)�,� �o�r� �c�o�r�r�o�s�i�o�n� �r�e�s�i�s�t�a�n�c�e� �(�p�h�o�t�o� 

�1�9�)�,� �s�e�t� �t�i�m�e� �(�p�h�o�t�o� �2�0�)�,� �s�h�r�i�n�k�a�g�e� �(�p�h�o�t�o� �2�1�)�,� �a�n�d� �v�i�s�u�a�l� �r�e�l�e�a�s�e� �o�f� 

�c�h�e�m�i�c�a�l� �(�p�h�o�t�o�s� �2�2�,� �2�3�)�,� �o�r� �e�v�a�l�u�a�t�i�o�n� �u�s�i�n�g� �e�l�e�c�t�r�o� �m�i�c�r�o�s�c�o�p�e� �(�p�h�o�t�o�s� 

�2�4� �t�o� �2�6�)�.� 

�(�E�x�p�l�a�n�a�t�i�o�n� �o�f� �t�h�e� �t�e�s�t�i�n�g� �a�n�d� �p�r�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�s� �w�h�i�c�h� �a�r�e� �c�o�m�m�o�n�l�y� �u�s�e�d� 

�c�a�n� �b�e� �f�o�u�n�d� �i�n� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �A�S�T�M� �s�t�a�n�d�a�r�d�s�)�.� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n�s� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �q�u�e�s�t�i�o�n�s� �w�e�r�e� �a�s�k�e�d� �w�h�e�n� �d�e�s�i�g�n�i�n�g� �t�h�e� �m�e�t�h�o�d�o�l�o�g�y� �f�o�r� �t�h�e� 

�p�r�e�s�e�n�t� �s�t�u�d�y�:� �D�o�e�s� �t�h�e� �d�e�s�i�g�n� �f�o�r� �t�i�m�e�d� �r�e�l�e�a�s�e� �o�f� �i�n�t�e�r�n�a�l� �c�h�e�m�i�c�a�l�s� �w�o�r�k�?� 

�W�h�a�t� �a�r�e� �t�h�e� �d�e�s�i�g�n� �a�n�d� �c�o�s�t� �i�m�p�l�i�c�a�t�i�o�n�s� �o�f� �i�n�t�e�r�n�a�l� �t�i�m�e�d� �r�e�l�e�a�s�e� �f�o�r� �b�u�i�l�d�i�n�g� 

�c�o�m�p�o�n�e�n�t�s� �a�n�d� �s�t�r�u�c�t�u�r�e�s�?� �W�i�l�l� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �r�e�l�e�a�s�e� �a�l�l�e�v�i�a�t�e� �t�h�e� �p�a�r�t�i�c�u�l�a�r� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �d�a�m�a�g�e� �s�u�c�h� �a�s� �f�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �o�r� �c�o�r�r�o�s�i�o�n� �d�a�m�a�g�e� �o�r� 

�r�e�d�u�c�e� �c�r�a�c�k�i�n�g� �o�r� �p�e�r�m�e�a�b�i�l�i�t�y�?� �D�o� �t�h�e� �f�i�b�e�r� �a�n�d� �s�t�i�m�u�l�i� �d�e�g�r�a�d�e� �s�t�r�e�n�g�t�h� �o�r� 

�p�e�r�m�e�a�b�i�l�i�t�y� �p�r�o�p�e�r�t�i�e�s�;� �w�h�a�t� �a�r�e� �t�h�e� �s�t�r�e�n�g�t�h� �a�n�d� �p�e�r�m�e�a�b�i�l�i�t�y� �c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� 

�t�h�e� �v�a�r�i�o�u�s� �s�e�p�a�r�a�t�e� �f�a�c�t�o�r�s� �s�u�c�h� �a�s� �c�o�a�t�i�n�g�s�,� �c�h�e�m�i�c�a�l�s�,� �f�i�b�e�r�s�,� �e�t�c�.�?� �A�r�e� �t�h�e�s�e



�6�0� 

�i�m�p�r�o�v�e�m�e�n�t�s� �o�v�e�r� �c�o�n�v�e�n�t�i�o�n�a�l� �t�r�e�a�t�m�e�n�t�s� �f�o�r� �i�m�p�e�r�m�e�a�b�i�l�i�t�y� �o�r� �c�r�a�c�k� �r�e�d�u�c�t�i�o�n� 

�a�n�d� �o�t�h�e�r� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�a�m�a�g�e�s�?� �W�h�a�t� �a�r�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �m�a�n�u�f�a�c�t�u�r�e�,� �s�t�o�r�a�g�e�,� 

�a�n�d� �i�n�-�t�h�e�-�f�i�e�l�d� �p�r�o�b�l�e�m�s�?� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �1� 

�D�o�e�s� �t�h�e� �d�e�s�i�g�n� �f�o�r� �t�i�m�e�d� �r�e�l�e�a�s�e� �o�f� �i�n�t�e�r�n�a�l� �c�h�e�m�i�c�a�l�s� �w�o�r�k�?� 

�P�a�r�t�s� �o�f� �t�h�e� �q�u�e�s�t�i�o�n�,� �o�n� �t�h�e� �s�u�c�c�e�s�s� �o�f� �t�h�e� �r�e�l�e�a�s�e� �s�e�q�u�e�n�c�e� �f�o�r� �t�h�e� �d�e�s�i�g�n�s� 

�f�o�r� �t�i�m�e�d� �r�e�l�e�a�s�e�,� �a�r�e�:� 

�1�.� �I�s� �t�h�e� �c�h�e�m�i�c�a�l� �t�a�k�e�n� �u�p� �i�n� �t�h�e� �f�i�b�e�r�s� �o�r� �a�g�g�r�e�g�a�t�e�?� 

�2�.� �C�a�n� �t�h�e� �c�a�r�r�i�e�r� �b�e� �c�o�a�t�e�d�?� 

�3�.� �I�s� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�t�a�i�n�e�d� �i�n� �t�h�e� �c�o�a�t�e�d� �c�a�r�r�i�e�r�?� 

�4�.� �W�i�l�l� �a� �s�t�i�m�u�l�i� �r�e�l�e�a�s�e� �t�h�e� �c�h�e�m�i�c�a�l�?� 

�5�.� �I�s� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e�d� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�?� 

�6�.� �W�i�l�l� �t�h�e� �c�h�e�m�i�c�a�l� �m�o�v�e� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�?� 

�7�.� �C�a�n� �t�h�e� �r�e�l�e�a�s�e� �b�e� �s�e�e�n� �b�y� �v�i�s�u�a�l� �o�r� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�i�s�?� 

�T�h�e� �q�u�e�s�t�i�o�n�s� �w�e�r�e� �f�r�a�m�e�d� �s�o� �t�h�a�t� �t�h�e� �d�a�t�a� �n�e�c�e�s�s�a�r�y� �t�o� �a�n�s�w�e�r� �t�h�e�m� �a�r�e� 

�c�o�m�p�a�r�a�t�i�v�e� �a�m�o�n�g� �c�o�n�t�r�o�l�s� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� �T�h�e� �f�a�c�t� �t�h�a�t� �n�u�m�e�r�o�u�s� 

�p�r�o�c�e�s�s�i�n�g� �f�a�c�t�o�r�s� �a�f�f�e�c�t� �p�e�r�f�o�r�m�a�n�c�e� �a�t�t�r�i�b�u�t�e�s� �o�f� �c�e�m�e�n�t�/�c�o�n�c�r�e�t�e� �m�a�k�e� �i�t� �v�e�r�y� 

�d�i�f�f�i�c�u�l�t� �f�o�r� �t�o� �g�e�t� �r�e�s�u�l�t�s� �u�p�o�n� �w�h�i�c�h� �m�e�a�n�i�n�g�f�u�l� �c�o�m�p�a�r�i�s�o�n�s� �c�a�n� �b�e� �m�a�d�e�.� �F�e�w� 

�c�o�m�p�a�r�i�s�o�n�s� �t�o� �d�a�t�a� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �a�r�e� �m�a�d�e� �b�e�c�a�u�s�e� �o�f� �t�h�i�s�.� 

�T�h�e� �e�n�c�a�p�s�u�l�a�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �a�g�e�n�t�s� �i�n�t�o� �h�o�l�l�o�w� �p�o�r�o�u�s� �f�i�b�e�r�s� �i�s� �a�n� �a�r�e�a� �o�f� 

�r�e�s�e�a�r�c�h� �n�o�t� �a�d�d�r�e�s�s�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �E�x�p�e�r�i�m�e�n�t�a�l� �w�o�r�k� �w�a�s� �f�i�r�s�t� �u�n�d�e�r�t�a�k�e�n
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�t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �f�e�a�s�i�b�i�l�i�t�y� �o�f� �v�a�r�i�o�u�s� �f�i�b�e�r�/�c�h�e�m�i�c�a�l� �c�o�m�b�i�n�a�t�i�o�n�s� �t�o� �b�e� �u�s�e�d� �a�s� 

�p�o�t�e�n�t�i�a�l� �t�r�e�a�t�m�e�n�t�s� �f�o�r� �v�a�r�i�o�u�s� �t�y�p�e�s� �o�f� �d�i�s�t�r�e�s�s� �i�n� �c�o�n�c�r�e�t�e�.� �I�n� �t�h�i�s� �r�e�s�e�a�r�c�h� 

�s�t�u�d�y�,� �t�h�o�s�e� �t�e�s�t�s� �w�e�r�e� �d�o�n�e� �o�n� �s�o�m�e� �o�f� �t�h�e�s�e� �d�e�s�i�g�n�s� �u�s�i�n�g� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�,� 

