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IT. INTRODUCTION 

The use of composite materials in structural design has been 

practiced since the early stages of the human civilization. It is 

only lately that a very major effort has been made in improving and 

comprehending the response and behavior of this class of "tailorable" 

materials. Depending on one's needs, modern composites may consist 

of a number of different types of constituents. The particular class 

of modern composites which is of interest here is the one consisting 

of continuous fibers embedded in a polymeric matrix or binder. 

Structures made from these types of constituents will exhibit some form 

of time-dependent behavior [1] as one phase (the matrix) is time- 

dependent and the other (the fiber) may or may not be time-dependent, 

depending on the type of fiber used [2]. For example, automobile tires 

reinforced with polyester cord will correspond to the former and epoxy 

based composites reinforced with graphite fibers is representative of 

the latter. In addition, irrespective of the type of reinforcement, 

the interface between the fiber and matrix is time-dependent [3]. For 

definitive purposes, only epoxy based continuous fiber reinforced 

composites are investigated here; namely, graphite/epoxy laminates. 

Unless otherwise stated, this class of composites is the one addressed 

throughout this manuscript. 

When considering the time-dependent behavior of a composite 

material, there are at least four accelerating factors (temperature, 

stress, vibration and moisture) [4] that will affect the viscoelastic



behavior of a material. The type of time analogy (superposition) 

selected is solely determined by the detrimental effects of the indi- 

vidual accelerator on a structure. In reality, all four accelerators 

are generally present in most structures. Simulation of experiments 

containing all four accelerating factors and boundary value definition 

of these experiments are indeed complex. Consequently, investigations 

pertaining to such real-time simulation have not heretofore been 

accomplished. However, individual time analogies have been reported 

[5-10]. Unfortunately, the majority of these limited investigations 

are neither detailed nor complete enough to be comprehensively applied 

to two-phase composite systems in general. The primary goal of this 

investigation is to address these latter issues as outlined in greater 

detail subsequently. 

The objective of the present investigation is to provide an in- 

depth study on the time-temperature behavior of epoxy based continuous 

and elastic fiber reinforced composite materials and explore the possi- 

bilities of using the time-temperature analogy as an accelerated 

characterization method to predict long-term behavior. Both analytical 

and experimental time-temperature procedures will be presented. The 

reason for considering only one time analogy is primarily due to the 

constraints imposed by time limitations which’ would rule out such a 

diverse investigation as multi-parametric predictions. However, it is 

felt that by using the present limited study other environmental 

parameters can be appropriately and confidently incorporated in future 

multi-parametric investigations as time permits. The reason for 

selecting the time-temperature analogy is that among the four analogies,



this is the most common and also the most detrimental environmental 

parameter. In addition, this parameter is one to which epoxy based 

composite structures are always subjected. 

Preliminary investigations on the time-temperature behavior of 

graphite/epoxy laminates indicated that the investigation could 

essentially be separated into two parts; i.e., room-temperature and 

elevated temperature responses. At elevated temperatures, especially 

at or above the glass-transition temperature (Tg); major time-dependent 

behavior was observed. At room-temperature, only very minor visco- 

elastic effects were observed. Thus, based on the following reasons, 

the material can be assumed to be time dependent at room temperature; 

a) In the analyses of Sandhu [11], Sendeckyj et al. [12] and 

others [13], where only quasi-elastic behavior is assumed, 

good correlations between analysis and experiments were ob- 

tained. 

b) The strain rate test data of Daniel et al. [14], as well as 

VPI data, revealed only minor viscoelastic behavior. How- 

ever, the results were inconclusive due to the scatter in 

the data. 

c) The creep test data presented herein shows only a very slight 

creep behavior for off-axis tensile tests. 

For these reasons, the behavior at room temperature can be con- 

Sidered as a special case in our time-temperature investigation. For 

the sake of completeness, validation of test methods used in this in- 

vestigation and to provide a better insight to the present and future 

time-dependent investigations, this special case is summarized and



Substantiated by the analytical and experimental results given in 

Appendices A and B, where a synopsis of the unnotched behavior is 

presented in Appendix A and a synopsis of the notched behavior is 

presented in Appendix B. 

The format adopted in this manuscript is to first present the 

analytical methodology (Chapter II). In this chapter, the reduction 

of the anisotropic time-temperature constitutive stress-strain relations 

to a simpler form, a discussion on the time-temperature superposition 

principle and the creep strength prediction methodology are presented. 