�e�p�o�x�i�e�s�,� �s�i�l�a�n�e�s�,� �o�i�l�s�,� �a�n�t�i�-�f�r�e�e�z�e� �m�a�t�e�r�i�a�l�s�,� �a�n�t�i�-�c�o�r�r�o�s�i�o�n� �c�h�e�m�i�c�a�l�s� �t�o� �b�e� �r�e�l�e�a�s�e�d� 

�f�r�o�m� �m�i�c�r�o�c�a�p�s�u�l�e�s�,� �h�o�l�l�o�w� �f�i�b�e�r�s�,� �p�o�r�o�u�s� �f�i�b�e�r�s� �m�a�d�e� �o�f� �c�e�l�l�u�l�o�s�e�,� �p�o�l�y�p�r�o�p�y�l�e�n�e�,� 

�p�o�l�y�m�e�r�s�,� �p�o�r�o�u�s� �p�o�l�y�m�e�r� �m�e�m�b�r�a�n�e�s�,� �a�n�d� �f�i�b�e�r�g�l�a�s�s� �c�o�a�t�e�d� �w�i�t�h� �w�a�x�e�s�,� �a� 

�m�a�t�e�r�i�a�l� �w�h�i�c�h� �d�e�g�r�a�d�e� �i�n� �a�l�k�a�l�i�n�e� �e�n�v�i�r�o�n�m�e�n�t�s�,� �e�t�c�.� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �2� 

�D�o�e�s� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �r�e�l�e�a�s�e� �a�l�l�e�v�i�a�t�e� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�r�e�s�s� �o�r� 

�r�e�d�u�c�e� �c�r�a�c�k�i�n�g� �o�r� �p�e�r�m�e�a�b�i�l�i�t�y�?� �S�a�m�p�l�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �f�r�o�m� �t�h�e� �f�i�b�e�r�,� �a�g�g�r�e�-� 

�g�a�t�e�,� �o�r� �p�r�i�l�l� �a�n�d� �c�h�e�m�i�c�a�l� �c�o�m�b�i�n�a�t�i�o�n�s� �t�h�a�t� �a�p�p�e�a�r�e�d� �t�o� �b�e� �v�i�a�b�l�e�.� �T�h�e�s�e� 

�s�a�m�p�l�e�s� �w�e�r�e� �t�e�s�t�e�d� �i�n� �w�a�y�s� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �t�y�p�e� �o�f� �d�i�s�t�r�e�s�s� �s�u�c�h� �a�s� 

�f�r�e�e�z�e�/�t�h�a�w� �r�e�s�i�s�t�a�n�c�e�,� �c�o�r�r�o�s�i�o�n� �r�e�s�i�s�t�a�n�c�e�,� �o�r� �f�o�r� �p�e�r�m�e�a�b�i�l�i�t�y� �o�r� �c�r�a�c�k�i�n�g� �(�s�e�e� 

�T�a�b�l�e� �7�)�.� �B�e�c�a�u�s�e� �t�h�e�r�e� �i�s� �a� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l� �v�o�l�u�m�e� �o�f� �e�n�c�a�p�s�u�l�a�t�e�d� �m�a�t�e�r�i�a�l� 

�c�o�n�t�a�i�n�e�d� �i�n� �o�u�r� �s�a�m�p�l�e�s�,� �t�h�e� �q�u�e�s�t�i�o�n� �o�f� �t�h�e� �v�o�l�u�m�e� �w�e�t�t�i�n�g� �a�n�d� �p�o�t�e�n�t�i�a�l� 

�e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �w�a�s� �r�e�s�e�a�r�c�h�e�d�.� �T�h�e� �a�s�s�e�s�s�m�e�n�t� �w�a�s� �m�a�d�e� �v�i�s�u�a�l�l�y� 

�f�r�o�m� �t�h�e� �e�x�t�e�r�i�o�r� �s�a�m�p�l�e�s� �a�n�d� �t�h�e� �i�n�t�e�r�i�o�r� �o�f� �t�h�e� �s�a�m�p�l�e�s�.� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �3� 

�D�o� �t�h�e� �f�i�b�e�r�s� �a�n�d� �s�t�i�m�u�l�i� �d�e�g�r�a�d�e� �t�h�e� �s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s�;� �w�h�a�t� �a�r�e� �t�h�e� 

�s�t�r�e�n�g�t�h� �a�n�d� �p�e�r�m�e�a�b�i�l�i�t�y� �c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� �t�h�e� �v�a�r�i�o�u�s� �s�e�p�a�r�a�t�e� �f�a�c�t�o�r�s� �o�f� �w�a�x�,



�6�2� 

�T�a�b�l�e� �7� 

�T�e�s�t�s� �U�s�e�d� �t�o� �A�s�s�e�s�s� �S�u�c�c�e�s�s� �o�f� �I�n�t�e�r�n�a�l� �R�e�l�e�a�s�e� 
�i�n� �R�e�d�u�c�i�n�g� �E�n�v�i�r�o�n�m�e�n�t�a�l� �D�a�m�a�g�e�s� 

� � 

� � 

� � 

� � 

�c�o�l�o�r�e�d� �m�e�t�h�y�l� 
�m�e�t�h�a�c�r�y�l�a�t�e� 

�w�a�x� �c�o�a�t�i�n�g� 

�p�o�l�y�o�l� �o�r� �s�h�e�l�l�a�c� 
�c�o�a�t�i�n�g� 

�w�h�i�t�e� �c�e�m�e�n�t�,� 
�p�o�r�t�l�a�n�d� �c�e�m�e�n�t� 

�P�a�r�t�i�c�u�l�a�r� �F�i�b�e�r�,� �A�g�g�r�e�g�a�t�e� �T�e�s�t� 
�E�n�v�i�r�o�n�m�e�n�t�a�l� �C�h�e�m�i�c�a�l� �S�t�a�n�d�a�r�d� 

�D�i�s�t�r�e�s�s� �C�o�a�t�i�n�g� �T�e�s�t� �U�s�e�d� 
�B�e�i�n�g� �T�r�e�a�t�e�d� �M�a�t�r�i�x� 

�1�.� �c�r�a�c�k�i�n�g� �h�o�l�l�o�w�,� �p�o�r�o�u�s� �b�e�n�d�i�n�g� �v�i�s�u�a�l� �i�n�s�p�e�c�t�i�o�n� 
�c�a�u�s�e�d� �b�y� �p�o�l�y�p�r�o�p�y�l�e�n�e� �l�o�a�d�i�n�g� �u�s�i�n�g� �m�i�c�r�o�s�c�o�p�e� 
�r�e�p�e�a�t�e�d� �f�i�b�e�r�s� �t�o� �c�a�u�s�e� 
�l�o�a�d�i�n�g� �c�r�a�c�k�i�n�g� 

�c�o�n�s�o�l�i�d�e�c� 
�(�a� �s�i�l�o�x�a�n�e� 
�c�h�e�m�i�c�a�l�)� 

�p�o�l�y�o�l� �o�r� 
�s�h�e�l�l�a�c� �c�o�a�t�i�n�g� 

�w�h�i�t�e� �c�e�m�e�n�t� 

�2�.� �c�r�a�c�k�i�n�g� �p�o�r�o�u�s� �h�a�y�d�i�t�e� �d�r�y�i�n�g� �&� �s�h�r�i�n�k�a�g�e� �A�S�T�M� 
�c�a�u�s�e�d� �b�y� �f�i�l�l�e�d� �w�i�t�h� �s�h�r�i�n�k�a�g�e� �t�e�s�t�:� �C�5�9�6�-�8�9� 

�s�e�l�f�-�d�e�s�i�c�-� �w�a�t�e�r� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �C�5�9�6�-�8�9� 
�c�a�t�i�o�n� �o�f� �l�e�n�g�t�h� �c�h�a�n�g�e�:� �C�4�9�0�-�8�6� 
�d�r�y�i�n�g� �d�e�n�s�e� �s�i�l�i�c�a� 

�f�u�m�e� �c�e�m�e�n�t� 

�3�.� �w�a�t�e�r�/�c�h�e�m�i�c�a�l� �h�o�l�l�o�w�,� �p�o�r�o�u�s� �p�o�l�y�-� �p�e�r�m�e�a�b�i�l�i�t�y� �g�r�a�v�i�t�y� �f�l�o�w� 
�i�n�t�r�u�s�i�o�n�;� �p�r�o�p�y�l�e�n�e� �f�i�b�e�r�s� �p�e�r�m�e�a�b�i�l�i�t�y� 
�p�e�r�m�e�a�b�i�l�i�t�y� �t�e�s�t�?� 

� 
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�T�a�b�l�e� �7� �(�c�o�n�t�i�n�u�e�d�)� 
� � 

� � 

� � 

� � 

� � 

�P�a�r�t�i�c�u�l�a�r� �F�i�b�e�r�,� �A�g�g�r�e�g�a�t�e� �T�e�s�t� 
�E�n�v�i�r�o�n�m�e�n�t�a�l� �C�h�e�m�i�c�a�l� �S�t�a�n�d�a�r�d� 

�D�i�s�t�r�e�s�s� �C�o�a�t�i�n�g� �T�e�s�t� �U�s�e�d� 
�B�e�i�n�g� �T�r�e�a�t�e�d� �M�a�t�r�i�x� 

�4�.� �w�a�t�e�r�/�c�h�e�m�i�c�a�l� �w�a�x� �p�r�i�l�l�s� �p�e�r�m�e�a�b�i�l�i�t�y� �g�r�a�v�i�t�y� �f�l�o�w� 
�i�n�t�r�u�s�i�o�n�;� �p�e�r�m�e�a�b�i�l�i�t�y� 
�p�e�r�m�e�a�b�i�l�i�t�y� �|� �X�y�p�e�x� �t�e�s�t�?� 

�w�h�i�t�e� �c�e�m�e�n�t�,� 
�p�o�r�t�l�a�n�d� �c�e�m�e�n�t� 

�5�.� �w�a�t�e�r�/�c�h�e�m�i�c�a�l� �h�o�l�l�o�w�,� �p�o�r�o�u�s� �p�e�r�m�e�a�b�i�l�i�t�y� �g�r�a�v�i�t�y� 
�i�n�t�r�u�s�i�o�n�;� �f�i�b�e�r�g�l�a�s�s� �f�i�b�e�r�s� �f�l�o�w� �p�e�r�-� 

�p�e�r�m�e�a�b�i�l�i�t�y� �m�e�a�b�i�l�i�t�y� 
�m�e�t�h�y�l� �p�o�l�y�i�m�i�d�e� �t�e�s�t�?� 

�w�a�x� �c�o�a�t�i�n�g� 

�s�i�n�t�e�r�e�d� �p�h�o�s�-� 
�p�h�a�t�e� �b�o�t�t�o�m� �a�s�h� 

�6�.� �c�o�r�r�o�s�i�o�n� �o�f� �h�o�l�l�o�w�,� �p�o�r�o�u�s� �l�o�n�g�-�t�e�r�m� �W�.�R�.� �G�r�a�c�e� �p�r�o�p�o�s�e�d� 
�r�e�i�n�f�o�r�c�i�n�g� �p�o�l�y�p�r�o�p�y�l�e�n�e� �f�i�b�e�r�s� �t�e�s�t�s� �i�n� �A�S�T�M� �t�e�s�t� �f�o�r� �c�o�r�-� 
�b�a�r�s� �i�n� �c�o�n�c�r�e�t�e� �p�r�o�g�r�e�s�s� �f�o�r� �r�o�s�i�o�n �� �;� 

�c�o�l�o�r�e�d� �c�a�l�c�i�u�m� �c�o�r�r�o�s�i�o�n� 
�n�i�t�r�i�t�e� �c�h�e�m�i�c�a�l� 
�w�a�x� �c�o�a�t�i�n�g� �p�e�r�m�e�a�b�i�l�i�t�y� �g�r�a�v�i�t�y� �f�l�o�w� 

�p�e�r�m�e�a�b�i�l�i�t�y� 
�t�e�s�t�?� 

�p�o�l�y�o�l� �c�o�a�t�i�n�g� �s�e�t�-�t�i�m�e� �A�S�T�M� �C�1�9�1�-�8�2� 
�w�h�i�t�e� �c�e�m�e�n�t�,� �t�e�s�t�s� �o�r� �A�S�T�M� �C�4�0�3�-�8�8� 
�p�o�r�t�l�a�n�d� �c�e�m�e�n�t� �s�l�u�m�p� �t�e�s�t� �A�S�T�M� �1�4�3�-�8�9
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�T�a�b�l�e� �7� �(�c�o�n�t�i�n�u�e�d�)� 
� � 

� � 

� � 

�P�a�r�t�i�c�u�l�a�r� �F�i�b�e�r�,� �A�g�g�r�e�g�a�t�e� �T�e�s�t� 
�E�n�v�i�r�o�n�m�e�n�t�a�l� �C�h�e�m�i�c�a�l� �S�t�a�n�d�a�r�d� 

�D�i�s�t�r�e�s�s� �C�o�a�t�i�n�g� �T�e�s�t� �U�s�e�d� 
�B�e�i�n�g� �T�r�e�a�t�e�d� �M�a�t�r�i�x� 

�7�.� �f�r�e�e�z�e�/�t�h�a�w� �a�g�g�r�e�g�a�t�e�s�;� 
�d�a�m�a�g�e� �v�e�r�m�i�c�u�l�i�t�e�,� �p�o�r�o�u�s� 

�l�i�m�e�s�t�o�n�e�,� �h�a�y�d�i�t�e� �f�r�e�e�z�e�/�t�h�a�w� �t�e�s�t� �A�S�T�M� �C�6�6�6�-�8�4� 

�p�o�l�y�p�r�o�p�y�l�e�n�e� �g�l�y�c�o�l� 
�l�i�n�s�e�e�d� �o�i�l� 

�n�o� �c�o�a�t�i�n�g� 

�w�h�i�t�e� �c�e�m�e�n�t�,� 
�p�o�r�t�l�a�n�d� �c�e�m�e�n�t� 

�b�e�n�d�i�n�g� 
�t�e�s�t�:� �A�S�T�M� �C�7�8�-�8�4� 

�m�a�k�i�n�g� �a�n�d� 
�c�u�r�i�n�g� 
�s�p�e�c�i�m�e�n�s� �C�1�9�2�-�8�8� 

�f�l�e�x�u�r�a�l� �A�S�T�M� �C�7�8�-�8�4� 
�S�t�r�e�n�g�t�h� 

�c�o�m�p�r�e�s�s�i�v�e� �A�S�T�M� �C�1�0�9�-�8�8� 
�S�t�r�e�n�g�t�h� 

� � 

�*�L�u�d�i�j�d�s�a�,� �B�e�r�g�e�r�,� �a�n�d� �Y�o�u�n�g�,� �1�9�8�9�,� �p�p�.� �4�3�3�-�4�3�7�;� �"�E�n�g�i�n�e�e�r�i�n�g� �B�u�l�l�e�t�i�n� �D�C�I�/�n�o�.� �6�,� 
�W�.�R�.� �G�r�a�c�e� �&� �C�o�.�,� �1�9�8�9�.� 

�c�h�e�m�i�c�a�l�,� �f�i�b�e�r�?� �I�n� �t�h�i�s� �q�u�e�s�t�i�o�n�,� �p�o�t�e�n�t�i�a�l� �p�r�o�b�l�e�m�s� �w�e�r�e� �a�d�d�r�e�s�s�e�d�.� �I�s� �t�h�e� 

� � 

�r�e�s�p�o�n�s�e� �t�o� �i�n�t�e�r�n�a�l�/�e�x�t�e�r�n�a�l� �s�t�i�m�u�l�i� �d�a�m�a�g�i�n�g� �t�o� �t�h�e� �s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� 

�c�o�n�c�r�e�t�e�?� �T�h�i�s� �w�a�s� �a�s�s�e�s�s�e�d� �f�o�r� �h�e�a�t�.� �W�h�a�t� �i�s� �t�h�e� �e�f�f�e�c�t� �o�f� �v�o�l�u�m�e� �o�f� �f�i�b�e�r�s� �o�n� 

�s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s�?� �V�a�r�i�o�u�s� �v�o�l�u�m�e�s� �o�f� �f�i�b�e�r�s� �w�e�r�e� �a�d�d�e�d� �a�n�d� �t�e�s�t�e�d� �f�o�r� 

�s�t�r�e�n�g�t�h�.� �W�h�a�t� �i�s� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �s�t�r�e�n�g�t�h� �o�r� �i�m�p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� �v�a�r�i�o�u�s� 

�f�a�c�t�o�r�s� �s�u�c�h� �a�s� �w�a�x�,� �f�i�b�e�r�,� �c�h�e�m�i�c�a�l�,� �a�n�d� �h�e�a�t�?� �T�h�e�s�e� �f�a�c�t�o�r�s� �w�e�r�e� �i�s�o�l�a�t�e�d� �f�o�r
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�t�e�s�t�i�n�g� �a�l�o�n�e� �a�n�d� �i�n� �c�o�m�b�i�n�a�t�i�o�n�s�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �h�o�l�e�s� �w�e�r�e� �d�r�i�l�l�e�d� �i�n� �w�h�i�c�h� �o�n�l�y� 

�a�n� �a�p�p�r�o�p�r�i�a�t�e� �v�o�l�u�m�e� �o�f� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �w�a�s� �a�d�d�e�d�,� �t�h�e�n� �s�i�m�i�l�a�r� �t�e�s�t�s� �w�e�r�e� 

�d�o�n�e� �w�i�t�h� �w�a�x� �i�n� �h�o�l�e�s�.� �T�h�e�s�e� �h�o�l�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �s�i�z�e�,� �s�h�a�p�e�,� 

�a�n�d� �p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �f�i�b�e�r� �a�d�d�i�t�i�o�n�s�.� �F�i�b�e�r�s� �w�e�r�e� �a�d�d�e�d� �w�i�t�h� �w�a�x� �c�o�a�t�i�n�g� �o�n�l�y�,� 

�c�h�e�m�i�c�a�l� �i�n�s�i�d�e� �o�n�l�y�,� �w�a�x� �a�n�d� �c�h�e�m�i�c�a�l� �b�o�t�h�.� 

�1�.� �I�s� �t�h�e� �i�n�t�e�r�n�a�l�/�e�x�t�e�r�n�a�l� �s�t�i�m�u�l�i� �d�a�m�a�g�i�n�g� �t�o� �t�h�e� �s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s� �o�f� 

�t�h�e� �c�o�n�c�r�e�t�e�?� �T�h�i�s� �w�a�s� �a�s�s�e�s�s�e�d� �f�o�r� �h�e�a�t� �a�n�d� �m�i�c�r�o�w�a�v�e� �s�t�i�m�u�l�a�t�i�o�n� �b�y� 

�a� �s�e�r�i�e�s� �o�f� �t�e�s�t�s� �i�n� �w�h�i�c�h� �t�h�e� �h�e�a�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �m�i�c�r�o�w�a�v�e� �w�e�r�e� 

�v�a�r�i�e�d�.� �S�t�a�n�d�a�r�d� �A�S�T�M� �t�e�s�t�s� �f�o�r� �s�t�r�e�n�g�t�h�s� �i�n� �b�e�n�d�i�n�g� �a�n�d� �c�o�m�p�r�e�s�s�i�o�n� 

�w�e�r�e� �c�a�r�r�i�e�d� �o�u�t�.� 

�2�.� �W�h�a�t� �i�s� �t�h�e� �e�f�f�e�c�t� �o�f� �v�o�l�u�m�e� �o�f� �f�i�b�e�r�s� �o�n� �s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s�?� �V�a�r�i�o�u�s� 