The following chapter (Chapter III) presents the experimental pro- 

cedure including our observations of and rationale for the test methods 

used. In Chapter IV, data reduction and predictions of the uni- 

directional master curves obtained from short term tests are discussed. 

In addition, the procedure used in the creep to rupture predictions is 

also discussed. The analytical and experimental results are compared 

and discussed in Chapter V. Finally, in Chapter VI a summary of the 

investigation, as well as conclusions and possible avenues of future 

research in this area of composite materials, is discussed.



IIT. ANALYTICAL METHODOLOGY 

The viscoelastic structural response of a thermorheologically 

simple material (TSM) is affected by temperature mainly through thermal 

expansion and changes in relaxation and retardation times (sometimes 

known as rheological coefficients) [15,16]. Thermodynamically, the 

linear viscoelastic relations between stresses and strains for an 

anisotropic TSM can be written compactly by means of the Boltzmann 

superposition integral [17] as 

t J€ t 

oO = C l __ ke oo a _ t oAT i 

and in the inverse form as 

t 30, t 
eq5 J 35 5Kg - ¢t') se dS f a; (5 c') ae dz (2)   

where o.. and e.. = stress and strain, respectively, with respect to 
ij ij 

time. 

ijkg > ~ 5°) and $4 iqg' -«') = relaxation moduli and creep 

compliances, respectively. 

8, 4 (e - t') and a, 5 (¢ -~ t') = thermal stress and strain 

characteristics of the material, respectively. 

AT = change in temperature, T. 

Cat 
Cc = — = reduced time 

a -o “T 

T 

c' = | at . reduced time 
wo AT 

ar = a_(T) = shift factor



and i,j,k,l = 1,2,3,....,6 

The first and second integral on the right hand side of equations (1) 

and (2) represents the response due to mechanical and thermal loads, 

respectively, and the lower limit (-~) is used to account for the load- 

ing history of the material. Consequently, equations (1) and (2) are 

sometimes known as the "Hereditary Integrals." 

Under isothermal conditions, equations (1) and (2), reduce to 

  

  

_ t BEL» 

and _ 
t oo 

—_ _ Cc t k2 t 

respectively. The significance of the material properties in equa- 

tions (3) and (4) is revealed when step-function loads are applied. 

Mathematically, the step-function stresses can be represented as 

Op = H(S oy, (5) 

where Sho are constants and 

0 for z < 0 

H(t) = (6) 
1 for z > 0 

Substituting equations (5) and (6) into equation (4), which represents 

a creep test, and for virgin materials, the resulting equation can be 

expressed as 

45 ~ agjkele) Ske 7) 

The inverse of equation (7), relaxation test, is



F455 = Cro ledere (8) 

where Eke are constants. In terms of the real-time parameter, t, equa- 

tions (7) and (8) can be expressed as 

Es. = Sijkalt)K, (9) 

and 

45 = Cio (tlepy (10) 

respectively. At this stage, either equations (7) and (8) or equations 

(9) and (10) are sufficient to represent the most anisotropic time- 

dependent response of a TSM subjected to the step-function loads des- 

cribed earlier. For monolithic materials such as unidirectional 

composite laminates, the thirty-six material constants of equations (7) 

to (10) can be reduced to four when material and geometric symmetries 

and a plane state of stress are assumed. Thus, equation (9) can be 

expressed as 

£1 Spi (t) Spot) Syg(t) | Joy, 

Eoof = [Sqolt) Soolt) Syglt) ly 099 (11) 

Yq2| — |Sqelt) Sag lt) Seg lt) | [o7. 

where V2 = 2eq9: Or simply as 

fe} = [S(t)]{o'} (12) 

and the inverse of equation (12) is 

{fo} = [€(t)]{e'} (13)



It should be mentioned that equations (12) and (13) are expressed in 

terms of the global coordinate system. If the local and global 

coordinate systems coincide then the values of the coupling terms 

(Si g(t). Sot)» Ci ¢(t) and Cog(t)) are zero. Tensorally, the local 

and global coordinate systems are related by a transformation matrix, 

[TM], which is expressed as 

Cos“o Sin“e -2Cose Siné 

[T™] = |Sin%e Cos“e 2Cose Sine (14) 