�v�o�l�u�m�e�s� �o�f� �f�i�b�e�r�s� �o�r� �p�r�i�l�l�s� �(�s�e�e� �p�h�o�t�o� �2�7�,� �2�8�,� �a�n�d� �2�9�)� �w�e�r�e� �a�d�d�e�d� �t�o� 

�s�a�m�p�l�e�s� �w�h�i�c�h� �w�e�r�e� �l�a�t�e�r� �t�e�s�t�e�d� �f�o�r� �b�e�n�d�i�n�g� �s�t�r�e�n�g�t�h�,� �c�o�m�p�r�e�s�s�i�v�e� 

�s�t�r�e�n�g�t�h�.� �T�h�e�s�e� �t�e�s�t�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �o�n� �v�a�r�i�o�u�s� �v�o�l�u�m�e�s� �o�f� �f�i�b�e�r�s� 

�c�o�n�t�a�i�n�i�n�g� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�,� �c�a�l�c�i�u�m� �n�i�t�r�a�t�e�,� �a�n�d� �X�y�p�e�x� �p�r�i�l�l�s�.� 

�3�.� �W�h�a�t� �i�s� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �b�e�n�d�i�n�g� �s�t�r�e�n�g�t�h�,� �c�o�m�p�r�e�s�s�i�o�n� �s�t�r�e�n�g�t�h�,� �o�r� 

�i�m�p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �t�h�e� �v�a�r�i�o�u�s� �f�a�c�t�o�r�s� �s�u�c�h� �a�s� �c�o�a�t�i�n�g� �(�w�a�x�)�,� �f�i�b�e�r�,� �a�n�d� 

�c�h�e�m�i�c�a�l� �c�o�n�t�a�i�n�e�d�?� �T�h�e� �c�o�a�t�i�n�g�,� �f�i�b�e�r�,� �a�n�d� �c�h�e�m�i�c�a�l� �f�a�c�t�o�r�s� �w�e�r�e� 

�i�s�o�l�a�t�e�d� �f�o�r� �t�e�s�t�i�n�g� �a�l�o�n�e� �o�r� �i�n� �c�o�m�b�i�n�a�t�i�o�n�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �d�e�s�i�g�n� �t�o� 

�a�l�l�e�v�i�a�t�e� �t�h�e� �p�r�o�b�l�e�m� �o�f� �w�a�t�e�r�/�c�h�e�m�i�c�a�l� �i�n�t�r�u�s�i�o�n� �d�u�e� �t�o� �p�e�r�m�e�a�b�i�l�i�t�y�,� �i�n� 

�w�h�i�c�h� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �w�a�s� �a�d�d�e�d�,� �h�o�l�e�s� �w�e�r�e� �d�r�i�l�l�e�d� �a�n�d� �a�n� �a�p�p�r�o�-
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�p�r�i�a�t�e� �v�o�l�u�m�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �w�a�s� �a�d�d�e�d�;� �i�n� �o�t�h�e�r� �s�a�m�p�l�e�s�,� �o�n�l�y� �a�n� 

�a�p�p�r�o�p�r�i�a�t�e� �a�m�o�u�n�t� �o�f� �w�a�x� �w�a�s� �a�d�d�e�d�,� �a�n�d� �s�o� �o�n�,� �t�o� �i�s�o�l�a�t�e� �a�l�l� �t�h�e� 

�f�a�c�t�o�r�s�.� �T�h�e�s�e� �h�o�l�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �s�i�z�e�,� �s�h�a�p�e�,� �a�n�d� 

�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �f�i�b�e�r� �a�d�d�i�t�i�o�n�s�.� �F�i�b�e�r�s� �w�e�r�e� �a�d�d�e�d� �w�i�t�h� 

�w�a�x� �c�o�a�t�i�n�g� �o�n�l�y�,� �c�h�e�m�i�c�a�l� �i�n�s�i�d�e� �o�n�l�y�,� �w�a�x� �a�n�d� �c�h�e�m�i�c�a�l� �b�o�t�h� �(�s�e�e� 

�p�h�o�t�o� �3�0�)�.� �T�h�e� �a�s�s�e�s�s�m�e�n�t� �o�f� �t�h�e� �i�m�p�a�c�t� �o�f� �v�a�r�i�o�u�s� �f�a�c�t�o�r�s� �w�a�s� �m�a�d�e� 

�b�y� �s�t�a�n�d�a�r�d� �A�S�T�M� �b�e�n�d�i�n�g� �a�n�d� �c�o�m�p�r�e�s�s�i�o�n� �t�e�s�t�s� �a�n�d� �p�e�r�m�e�a�b�i�l�i�t�y� 

�t�e�s�t�s�.� �T�h�e�s�e� �t�e�s�t�s� �w�e�r�e� �a�l�s�o� �d�o�n�e� �o�n� �t�h�e� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �s�a�m�p�l�e�s�,� 

�a�n�d� �t�h�e� �X�y�p�e�x� �p�r�i�l�l� �s�a�m�p�l�e�s�.� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �4� 

�A�r�e� �t�h�e�s�e� �d�e�s�i�g�n�s� �a�n� �i�m�p�r�o�v�e�m�e�n�t� �o�v�e�r� �c�o�n�v�e�n�t�i�o�n�a�l� �t�r�e�a�t�m�e�n�t�s� �f�o�r� 

�i�m�p�e�r�m�e�a�b�i�l�i�t�y� �o�r� �c�r�a�c�k� �r�e�d�u�c�t�i�o�n� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�r�e�s�s�e�s�?� �T�e�s�t�s� �w�e�r�e� �d�o�n�e� 

�t�o� �c�o�m�p�a�r�e� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�e�s�e� �d�e�s�i�g�n�s� �t�o� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �w�a�y� �o�f� �t�r�e�a�t�i�n�g� 

�t�h�e� �p�a�r�t�i�c�u�l�a�r� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�r�e�s�s� �o�r� �t�o� �r�e�d�u�c�i�n�g� �c�r�a�c�k�i�n�g� �o�r� �p�e�r�m�e�a�b�i�l�i�t�y�.� �F�o�r� 

�i�n�s�t�a�n�c�e�,� �t�h�e� �i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �o�f� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �f�r�o�m� �h�o�l�l�o�w� �p�o�r�o�u�s� �f�i�b�e�r�s� 

�w�a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �p�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�i�o�n� �s�u�r�f�a�c�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� 

�m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �a�n�d� �i�n�c�l�u�s�i�o�n� �o�f� �f�i�b�e�r�s� �(�s�e�e� �p�h�o�t�o� �3�1�)�.� �X�y�p�e�x� �t�o�p� �a�p�p�l�i�c�a�t�i�o�n� 

�w�a�s� �c�o�m�p�a�r�e�d� �t�o� �X�y�p�e�x� �r�e�l�e�a�s�e� �f�r�o�m� �p�r�i�l�l�s� �(�s�e�e� �p�h�o�t�o� �3�2�)�.� �S�t�r�e�n�g�t�h� �a�n�d� �i�m�p�e�r�-� 

�m�e�a�b�i�l�i�t�y� �p�r�o�p�e�r�t�i�e�s� �w�e�r�e� �c�o�m�p�a�r�e�d�.� �I�n� �t�h�e� �d�e�s�i�g�n� �t�o� �a�d�d�r�e�s�s� �c�o�r�r�o�s�i�o�n�,� �t�h�e� 

�i�n�t�e�r�n�a�l� �r�e�l�e�a�s�e� �o�f� �c�a�l�c�i�u�m� �n�i�t�r�i�t�e� �w�a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �i�n�c�l�u�s�i�o�n� �o�f� �c�a�l�c�i�u�m� 

�n�i�t�r�i�t�e� �i�n� �t�h�e� �i�n�i�t�i�a�l� �m�i�x�.� �T�h�e� �c�o�m�p�a�r�i�s�o�n� �w�a�s� �m�a�d�e� �f�o�r� �s�t�r�e�n�g�t�h� �p�r�o�p�e�r�t�i�e�s�,� �p�e�r�-
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�m�e�a�b�i�l�i�t�y�,� �a�n�d� �s�e�t� �r�e�t�a�r�d�a�t�i�o�n�,� �n�o�t� �c�o�r�r�o�s�i�o�n� �b�e�c�a�u�s�e� �o�f� �t�i�m�e� �f�a�c�t�o�r�s�.� �I�n� �t�h�e� �c�a�s�e� 

�o�f� �a� �c�a�t�a�l�y�t�i�c� �s�e�a�l�a�n�t� �X�y�p�e�x�,� �t�h�e� �c�o�m�p�a�r�i�s�o�n� �w�a�s� �m�a�d�e� �b�e�t�w�e�e�n� �t�h�e� �s�e�a�l�a�n�t� 

�r�e�l�e�a�s�e�d� �f�r�o�m� �w�a�x� �p�r�i�l�l�s� �c�o�n�t�a�i�n�e�d� �i�n�s�i�d�e� �t�h�e� �s�a�m�p�l�e�s� �w�i�t�h� �t�h�e� �s�e�a�l�a�n�t� �a�p�p�l�i�e�d� 

�e�x�t�e�r�n�a�l�l�y� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �w�a�x� �p�a�r�t�i�c�l�e�s� �i�n� �t�h�e� �c�e�m�e�n�t� �(�s�e�e� �p�h�o�t�o� �3�2�)�.� �T�h�e� �c�o�m�-� 

�p�a�r�i�s�o�n�s� �w�e�r�e� �m�a�d�e� �f�o�r� �p�e�r�m�e�a�b�i�l�i�t�y� �a�n�d� �s�t�r�e�n�g�t�h�.� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �5� 

�W�h�a�t� �a�r�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �m�a�n�u�f�a�c�t�u�r�e�,� �s�t�o�r�a�g�e�,� �a�n�d� �i�n�-�t�h�e�-�f�i�e�l�d�_� �p�r�o�b�l�e�m�s�?� 

�C�h�a�n�g�e�s� �i�n� �t�h�e� �m�a�t�e�r�i�a�l� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �w�e�r�e� �a�s�s�e�s�s�e�d� �b�y� �t�h�e� �s�t�o�r�a�g�e� �o�f� 

�f�i�b�e�r�s� �f�o�r� �t�h�r�e�e� �m�o�n�t�h�-�l�o�n�g� �p�e�r�i�o�d�s� �b�o�t�h� �o�u�t�s�i�d�e� �a�n�d� �i�n�s�i�d�e� �a�t� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�-� 

�t�u�r�e�s� �a�n�d� �i�n� �a� �r�e�f�r�i�g�e�r�a�t�o�r� �(�s�e�e� �p�h�o�t�o� �3�3�)� �t�o� �d�i�s�c�o�v�e�r� �w�h�e�t�h�e�r� �t�h�e� �w�a�x�-�c�o�a�t�e�d� 

�f�i�b�e�r�s� �a�g�g�l�o�m�e�r�a�t�e� �o�r� �t�h�e� �c�h�e�m�i�c�a�l�s� �e�v�a�p�o�r�a�t�e�.� �T�h�e� �s�i�m�u�l�a�t�i�o�n� �o�f� �i�n�f�i�e�l�d� �s�t�i�m�u�l�i� 

�a�r�e� �b�e�i�n�g� �s�t�u�d�i�e�d�;� �f�o�r� �i�n�s�t�a�n�c�e�,� �t�o�p� �h�e�a�t�i�n�g� �f�o�r� �p�o�l�y�m�e�r� �i�m�p�r�e�g�n�a�t�i�o�n� �w�a�s� �t�e�s�t�e�d�.� 

�S�a�m�p�l�e�s� �c�o�n�t�a�i�n�i�n�g� �m�e�t�h�y�l� �m�e�t�h�a�c�y�l�a�t�e� �i�n� �f�i�b�e�r�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �b�e�d� �o�f� �i�n�s�u�l�a�t�i�o�n� 

�w�h�i�c�h� �o�n�l�y� �a�l�l�o�w�e�d� �t�o�p� �s�u�r�f�a�c�e� �h�e�a�t�i�n�g� �(�s�e�e� �p�h�o�t�o�s� �3�4�,� �3�5�)�.� �T�h�e� �m�e�t�h�o�d� �o�f� �p�l�a�c�e�-� 

�m�e�n�t� �o�f� �f�i�b�e�r�s� �i�n�t�o� �t�h�e� �c�e�m�e�n�t� �m�a�t�r�i�x� �i�s� �y�e�t� �t�o� �b�e� �s�t�u�d�i�e�d�.� �T�h�e� �e�f�f�e�c�t� �o�f� �l�o�a�d�i�n�g� 

�f�i�b�e�r� �v�o�l�u�m�e� �i�n� �p�a�r�t�i�c�u�l�a�r� �a�r�e�a�s� �o�f� �a� �c�o�m�p�o�n�e�n�t� �i�s� �y�e�t� �t�o� �b�e� �t�e�s�t�e�d�.



�C�H�A�P�T�E�R� �I�V� 

�R�E�S�U�L�T�S� 

�D�i�s�c�u�s�s�i�o�n� 

�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �1� 

�D�o�e�s� �t�h�e� �d�e�s�i�g�n� �f�o�r� �t�i�m�e�d� �r�e�l�e�a�s�e� �o�f� �i�n�t�e�r�n�a�l� �c�h�e�m�i�c�a�l�s� �w�o�r�k�?� 

�R�e�s�u�l�t�s�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �8�.� �I�n� �a�l�l� �c�a�s�e�s�,� �e�x�c�e�p�t� 

�f�o�r� �t�h�e� �c�r�a�c�k�i�n�g� �u�n�d�e�r� �l�o�a�d�i�n�g� �c�o�n�d�i�t�i�o�n�s�,� �a� �r�e�l�e�a�s�e� �s�e�q�u�e�n�c�e� �w�a�s� �s�u�c�c�e�s�s�f�u�l�.� �T�h�e� 

�d�i�f�f�i�c�u�l�t�i�e�s� �e�n�c�o�u�n�t�e�r�e�d� �i�n� �t�h�i�s� �p�h�a�s�e� �w�i�t�h� �v�a�r�i�o�u�s� �c�o�m�b�i�n�a�t�i�o�n�s� �w�e�r�e�:� �t�h�e� �u�p�t�a�k�e� 

�o�f� �t�h�e� �c�h�e�m�i�c�a�l� �i�n�t�o� �f�i�b�e�r�s� �(�s�o�m�e� �c�h�e�m�i�c�a�l�s� �a�r�e� �t�o�o� �v�i�s�c�o�u�s�)� �a�n�d� �i�s�o�l�a�t�i�n�g� �t�h�e� 

�c�h�e�m�i�c�a�l� �i�n� �t�h�e� �f�i�b�e�r� �u�n�t�i�l� �t�h�e� �d�e�s�i�r�e�d� �r�e�l�e�a�s�e�.� �A�l�s�o� �c�a�r�b�o�n�i�z�a�t�i�o�n� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� 

�a�t� �v�e�r�y� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �s�t�r�e�t�c�h�i�n�g� �o�f� �t�h�e� �f�i�b�e�r�s� �w�e�r�e� �p�r�o�b�l�e�m�s� �o�f� �s�p�e�c�i�f�i�c� 

�s�y�s�t�e�m�s�.� �I�n� �t�h�e� �c�a�s�e�s� �o�f� �l�i�n�s�e�e�d� �o�i�l�,� �p�r�o�p�y�l�e�n�e� �g�l�y�c�o�l� �(�a�n�t�i�f�r�e�e�z�e�)� �a�n�d� �p�y�r�a�l�i�n� 

�(�m�e�t�h�y�l� �p�o�l�y�i�m�i�d�e�)� �t�h�e�y� �w�e�r�e� �t�o�o� �v�i�s�c�o�u�s� �f�o�r� �f�i�b�e�r� �u�p�t�a�k�e�.� �T�h�e�r�e�f�o�r�e�,� �w�e� �u�s�e�d� 

�p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �f�r�o�m� �v�e�r�m�i�c�u�l�i�t�e�,� �l�i�m�e�s�t�o�n�e�,� �a�n�d� �e�x�p�a�n�d�e�d� �c�l�a�y� �o�r� �c�o�a�t�e�d� �t�h�e� 

�f�i�b�e�r� �o�u�t�s�i�d�e�s� �w�i�t�h� �p�y�r�a�l�i�n� �b�e�c�a�u�s�e� �t�h�e� �b�o�t�t�o�m� �a�s�h� �m�a�t�r�i�x� �w�a�s� �u�s�e�d� �a�n�d� �t�h�e� �d�i�r�e�c�t� 

�a�p�p�l�i�c�a�t�i�o�n� �o�f� �p�y�r�a�l�i�n� �s�h�o�u�l�d� �n�o�t� �c�a�u�s�e� �l�o�s�s� �o�f� �s�t�r�e�n�g�t�h�.� �S�o�m�e� �c�h�e�m�i�c�a�l�s� �s�t�a�y�e�d� �i�n� 

�a� �c�l�o�t�h� �w�e�a�v�e� �i�n� �t�h�e� �v�o�i�d�s� �b�e�t�w�e�e�n� �f�i�b�e�r�s�.� �I�n� �t�h�e� �d�e�s�i�g�n� �f�o�r� �s�l�o�w� �r�e�l�e�a�s�e� �o�f� �w�a�t�e�r� 

�i�n�t�o� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t�,� �t�h�e� �v�o�l�u�m�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �a�g�g�r�e�g�a�t�e� �p�r�e�s�e�n�t�e�d� �t�h�e� 

�o�p�p�o�r�t�u�n�i�t�y� �t�o� �h�a�v�e� �a� �c�h�e�m�i�c�a�l� �r�e�l�e�a�s�e�d� �o�v�e�r� �t�i�m�e� �w�i�t�h�o�u�t� �t�h�e� �n�e�e�d� �f�o�r� �a� �c�o�a�t�i�n�g� 

�o�n� �t�h�e� �a�g�g�r�e�g�a�t�e�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �c�a�t�a�l�y�t�i�c� �a�g�e�n�t�,� �X�y�p�e�x�,� �a� �p�o�w�d�e�r�,� �i�t� �w�o�u�l�d� �g�o� 

�i�n�t�o� �n�e�i�t�h�e�r� �a� �p�o�r�o�u�s� �f�i�b�e�r� �n�o�r� �a� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e� �i�n� �a�n�y� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t�;� 
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�t�h�a�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a�c�i�d�.� �H�o�w�e�v�e�r�,� �t�i�m�e� �r�e�q�u�i�r�e�d� �u�s� �t�o� �u�s�e� �t�h�i�s� �p�y�r�a�l�i�n� �i�n� �t�h�e� 

�e�x�t�e�r�i�o�r� �p�o�r�e�s� �o�f� �t�h�e� �f�i�b�e�r�s� �f�o�r� �r�e�l�e�a�s�e� �d�u�e� �t�o� �i�t�s� �v�i�s�c�o�s�i�t�y� �o�f� �1�1�0� �p�o�i�s�.� �A� �l�e�s�s� 