Sine Cose -Sine Cose Cos%o - Sin®e 

where @ is the angle between the local (1-2 coordinates) and the global 

(x-y coordinates) axes, as shown in Figure 1. The relationship between 

the compliance expressed in terms of the local coordinates, [S(t)], and 

the compliance expressed in terms of the global coordinates, [S(t)], is 

found to be 

(S(t)] = Cm]! (s(t) ET] (15) 
where 

51, (t) Syo(t) 0 

[S(t)] = |S,o(t) Spo(t) 0 (16) 
0 0 S--(t) 

66! 

where S41 (t) and Syo(t) are the compliances along and transverse to the 

fibers, respectively, S(t) = Vyo(t)S,,(t)> V(t) is the major 

Poisson's ratio, and Seg (t) is the intralamina shear compliance. Thus, 

knowing these four time-dependent constants, the creep properties of 

any arbitrary unidirectional laminate can be obtained from equation (15).
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Among the nine terms of the [S(t)] matrix, the first diagonal term 

(S,,(t), axial compliance) is perhaps the most important. By substi- 

tuting equations (14) and (16) into equation (15), the resulting axial 

compliance term is expressed as 

4 2 2 
t) = § (t) = S,,(t) Cos‘e + (Spe(t) + 2S15(t)) Cos’s Sin’9 

i! XX iif 

+ Soo(t) Sine (17) 

Equation (17) is the time-dependent analogue of the elastic orthotropic 

transformation equation. In terms of stresses and strains, the 

principal material compliances of equation (17) are expressed as 

  

  

  

Sy4(t) = ne (18a) 

Soo(t) = a (18b) 

Seg (t) > we (18c) 

= S,5(t) = ee (184) 

Experimentally, the stresses and strains of equations (18a) and (18d) 

are obtained from a [0°]. uniaxial test, those of equation (18b) are 

obtained from a [90°]. uniaxial test, and those of equation (18c) can 

be obtained from a [10°]. uniaxial test or other shear testing as 

described in Appendix A. 

By the same procedure, the other five elements of the symmetric 

[S(t)] matrix can be obtained. Thus, by the application of appropriate 

assumptions and tensoral arguments, one can obtain the required



1 

constitutive equations for unidirectional composites. However, 

physically the time-temperature verification and data reduction of the 

constitutive equation is no trivial matter. For continuity sake, this 

aspect will be placed in perspective and appropriately discussed in 

the data reduction section of this manuscript. 

Time-Temperature-Superposition Principle (TTSP) 

Basically, the TTSP or method of reduced variables [18,19] is 

a method by which long-term time-dependence can be determined by 

short-term response taken at various elevated temperatures. It is 

based on the relation 

I Po Ty E..(t Ty) = or Fyg (tT) (19) 
VJ 

where E, j(tsT) and E,4(t'.T)) are the moduli at temperature T and 

reference temperature Ty? respectively, p and P, are the densities at 

temperature T and the reference temperature, Ty respectively. For 

solids the ratio p_/e is very small and is often neglected. The time 

parameters t' and t are related by the shift factor, ays and is defined 

by the relation 

t= ft (20) 
oT 

It must be mentioned that equation (19) as written is only valid for 

relaxation moduli. For composites, the axial creep compliance relation- 

ship can be expressed as 

4
 

S(t! »T,) = Ty) Sy (tsT) (21)
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or in the reciprocal form as 

1 T 
_ 0 
  (22) 

Due to the very small change in densities with respect to temperature, 

the density ratio is neglected in equations (21) and (22). 

The implication of equations (19) and (22) is that the TTSP will 

enable one to reduce the complex time-temperature dependence of a 

viscoelastic material over several temperatures to a single time 

dependence at a certain reference temperature and a separate tempera- 

ture dependence. The latter dependence is represented by the variation 

of the shift factors with respect to the isothermal ambient temperature. 

Physically, it would mean that by conducting short-term tests at dif- 

ferent ambient temperatures, the long-term response of the viscoelastic 

material is represented by a composite curve constructed by shifting 

all of the short-term curves to obtain a master curve. This master 

curve is obtained by the horizontal shifting of the reduced viscoelastic 

functions with respect to a reference temperature along the logarithmic 

time axis. 