�v�i�s�c�o�u�s� �p�y�r�a�l�i�n� �c�o�u�l�d� �b�e� �t�r�i�e�d� �l�a�t�e�r�.� 

�I�n� �t�h�e� �d�e�s�i�g�n� �t�o� �r�e�l�e�a�s�e� �a� �c�h�e�m�i�c�a�l� �u�n�d�e�r� �l�o�a�d�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �b�e�n�d�i�n�g�,� 

�t�o� �f�i�l�l� �i�n� �c�r�a�c�k�s�,� �t�h�e� �p�o�l�y�p�r�o�p�y�l�e�n�e� �f�i�b�e�r�s� �w�e�r�e� �f�o�u�n�d� �t�o� �s�t�r�e�t�c�h� �r�a�t�h�e�r� �t�h�a�n� �f�o�r�c�e� 

�t�h�e� �c�h�e�m�i�c�a�l� �o�u�t�.� �F�i�b�e�r�g�l�a�s�s� �f�i�b�e�r�s� �w�h�i�c�h� �a�r�e� �l�e�s�s� �f�l�e�x�i�b�l�e�,� �b�r�o�k�e� �u�p�o�n� �l�o�a�d�i�n�g� �a�n�d� 

�w�e�r�e� �t�h�e�r�e�f�o�r�e� �u�n�s�u�c�c�e�s�s�f�u�l�.� 

�A�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�e� �w�a�s� �u�s�e�d� �t�o� �p�r�o�d�u�c�e� �a� 

�v�i�d�e�o� �o�f� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �r�e�l�e�a�s�e� �o�f� �c�a�l�c�i�u�m� �n�i�t�r�i�t�e� �c�h�e�m�i�c�a�l�s� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�.� 

�S�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �(�S�E�M�)� �w�a�s� �u�s�e�d� �t�o� �p�h�o�t�o�g�r�a�p�h� �t�h�e� �w�h�i�t�e� �c�e�m�e�n�t� 

�m�a�t�r�i�x� �a�f�t�e�r� �r�e�l�e�a�s�e� �(�s�e�e� �p�h�o�t�o� �2�4�)�,� �t�h�e� �f�i�b�e�r� �a�s� �i�t� �r�e�l�e�a�s�e�s� �t�h�e� �c�h�e�m�i�c�a�l� �(�p�h�o�t�o� 

�2�5�)�,� �a�n�d� �t�h�e� �b�o�t�t�o�m� �a�s�h� �m�a�t�r�i�x� �w�i�t�h� �f�i�b�e�r�s� �(�p�h�o�t�o� �2�6�)�.
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�R�e�s�e�a�r�c�h� �Q�u�e�s�t�i�o�n� �2� 

�D�o�e�s� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �r�e�l�e�a�s�e� �a�l�l�e�v�i�a�t�e� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �e�n�v�i�r�o�n�m�e�n�t�a�l� �d�i�s�t�r�e�s�s� �o�r� 

�r�e�d�u�c�e� �c�r�a�c�k�i�n�g� �o�r� �p�e�r�m�e�a�b�i�l�i�t�y�?� 

�R�e�s�u�l�t�s�.� �T�h�e�s�e� �a�n�s�w�e�r�s� �a�r�e� �d�i�f�f�e�r�e�n�t� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �s�y�s�t�e�m�s�.� 

�1�.� �C�r�a�c�k�i�n�g� �c�a�u�s�e�d� �b�y� �r�e�p�e�a�t�e�d� �l�o�a�d�i�n�g� �w�a�s� �t�o� �b�e� �t�e�s�t�e�d� �f�o�r� �c�r�a�c�k�i�n�g� 

�c�a�u�s�e�d� �b�y� �l�o�a�d�i�n�g� �w�i�t�h� �a� �t�e�s�t� �d�o�n�e� �i�n� �w�h�i�c�h� �a� �b�e�n�d�i�n�g� �a�p�p�a�r�a�t�u�s� �(�a� �l�o�a�d� 

�c�e�l�l�)� �w�a�s� �a�p�p�l�i�e�d�.� �P�r�e�l�i�m�i�n�a�r�y� �t�e�s�t� �r�e�s�u�l�t�s� �p�u�l�l�i�n�g� �t�h�e� �f�i�l�l�e�d� �f�i�b�e�r�s� �u�n�d�e�r� 

�a� �m�i�c�r�o�s�c�o�p�e� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �p�o�l�y�p�r�o�p�y�l�e�n�e� �f�i�b�e�r�s� �s�t�r�e�t�c�h�e�d� �r�a�t�h�e�r� �t�h�a�n� 

�f�o�r�c�i�n�g� �t�h�e� �c�h�e�m�i�c�a�l� �o�u�t�.� �P�o�r�o�u�s� �f�i�b�e�r�g�l�a�s�s� �f�i�b�e�r�s� �b�r�o�k�e� �b�e�f�o�r�e� �f�o�r�c�i�n�g� 

�t�h�e� �c�h�e�m�i�c�a�l� �o�u�t�.� �T�h�e� �l�o�a�d� �c�e�l�l� �t�e�s�t�s� �w�e�r�e� �t�h�e�r�e�f�o�r�e� �u�n�n�e�c�e�s�s�a�r�y�.� 

�2�.� �C�r�a�c�k�i�n�g� �c�a�u�s�e�d� �b�y� �s�e�l�f�-�d�e�s�i�c�c�a�t�i�o�n� �d�r�y�i�n�g� �i�n� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t� 

�w�a�s� �t�e�s�t�e�d� �b�y� �a� �c�o�m�p�a�r�a�t�o�r� �w�h�i�c�h� �m�e�a�s�u�r�e�s� �s�h�r�i�n�k�a�g�e� �d�u�e� �t�o� �d�r�y�i�n�g� 

�(�A�S�T�M� �T�e�s�t� �C�5�9�6�-�8�9�)�.� �A�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �1�8�,� �t�e�s�t� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� 

�e�i�t�h�e�r� �p�u�t�t�i�n�g� �i�n� �n�o� �h�a�y�d�i�t�e�,� �a� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�,� �o�r� �h�a�y�d�i�t�e� �w�i�t�h� �n�o� 

�w�a�t�e�r� �g�i�v�e�s� �l�e�s�s� �s�h�r�i�n�k�a�g�e� �t�h�a�n� �t�h�e� �h�a�y�d�i�t�e� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �w�a�t�e�r�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �i�n� �F�i�g�u�r�e� �1�8�,� �t�h�e� �D�S�P� �c�e�m�e�n�t� �c�o�n�t�a�i�n�i�n�g� �w�a�t�e�r� �s�a�t�u�r�a�t�e�d� 

�h�a�y�d�i�t�e� �n�o�t� �o�n�l�y� �s�h�r�u�n�k� �m�o�r�e�,� �b�u�t� �c�o�n�t�i�n�u�e�d� �t�o� �s�h�r�i�n�k� �o�v�e�r� �a� �l�o�n�g�e�r� 

�t�i�m�e�,� �a�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �1�9�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �d�e�s�i�g�n� �t�o� �a�l�l�e�v�i�a�t�e� �s�e�l�f�-� 

�d�e�s�s�i�c�a�t�i�o�n� �s�h�r�i�n�k�a�g�e� �d�i�d� �n�o�t� �w�o�r�k�,� �t�h�a�t� �i�s�,� �t�h�e� �h�a�y�d�i�t�e� �s�a�t�u�r�a�t�e�d� �w�i�t�h� 

�w�a�t�e�r� �d�i�d� �n�o�t� �r�e�d�u�c�e� �s�e�l�f�-�d�e�s�i�c�c�a�t�i�o�n� �s�h�r�i�n�k�a�g�e�,� �i�t� �w�a�s� �i�n�c�r�e�a�s�e�d�.� �T�h�i�s� �i�s� 

�a�n� �u�n�e�x�p�l�a�i�n�e�d� �p�h�e�n�o�m�e�n�a�.
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�5� �B�l� �T�O�T�A�L� �L�E�N�G�T�H� �C�H�A�N�G�E� �O�F� �C�E�M�E�N�T� 
�O�V�E�R� �A� �4� �D�A�Y� �P�E�R�I�O�D� 

�F�i�g�u�r�e� �1�8�.� �S�h�r�i�n�k�a�g�e� �o�f� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t� �u�s�i�n�g� �a� �w�a�t�e�r� �s�a�t�u�r�a�t�e�d�,� �p�o�r�o�u�s� 
�a�g�g�r�e�g�a�t�e�-�-�h�a�y�d�i�t�e� �(�e�x�p�a�n�d�e�d� �c�l�a�y�)�.� 

� � 

� � 

� � � � 

�_� �N�O� �H�A�Y�D�I�T�E� 
�n� 

�e� �E�M�P�T�Y� �H�A�Y�D�I�T�E� 
�Z� �W�A�T�E�R� �S�A�T�U�R�A�T�E�D� �H�A�Y�D�I�T�E� 

�S� �W�A�T�E�R� �S�A�T�U�R�A�T�E�D� �H�A�Y�D�I�T�E� 
�2� �I�N�I�T�I�A�L� �L�E�N�G�T�H� 
�O�o� 

�§� 
�a�w�d� 

�5� �b�d� �q�T� �w� �v� �5� �°� �q� �a� �q�t� 

�0� �1�2� �2�4� �3�6� �4�8� �6�0� �7�2� 
�H�O�U�R�S� 

�F�i�g�u�r�e� �1�9�.� �D�u�r�a�t�i�o�n� �o�f� �s�h�r�i�n�k�a�g�e� �p�h�e�n�o�m�e�n�a� �o�f� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� �c�e�m�e�n�t� �u�s�i�n�g� �a� 
�w�a�t�e�r� �s�a�t�u�r�a�t�e�d� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�,� �h�a�y�d�i�t�e� �(�e�x�p�a�n�d�e�d� �c�l�a�y�)� �v�s�.� �d�e�n�s�e� �s�i�l�i�c�a� �f�u�m�e� 
�w�i�t�h�o�u�t� �w�a�t�e�r�-�s�o�a�k�e�d� �a�g�g�r�e�g�a�t�e�.
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�3�.� �T�h�e� �d�e�s�i�g�n� �t�o� �r�e�s�i�s�t� �c�h�e�m�i�c�a�l� �o�r� �w�a�t�e�r� �i�n�t�r�u�s�i�o�n� �d�u�e� �t�o� �i�m�p�e�r�m�e�-� 