As such, the role of the shift factor is of great importance 

when the TTSP is invoked. Generally, for ambient temperatures below 

the glass transition temperature (Ty) the shift factors are related 

to the ambient temperature by an apparent activation energy (AH. ) 

defined as: [18] 

d(Ln ar) 

AH, = R aT
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where R is the universal gas constant, Ln is the natural logarithm 

and the other parameters are as previously defined. If Ln as is 

directly proportional to 1/T, equation (23) can be further simplified 

to an Arrhenius type equation, that is, 

_ 1 1 AH, = 2.303R Log, ar It r (24) 

The implication of equation (24) is that the activation energy is 

constant for ambient temperatures below the 'g: If the ambient 

temperature is at or above the 'g then the shift factor is related to 

the ambient temperature by an empirical equation known as the William- 

Landel-Ferry (WLF) equation [18-20]. The WLF expression is given as 

C,(T - T,] 

LOgyg ay = CIT TI (25) g 

where C, and Cy are material constants. 

Generally, the applicability of the TTSP needs no verification. 

However, due to morphological changes associated with changes in 

temperature, load and duration of the test [21,22], poor correlations 

between the deformation predicted by TTSP and experiment may occur. 

Often, these deviations are minimized by shifting the deformation 

versus log time curves vertically, in addition to the horizontal shifts 

[23-26]. When the latter procedure is applied to the construction of 

the master curve, the material is generally considered to be thermo- 

rheologically complex (TCM). The only verification of the applicability 

- of the TTSP to any particular material is made by performing long-term 

experiments.



14 

Time-Dependent Strength Prediction 

The two previous sections of this chapter were devoted mainly to 

the short- and long-term time-temperature behavior of unnotched 

composite materials. To completely characterize the time-temperature 

stress-strain behavior of a material requires that a criterion be used 

to define time-dependent failure or more specifically time-dependent 

separation or rupture. Analytically, failure criterion or criteria 

must be invoked if this aspect of the material behavior is to be con- 

Sidered. 

To date, a large number of time-independent failure criteria for 

anisotropic materials have been proposed [27] but to the author's 

knowledge, no time-dependent anisotropic failure criteria have been 

proposed. An alternative would be to apply the correspondence 

principal [28] to the time independent criteria and derive its time- 

dependent analogue. However, such a procedure would require the 

mathematical functional representation of the time-dependent material 

properties. A variety of empirical and numerical techniques for 

acquiring the viscoelastic functions have been proposed [29-30]. 

Depending on the material behavior and the degree of sophistication of 

the mathematical representation, the failure criterion derived in this 

manner may or may not be appropriate [31]. 

In addition to the complexities discussed above, the results of 

Grinman and Gol'dman [32] showed that the isothermal failure behavior 

of isotropic high density polyethylene varies from a quasi-brittle (at 

medium and high stress-levels) to a brittle (at low stress-levels)
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fracture. The implication is that the shape of the failure surface 

varies with time, that is, from a criterion with dependent failure 

modes (short-term) to a criterion with independent failure modes (long- 

term). Consequently, Grinman and Gol'dman used two different criteria 

to correlate their creep to rupture experimental results with analysis. 

In addition, these authors assumed that the principal strengths are 

functions of time and isochronal principal strengths are used for their 

predictions. 

In view of the limitations in using the correspondence principal 

to derive time-dependent failure criterion and the failure mode varia- 

tion with time, discussed above, the philosophy adopted here in pre- 

dicting delayed creep failure is to utilize short-term test results to 

predict long-term failure. The rationale and procedure used in the 

predictions will be discussed in subsequent paragraphs. 

Consider a creep to rupture test. Assuming that the time- 

temperature variations of the principal creep compliance master curves 

are identical to the variations of their respective principal strengths, 

the following relation between strengths and compliances is postulated, 

that is, 

X am tet) Sami tel) 

Xam tare! ) Sam tarot ) 
  

where rn = creep strength at T°C 

Xam tayo‘) = creep strength at T'°C 

m = 1,2,6 (summation not implied) 

and 

T°C > T'°C
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It should be mentioned that the assumptions used, X= X mt) and 

the identical variation of the principal strengths and compliances, are 

similar to those used in reference [32] and [33], respectively. The 

implication of equation (26) is that if the principal compliances obey 

the TTSP (that is, if master curves of the principal material 

compliances can be obtained) then the time-dependent failure envelopes 

will possess the same shape as the master curves. Perhaps more im- 

portantly, equation (26) assumes identical shift factors for creep 

strengths and compliances, respectively. The physical interpretation 

of equation (26) is that if one principal creep strength is known, the 

other principal creep strengths (within the time-temperature range of 

its respective compliance master curve) can be calculated. 