�a�b�i�l�i�t�y� �u�s�e�s� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �c�o�n�t�a�i�n�e�d� �i�n� �p�o�l�y�p�r�o�p�y�l�e�n�e� �f�i�b�e�r�s� 

�c�o�a�t�e�d� �w�i�t�h� �w�a�x�.� �I�t� �w�a�s� �t�e�s�t�e�d� �b�y� �t�h�e� �g�r�a�v�i�t�y� �f�l�o�w� �p�e�r�m�e�a�b�i�l�i�t�y� 

�a�p�p�a�r�a�t�u�s� �(�L�u�d�i�j�d�s�a�,� �B�e�r�g�e�r�,� �a�n�d� �Y�o�u�n�g�,� �1�9�8�9�)�.� �T�h�e� �r�e�s�u�l�t�s� �(�F�i�g�u�r�e� 

�2�0�)� �s�h�o�w� �t�h�a�t� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �i�n� �p�o�l�y�p�r�o�p�h�y�l�e�n�e� �f�i�b�e�r�s�,� �b�u�t� �n�o�t� 

�p�o�l�y�m�e�r�i�z�e�d� �(�h�e�a�t�e�d� �o�n�l�y� �t�o� �1�2�0�°�F�)�,� �d�e�c�r�e�a�s�e�s� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y�.� �I�n� 

�F�i�g�u�r�e� �2�1�,� �i�t� �s�h�o�w�s� �t�h�a�t� �t�h�e� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �r�e�l�e�a�s�e�d� �a�n�d� 

�p�o�l�y�m�e�r�i�z�e�d� �(�h�e�a�t�e�d� �t�o� �2�1�2�°�F�)� �r�e�d�u�c�e�s� �t�h�e� �p�e�r�m�e�a�b�i�l�i�t�y� �m�o�r�e� �a�n�d� 

�h�a�s� �l�o�w�e�r� �p�e�r�m�e�a�b�i�l�i�t�y� �t�h�a�n� �t�h�e� �c�o�n�t�r�o�l�.� 

�4�.� �T�h�e� �t�e�s�t� �f�o�r� �i�n�c�r�e�a�s�e�d� �i�m�p�e�r�m�e�a�b�i�l�i�t�y� �u�s�i�n�g� �X�y�p�e�x� �p�r�i�l�l�s� �w�a�s� �d�o�n�e� �w�i�t�h� 

�t�h�e� �g�r�a�v�i�t�y� �f�l�o�w� �p�e�r�m�e�a�b�i�l�i�t�y� �t�e�s�t� �a�l�s�o�.� �T�h�e� �r�e�s�u�l�t�s� �i�n� �F�i�g�u�r�e� �2�2� �s�h�o�w� 

�t�h�a�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �X�y�p�e�x�/�w�a�x� �p�r�i�l�l�s� �d�o�e�s� �n�o�t� �i�n�c�r�e�a�s�e� �i�m�p�e�r�m�e�a�b�i�l�i�t�y�.� 

� � 

�1�6� 

�_� �4�1�4�  � �� �F�I�B�E�R�S� �W�I�T�H� �M�E�T�H�Y�L� �M�E�T�H�A�C�R�Y�L�A�T�E� 
�2� 
�=� 

�g� �1�2� �O� �_� �H�E�A�T�E�D�,� �W�I�T�H�O�U�T� �F�I�B�E�R�S� 
�=� �1�0� �3� 
�x� 
�z�=� �8� 

�z�s� �6� 
�S� 
�z� �4� 
�w� 

�2� 

�0�4� �s� �T�  �� �7� �.� �U� 

�0� �2�5� �5�0� �7�5� 
�N�U�M�B�E�R� �O�F� �F�I�L�L�E�D� �F�I�B�E�R�S� 

�F�i�g�u�r�e� �2�0�.� �P�e�r�m�e�a�b�i�l�i�t�y� �o�f� �w�h�i�t�e� �c�e�m�e�n�t� �c�o�n�t�a�i�n�i�n�g� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �a�n�d� �w�a�x� 
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�1� �2� �3� �4� �5� 
�S�A�M�P�L�E� �N�U�M�B�E�R� 

�F�i�g�u�r�e� �2�7�.� �F�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �t�o� �w�h�i�t�e� �c�e�m�e�n�t� �w�i�t�h� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �c�o�n�t�a�i�n�-� 
�i�n�g� �p�r�o�p�y�l�e�n�e� �g�l�y�c�o�l� �v�s�.� �c�e�m�e�n�t� �w�i�t�h�o�u�t� �a�s� �m�e�a�s�u�r�e�d� �b�y� �w�e�i�g�h�t� �l�o�s�s�.� 

� � 

� � 

�5�7� �C�O�N�T�R�O�L�,� �N�O� �A�G�G�R�E�G�A�T�E� 
�,� �L�I�M�E�S�T�O�N�E� �A�G�G�R�E�G�A�T�E� �O�N�L�Y� 

�u�w� �4�-�  ��=� �A�N�T�I�F�R�E�E�Z�E� �O�N�L�Y�,� �N�O� 
�3� �A�  ��=� �A�G�G�R�E�G�A�T�E� 

�3�-�5�  �� �L�I�M�E�S�T�O�N�E� �A�G�G�R�E�G�A�T�E�,� �A�N�T�I�F�R�E�E�Z�E� 
�5�  �� �A�D�D�E�D� �S�E�P�A�R�A�T�E�L�Y� 

�=� �2� �-�  �� �L�I�M�E�S�T�O�N�E� �A�G�G�R�E�G�A�T�E� �C�O�N�T�A�I�N�I�N�G� 
�:�  � ��=�}� �A�N�T�I�F�R�E�E�Z�E� 

�f�F� �1�5�  � �� �F�A�B�R�I�C� 
�a� �;�  �� �F�A�B�R�I�C� �S�A�T�U�R�A�T�E�D� �W�I�T�H� �A�N�T�I�F�R�E�E�Z�E� 

�0� �-�  � � �� � � � � � � � � � � � � � � 
�F�i�g�u�r�e� �2�8�.� �F�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �t�o� �p�o�r�t�l�a�n�d� �c�e�m�e�n�t� �w�i�t�h� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �o�r� 
�f�a�b�r�i�c� �c�o�n�t�a�i�n�i�n�g� �p�r�o�p�y�l�e�n�e� �g�l�y�c�o�l� �a�n�t�i�f�r�e�e�z�e� �a�s� �m�e�a�s�u�r�e�d� �b�y� �w�e�i�g�h�t� �l�o�s�s�.
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�B�B� �C�O�N�T�R�O�L�,� �N�O� �A�G�G�R�E�G�A�T�E� 

�H�A�Y�D�I�T�E� �A�G�G�R�E�G�A�T�E� �O�N�L�Y� 

�E�)� �A�I�R� �E�N�T�R�A�I�N�E�D� �C�O�N�T�R�O�L� 

�N�O� �A�G�G�R�E�G�A�T�E� 

�A�I�R� �E�N�T�R�A�I�N�E�D� �S�A�M�P�L�E� 

�H�A�Y�D�I�T�E� �A�G�G�R�E�G�A�T�E� �O�N�L�Y� � � 

� � � � � � 

�F�i�g�u�r�e� �2�9�.� �F�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �t�o� �w�h�i�t�e� �c�e�m�e�n�t� �w�i�t�h� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �c�o�n�t�a�i�n�-� 
�i�n�g� �a�n�t�i�f�r�e�e�z�e� �v�s�.� �c�e�m�e�n�t� �w�i�t�h�o�u�t� �a�s� �m�e�a�s�u�r�e�d� �b�y� �w�e�i�g�h�t� �l�o�s�s�.� 
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�(�[�]� �C�O�N�T�R�O�L�,� �N�O� �A�G�G�R�E�G�A�T�E� 

�H�A�Y�D�I�T�E� �A�G�G�R�E�G�A�T�E� �O�N�L�Y� 

�T�i� �H�A�Y�D�I�T�E� �A�G�G�R�E�G�A�T�E� �W�I�T�H� 
�L�I�N�D�S�E�E�D� �O�L� 

�F�i�g�u�r�e� �3�0�.� �F�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �t�o� �w�h�i�t�e� �c�e�m�e�n�t� �w�i�t�h� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �c�o�n�t�a�i�n�-� 
�i�n�g� �l�i�n�s�e�e�d� �o�i�l� �v�s�.� �c�e�m�e�n�t� �w�i�t�h�o�u�t� �a�s� �m�e�a�s�u�r�e�d� �b�y� �w�e�i�g�h�t� �l�o�s�s�.
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�C�O�N�T�R�O�L�,� �N�O� �A�G�G�R�E�G�A�T�E� 