Once the three principal strength master curves at a particular 

temperature are known, the application of the three time-dependent 

strengths to failure prediction of different plane states of stress 

is performed by using isochronal principal strengths in conjunction 

with a time-independent failure criterion derived from a tensoral point 

of view. Based on the brief but concise survey and evaluation of time- 

independent failure criteria in Appendix A, the criterion chosen here 

is the one proposed by Puppo and Evensen [34]. Besides the advantages 

discussed in Appendix A, the preference of this criterion over the 

others is primarily based on convenience. That is, the variation of 

the failure surface with time can be appropriately accounted for by the 

interaction factor and its exponent. The criterion proposed by Puppo 

and Evensen for a plane state of stress is expressed as
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�l�i�k�e�l�y� �o�c�c�u�r�r�e�d� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �p�o�i�n�t� �w�h�e�r�e� �t�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� 

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

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

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

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

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

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

�A�n�o�t�h�e�r� �p�r�e�c�a�u�t�i�o�n�a�r�y� �m�e�a�s�u�r�e� �s�u�g�g�e�s�t�e�d� �b�y� �S�h�a�p�e�r�y� �[�2�6�]� �w�a�s� �a�l�s�o� 

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

�i�f� �t�h�e� �i�n�i�t�i�a�l� �j�u�m�p� �i�n� �s�t�r�a�i�n�,� �E�g�>� �w�a�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�a�t� �w�h�e�n� �t�h�e� 

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

�a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �3�.� 

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

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

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

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

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

�v�e�r�s�i�o�n� �o�f� �t�h�e� �g�r�i�p�p�i�n�g� �s�y�s�t�e�m� �s�u�g�g�e�s�t�e�d� �b�y� �C�h�a�m�i�s� �a�n�d� �S�i�n�c�l�a�i�r� �[�3�5�]� 

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

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

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

�o�f� �t�h�e� �t�e�n�s�i�l�e� �s�p�e�c�i�m�e�n�,� �d�i�s�c�u�s�s�e�d� �b�y� �P�a�g�a�n�o� �a�n�d� �H�a�l�p�i�n� �[�3�6�]�,� �a�n�d
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�2�3� 

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

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

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

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

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

�c�o�n�d�i�t�i�o�n�e�d� �t�h�e�r�m�a�l�l�y� �a�n�d� �m�e�c�h�a�n�i�c�a�l�l�y� �[�3�7�]�,� �p�r�i�o�r� �t�o� �d�a�t�a� �a�c�q�u�i�s�i�t�i�o�n�.� 

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

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

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

�v�a�r�y� �i�f� �t�h�e� �m�a�t�e�r�i�a�l� �w�e�r�e� �c�y�c�l�e�d� �m�e�c�h�a�n�i�c�a�l�l�y� �a�n�d�/�o�r� �t�h�e�r�m�a�l�l�y� �[�3�8�]�.� 

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

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

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

�c�o�n�d�i�t�i�o�n�e�d�.� 

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

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

�F�i�g�u�r�e� �4� �s�h�o�w�s� �t�h�e� �e�x�p�a�n�s�i�o�n�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �[�9�0�°� �J�a�.� �l�a�m�i�n�a�t�e� �f�o�r� �t�h�e� 

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

�o�f� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �i�n� �t�h�e� �9�0�°� �(�t�r�a�n�s�v�e�r�s�e� �t�o� �t�h�e� �f�i�b�e�r�s�)� �a�n�d� �4�5�°� 

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

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

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

�m�a�t�e�r�i�a�l� �(�k�n�o�w�n� �a�s� �"�F�l�a�t� �G�l�a�s�s�"� �b�y� �C�o�r�n�i�n�g� �G�l�a�s�s� �o�f� �B�l�a�c�k�s�b�u�r�g�)� �w�i�t�h� �a� 

�t�h�e�r�m�a�l� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �e�x�p�a�n�s�i�o�n� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�5� �w�e�/�°�C�.� �T�h�e� �t�r�i�-� 

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

�t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�s� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�u�r�e� �4�.� �S�u�b�s�e�q�u�e�n�t�l�y�,� �t�w�o� �d�i�s�t�i�n�c�t
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�2�5� 

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

�s�e�c�o�n�d�a�r�y� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �6�0�°�C� �a�n�d� �t�h�e� �p�r�i�m�a�r�y� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �1�8�0�°�C�.� 

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0�%� �o�f� �t�h�e� �r�o�o�m�-�t�e�m�p�e�r�a�t�u�r�e� �u�l�t�i�m�a�t�e� �l�o�a�d�.� �A�f�t�e�r� �1�5� 