�L�I�M�E�S�T�O�N�E� �A�G�G�R�E�G�A�T�E� �O�N�L�Y� 

�A�N�T�I�F�R�E�E�Z�E� �O�N�L�Y�,� �N�O� 
�A�G�G�R�E�G�A�T�E� 

�L�I�M�E�S�T�O�N�E� �A�G�G�R�E�G�A�T�E�,� �A�N�T�I�F�R�E�E�Z�E� 
�A�D�D�E�D� �S�E�P�A�R�A�T�E�L�Y� 

�L�I�M�E�S�T�O�N�E� �A�G�G�R�E�G�A�T�E� �C�O�N�T�A�I�N�I�N�G� 
�A�N�T�I�F�R�E�E�Z�E� 

�F�A�B�R�I�C� 

�E�i� �F�A�B�R�I�C� �S�A�T�U�R�A�T�E�D� �W�I�T�H� �A�N�T�I�F�R�E�E�Z�E� 

�F�i�g�u�r�e� �3�1�.� �F�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �t�o� �p�o�r�t�l�a�n�d� �c�e�m�e�n�t� �w�i�t�h� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �o�r� 
�f�a�b�r�i�c� �c�o�n�t�a�i�n�i�n�g� �p�r�o�p�y�l�e�n�e� �g�l�y�c�o�l� �v�s�.� �c�e�m�e�n�t� �w�i�t�h�o�u�t� �a�s� �m�e�a�s�u�r�e�d� �b�y� �l�e�n�g�t�h� �l�o�s�s�.� 
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�H�i� �C�O�N�T�R�O�L�,� �N�O� �A�G�G�R�E�G�A�T�E� 

�E�A� �H�A�Y�D�I�T�E� �A�G�G�R�E�G�A�T�E� �W�I�T�H� 
�A�N�T�I�F�R�E�E�Z�E� 

�f�H� �A�I�R� �E�N�T�R�A�I�N�E�D� �C�O�N�T�R�O�L�,� 
�N�O� �A�G�G�R�E�G�A�T�E� 

�A�I�R� �E�N�T�R�A�I�N�E�D� �S�A�M�P�L�E�,� 
�H�A�Y�D�I�T�E� �A�G�G�R�E�G�A�T�E� �O�N�L�Y� 

�F�i�g�u�r�e� �3�2�.� �F�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �t�o� �w�h�i�t�e� �c�e�m�e�n�t� �w�i�t�h� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e�s� �c�o�n�t�a�i�n�i�n�g� 
�p�r�o�p�y�l�e�n�e� �g�l�y�c�o�l� �v�s�.� �c�e�m�e�n�t� �w�i�t�h�o�u�t� �a�s� �m�e�a�s�u�r�e�d� �b�y� �l�e�n�g�t�h� �l�o�s�s�.
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�1�.�5�0� �=� 

�1�.�2�5� �+� 
�g� �;� �[� �C�O�N�T�R�O�L�,� �N�O�A�G�G�R�E�G�A�T�E� 
�=� �1�.�0�0�-� 
�&� �.� �-�]�_� �H�A�Y�D�I�T�E� �A�G�G�R�E�G�A�T�E� �O�N�L�Y� 
�t�s� �0�.�7�5� �=� 

�1� �I� �H�A�Y�D�I�T�E� �A�G�G�R�E�G�A�T�E� �C�O�N�T�A�I�N�I�N�G� 
�S� �L�I�N�O�S�E�E�D� �O�t� �8� �0�.�5�0� �=� 

�2� �0�.�2�5� �7� 

�0�.�0�0� �r� �?� 
�1� �2� �3� 

�S�A�M�P�L�E� �N�U�M�B�E�R� 

�F�i�g�u�r�e� �3�3�.� �F�r�e�e�z�e�/�t�h�a�w� �d�a�m�a�g�e� �t�o� �w�h�i�t�e� �c�e�m�e�n�t� �w�i�t�h� �p�o�r�o�u�s� �a�g�g�r�e�g�a�t�e� �c�o�n�t�a�i�n�-� 
�i�n�g� �l�i�n�s�e�e�d� �o�i�l� �v�s�.� �c�e�m�e�n�t� �w�i�t�h�o�u�t� �a�s� �m�e�a�s�u�r�e�d� �b�y� �l�e�n�g�t�h� �l�o�s�s�.� 

�c�h�e�m�i�c�a�l� �w�a�s� �r�e�s�e�a�r�c�h�e�d�.� �T�h�e� �a�s�s�e�s�s�m�e�n�t� �w�a�s� �m�a�d�e� �v�i�s�u�a�l�l�y� �f�r�o�m� �t�h�e� �e�x�t�e�r�i�o�r� 

�s�a�m�p�l�e�s�,� �t�h�e� �i�n�t�e�r�i�o�r� �o�f� �t�h�e� �s�a�m�p�l�e�s�,� �a�n�d� �w�i�t�h� �e�n�v�i�r�o�n�m�e�n�t�a�l� �S�E�M�.� �T�h�e� �a�s�s�e�s�s�-� 

�m�e�n�t� �f�o�r� �p�e�r�c�e�n�t� �o�f� �v�o�l�u�m�e� �w�e�t�t�e�d� �b�y� �r�e�l�e�a�s�e� �w�a�s� �m�a�d�e� �v�i�s�u�a�l�l�y� �f�r�o�m� �t�h�e� �e�x�t�e�r�i�o�r�s� 

�o�f� �t�h�e� �s�a�m�p�l�e�s� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�r�o�c�e�d�u�r�e�:� 

�a�.� �T�h�e� �f�i�b�e�r� �i�s� �w�e�i�g�h�e�d� �b�e�f�o�r�e� �i�n�c�l�u�s�i�o�n� �o�f� �t�h�e� �c�h�e�m�i�c�a�l�.� �T�h�e� �c�h�e�m�i�-� 

�c�a�l� �i�s� �i�n�c�l�u�d�e�d� �a�n�d� �t�h�e�n� �w�e�i�g�h�e�d�.� �F�i�n�a�l�l�y� �t�h�e� �f�i�b�e�r�s� �a�r�e� �c�o�a�t�e�d� �w�i�t�h� 

�w�a�x� �c�h�e�m�i�c�a�l� �a�n�d� �w�e�i�g�h�e�d� �s�o� �t�h�a�t� �t�h�e� �w�e�i�g�h�t� �o�f� �t�h�e� �f�i�b�e�r� �i�n� �e�a�c�h� 

�c�h�e�m�i�c�a�l� �i�s� �a�s�c�e�r�t�a�i�n�e�d�.� �T�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �v�o�l�u�m�e� �o�f� �f�i�b�e�r�,� �o�r� 

�p�r�i�l�l�s� �f�i�l�l�e�d� �i�s� �v�i�s�u�a�l�l�y� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e� �s�a�m�p�l�e�s� �a�r�e� �t�h�e�n� �h�e�a�t�e�d�.� 

�b�.� �T�h�e� �p�e�r�c�e�n�t�a�g�e� �a�r�e�a� �w�e�t�t�e�d� �f�r�o�m� �t�h�e� �o�u�t�s�i�d�e� �s�u�r�f�a�c�e�s� �a�r�e� �v�i�s�u�a�l�l�y� 

�d�e�t�e�r�m�i�n�e�d� �a�n�d� �a�s�s�e�s�s�e�d� �a�s� �t�o� �c�o�r�r�e�s�p�o�n�d� �w�i�t�h� �v�o�l�u�m�e� �o�f� �c�h�e�m�i�c�a�l� 

�p�u�t� �i�n� �s�a�m�p�l�e�s�.



�8�5� 

�c�.� �S�o�m�e� �s�a�m�p�l�e�s� �c�o�n�t�a�i�n�i�n�g� �c�a�l�c�i�u�m� �n�i�t�r�i�t�e� �h�a�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� �S�E�M� 

�d�o�n�e� �o�n� �t�h�e�m� �t�o� �a�s�c�e�r�t�a�i�n� �t�h�e� �s�p�r�e�a�d� �o�f� �t�h�e� �c�h�e�m�i�c�a�l�.� �E�n�v�i�r�o�n�-� 

�m�e�n�t�a�l� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �w�a�s� �d�o�n�e� �t�o� �s�h�o�w� �t�h�e� �s�p�r�e�a�d� 

�o�f� �t�h�e� �c�h�e�m�i�c�a�l�.� �A�l�s�o� �s�o�m�e� �s�a�m�p�l�e�s� �w�e�r�e� �b�r�o�k�e�n� �t�o� �v�i�s�u�a�l�l�y� �a�s�c�e�r�-� 

�t�a�i�n� �t�h�e� �s�p�r�e�a�d� �o�f� �t�h�e� �d�y�e� �a�n�d� �t�h�e� �w�a�x�.� 

�R�e�s�u�l�t�s�.� �T�h�e�s�e� �t�e�s�t�s� �w�e�r�e� �d�o�n�e� �o�n� �s�a�m�p�l�e�s� �c�o�n�t�a�i�n�i�n�g� �c�a�l�c�i�u�m� �n�i�t�r�i�t�e� 

�a�n�d� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �o�n�l�y�.� �T�a�b�l�e� �9� �s�h�o�w�s� �h�o�w� �m�u�c�h� �c�h�e�m�i�c�a�l� �c�o�u�l�d� 

�b�e� �s�e�e�n� �o�n� �t�h�e� �e�x�t�e�r�i�o�r� �o�f� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �s�a�m�p�l�e�s�.� �I�n� �b�o�t�h� �c�a�s�e�s�,� �i�n� �a�l�l� 

�t�h�e� �t�e�s�t�s� �f�o�r� �b�e�n�d�i�n�g� �a�n�d� �c�o�m�p�r�e�s�s�i�o�n� �s�h�a�p�e�d� �s�a�m�p�l�e�s� �h�e�a�t�e�d� �e�i�t�h�e�r� �t�o� 

�1�2�0�°�F�,� �2�1�2�°�F� �o�r� �m�i�c�r�o�w�a�v�e�d�,� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �c�o�n�s�i�s�t�e�n�t�.� �T�h�e� �n�u�m�b�e�r� 

�o�f� �f�i�l�l�e�d� �f�i�b�e�r�s� �p�r�o�p�o�r�t�i�o�n�a�l�l�y� �i�n�c�r�e�a�s�e�d� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �s�u�r�f�a�c�e� �a�r�e�a� 
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