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

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

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

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

�m�e�n�s� �w�e�r�e� �e�s�s�e�n�t�i�a�l�l�y� �t�h�e� �s�a�m�e� �a�s� �t�h�e�y� �w�e�r�e� �i�n� �t�h�e� �v�i�r�g�i�n� �s�t�a�t�e�.� �T�h�i�s� 

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

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

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

�A�f�t�e�r� �e�s�t�a�b�l�i�s�h�i�n�g� �t�h�e� �e�s�s�e�n�t�i�a�l� �e�x�p�e�r�i�m�e�n�t�a�l� �p�r�o�c�e�d�u�r�e�,� �1�6�-� 

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

�s�t�r�a�i�n� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �[�0�°� �g�e�:� �[�1�0�°�]�,�.�>� �[�1�5�°�]�,� �[�3�0�°� �l�p�.�»� �[�4�5�°� �J�o�.�»� 

�[�6�0�°� �J�o�.�»� �[�7�5�°�]�.�.�.� �a�n�d� �[�9�0�°�]�.�.�.� �t�e�n�s�i�l�e� �s�p�e�c�i�m�e�n�s�,� �a�t� �d�i�f�f�e�r�e�n�t� �i�s�o�t�h�e�r�m�a�l� 

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

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

�a�c�q�u�i�r�e�d� �1� �m�i�n�u�t�e� �a�f�t�e�r� �t�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �t�h�e� �l�o�a�d� �a�n�d� �a�t� �3�-�m�i�n�u�t�e� 

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

�F�i�g�u�r�e� �3�.� �T�h�e� �[�1�0�°� �J�p�.� �l�a�m�i�n�a�t�e� �w�a�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� 

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

�U�p�o�n� �c�o�m�p�l�e�t�i�o�n� �o�f� �t�h�e� �s�h�o�r�t�-�t�e�r�m� �t�e�s�t�s�,� �2�5�-�h�o�u�r� �c�o�n�t�i�n�u�o�u�s� �c�r�e�e�p� 

�t�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �s�a�m�e� �s�p�e�c�i�m�e�n�s� �a�t� �1�8�0�°�C�.� �C�o�m�p�l�e�t�e� �r�e�c�o�v�e�r�y



�2�6� 

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

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

�o�f� �t�e�s�t�s� �w�a�s� �t�o� �v�a�l�i�d�a�t�e� �t�h�e� �T�T�S�P� �a�s� �d�i�s�c�u�s�s�e�d� �e�a�r�l�i�e�r�.� 

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

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

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

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

�m�a�i�n�t�a�i�n�e�d� �a�t� �1�8�0�°�C�.� �I�t� �s�h�o�u�l�d� �b�e� �m�e�n�t�i�o�n�e�d� �t�h�a�t� �d�e�l�a�y�e�d� �f�a�i�l�u�r�e�s� �w�e�r�e� 

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

�l�a�m�i�n�a�t�e�s�.� �T�h�e� �s�p�e�c�i�m�e�n�s� �t�h�a�t� �d�i�d� �n�o�t� �f�a�i�l� �i�n� �7�2� �h�o�u�r�s� �w�e�r�e� �r�e�p�l�a�c�e�d� 

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

�I�n� �a�l�l� �t�h�e� �c�r�e�e�p� �t�e�s�t�s�,� �o�n�l�y� �t�h�e� �[�O�°� �|�g�.� �s�p�e�c�i�m�e�n� �d�i�s�p�l�a�y�e�d� �n�o� 

�c�r�e�e�p� �b�e�h�a�v�i�o�r�.� �A�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �2�1�0�°�C�,� �t�h�e� �m�e�c�h�a�n�i�c�a�l� 

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

�I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �m�a�j�o�r� �P�o�i�s�s�o�n�'�s� �r�a�t�i�o� �(�v�y� �5�5� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�i�s� �l�a�m�i�n�a�t�e�)� 

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

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

�e�l�a�s�t�i�c�.



�I�V�.� �D�A�T�A� �R�E�D�U�C�T�I�O�N� 

�E�X�P�E�R�I�M�E�N�T�A�L� �M�A�S�T�E�R� �C�U�R�V�E� �D�E�T�E�R�M�I�N�A�T�I�O�N� 

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

�f�o�r�m�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �i�s�o�c�h�r�o�n�a�l� �s�t�r�a�i�n�s� �f�r�o�m� �1� �m�i�n�u�t�e� �t�o� �1�6� 

�m�i�n�u�t�e�s� �a�t� �3�-�m�i�n�u�t�e� �i�n�c�r�e�m�e�n�t�s� �a�n�d� �d�i�v�i�d�i�n�g� �t�h�e� �s�i�x� �m�e�a�s�u�r�e�d� �s�t�r�a�i�n�s� 
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�F�o�r� �t�h�e� �t�y�p�e� �o�f� �t�w�o�-�p�h�a�s�e� �m�a�t�e�r�i�a�l�s� �c�o�n�s�i�d�e�r�e�d� �h�e�r�e�i�n� �a�n�d� �f�r�o�m� �o�u�r� 

�e�x�p�e�r�i�m�e�n�t�a�l� �o�b�s�e�r�v�a�t�i�o�n� �o�n� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�s� �w�e�l�l� �a�s� �t�h�o�s�e� �o�f� 

�o�t�h�e�r�s� �[�3�7�,�3�9�]�,� �t�h�e� �S�1�1� �{�t�)� �a�n�d� �S�1�o�{�t�)� �t�e�r�m�s� �o�f� �e�q�u�a�t�i�o�n� �(�1�7�)� �a�r�e� �f�o�u�n�d� 

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

�t�a�b�u�l�a�t�e�d� �i�n� �T�a�b�l�e� �1�,� �d�o� �i�n�d�i�c�a�t�e� �t�i�m�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �i�n�d�e�p�e�n�d�e�n�c�e�,� 

�a�t� �l�e�a�s�t� �w�i�t�h�i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �c�o�n�s�i�d�e�r�e�d�.� �T�h�u�s�,� �e�q�u�a�t�i�o�n� �(�1�7�)� 

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

�4� �4� �4� �(�S�e�e�(�t�)� �+� �2�5�,�5�)�S�i�n ��e� �C�o�s�*�e� �+� �S�o�p�(�t�)�S�i�n�'�e� �(�2�8�)� �S�(�t�)� �=� �S�,�,�C�o�s� 

�w�h�e�r�e� �t�i�m�e� �d�e�p�e�n�d�e�n�t� �t�e�r�m�s� �a�r�e� �i�n�d�i�c�a�t�e�d� �b�y� �(�t�)� �a�n�d� �t�i�m�e� �i�n�d�e�p�e�n�d�e�n�t� 

�t�e�r�m�s� �a�r�e� �n�o�t� �s�o� �i�n�d�i�c�a�t�e�d�.� �T�h�e� �d�i�f�f�i�c�u�l�t�y� �i�n� �u�s�i�n�g� �e�q�u�a�t�i�o�n� �(�2�8�)� �i�n� 

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

�o�f� �t�h�e� �5�1�]� �a�n�d� �4�9� �f�o�r� �a� �p�a�r�t�i�c�u�l�a�r� �t�e�m�p�e�r�a�t�u�r�e� �w�o�u�l�d� �h�a�v�e� �n�o� �m�e�a�n�i�n�g�.� 

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

�h�a�n�d�,� �t�h�e� �S�e�g� �(�t�)� �a�n�d� �S�o�o�(�t�)� �t�e�r�m�s� �a�r�e� �r�e�d�u�c�e�d� �v�a�l�u�e�s�.� �I�n� �s�h�o�r�t�,� �e�q�u�a�-� 

�t�i�o�n� �(�2�8�)� �w�i�l�l� �n�o�t� �b�e� �c�o�m�p�o�s�e�d� �o�f� �t�e�r�m�s� �o�b�t�a�i�n�e�d� �b�y� �c�o�n�s�i�s�t�e�n�t� �p�r�o�-� 

�c�e�d�u�r�e�s� �i�f� �t�h�e� �a�c�t�u�a�l� �v�a�l�u�e�s� �o�f� �S�4�4� �a�n�d� �S�1�5� �a�n�d� �t�h�e� �r�e�d�u�c�e�d� �v�a�l�u�e�s� �o�f� 

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

�p�r�o�c�e�s�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �e�q�u�a�t�i�o�n� �(�2�8�)� �w�o�u�l�d� �h�a�v�e� �t�o� �i�n�c�l�u�d�e� �a� �p�r�o�c�e�d�u�r�e� 

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

�w�a�s� �t�o� �u�s�e� �t�h�e� �a�c�t�u�a�l� �v�a�l�u�e�s� �o�f� �a�l�l� �t�h�e� �t�e�r�m�s� �i�n� �e�q�u�a�t�i�o�n� �(�2�8�)� �a�s� �w�i�l�l� 

�b�e� �d�e�s�c�r�i�b�e�d� �s�u�b�s�e�q�u�e�n�t�l�y�.� 

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

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

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

�t�i�o�n� �(�2�2�)�,� �t�h�a�t� �i�s�,
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�T�A�B�L�E� �1�.� �V�A�L�U�E�S� �O�F� �T�H�E� �R�E�S�P�E�C�T�I�V�E� �1�-�M�I�N�U�T�E� �C�O�M�P�L�I�A�N�C�E�S�.� 

�T�e�m�p�e�r�a�t�u�r�e� �S�1�1� �x� �1�0�6� �p�s�i�7�!� �S�j�2� �x� �1�0�6� �p�s�i�-�!� �S�2�1� �x� �1�0�8� �p�s�i� 
�°�C� �(�x� �1�0�4� �M�P�a�-�1�)� �(�x� �1�0�4� �m�P�a�m�!�)� �(�x� �1�0�4� �m�M�P�a�-�!�)� 

�2�2� �0�.�0�4�6�8� �-�0�.�0�1�4�9� �-�0�.�0�1�4�3� 
�(�0�.�0�6�7�9�)� �(�-�0�.�0�2�1�6�)� �(�-�0�.�0�2�0�7�)� 

�1�0�0� �0�.�0�4�1�1� �-�~�0�.�0�1�2�4� �-�0�.�0�1�4�8� 
�(�0�.�0�5�9�6�)� �(�-�0�.�0�1�8�0�)� �(�-�0�.�0�2�1�5�)� 

�1�8�0� �0�.�0�4�0�4� �-�0�.�0�1�3�2� �-�0�.�0�1�4�4� 
�(�0�.�0�5�8�6�)� �(�-�0�.�0�7�9�1�)� �(�-�0�.�0�2�0�9�)� 

�2�0�0� �0�.�0�4�0�2� �-�0�.�0�1�4�0� �~�0�.�0�1�4�7� 
�(�0�.�0�5�8�3�)� �(�-�0�.�0�2�0�3�)� �(�-�0�.�0�2�1�3�)� 

�2�1�0� �0�.�0�4�0�0� �-�0�.�0�1�3�6� �~�0�.�0�1�5�7� 
�(�0�.�0�5�8�0�)� �(�-�0�.�0�1�9�7�)� �(�-�0�.�0�2�2�8�)� 

� 
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�]� �1�5� 
�S ��(�t�.�T�.�)� �*� �T�S�T�)� �(�2�2�)� 

�X�X� �>�"�0� �X�x�*� �~�~�?� 

� � 

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

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

�t�h�i�s� �c�a�s�e�)� �a�t� �t�e�m�p�e�r�a�t�u�r�e�,� �T�,� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�e� �t�i�m�e�,� �t�'�,� �r�e�q�u�i�r�e�d� 

�t�o� �r�e�a�c�h� �t�h�e� �s�a�m�e� �r�e�s�p�o�n�s�e� �a�t� �t�e�m�p�e�r�a�t�u�r�e�,� �T�O�:� �B�y� �i�n�t�e�g�r�a�t�i�n�g� �e�q�u�a�t�i�o�n� 

�(�2�0�)�,� �t�h�e�s�e� �t�w�o� �t�i�m�e� �p�a�r�a�m�e�t�e�r�s� �c�a�n� �b�e� �r�e�l�a�t�e�d� �b�y� �t�h�e� �s�h�i�f�t� �f�a�c�t�o�r� �a�s� 

�t�=� �a�r�t� 

�e�n�a� �a�e� �p�a�y� �t�e�n� �e�n�e�r� 

�o�r� 

�L�o�g�,� �)�t� �=� �L�o�g�,� �a�7� �+� �L�o�g�,� �g�t �� �(�2�9�)� 

�T�h�e� �m�a�i�n� �d�i�f�f�i�c�u�l�t�y� �i�n� �a�p�p�l�y�i�n�g� �e�q�u�a�t�i�o�n� �(�1�7�)� �o�r� �(�2�8�)� �i�n� �c�o�n�j�u�n�c�t�i�o�n� 

�w�i�t�h� �t�h�e� �T�T�S�P� �t�o� �t�w�o�-�p�h�a�s�e� �c�o�m�p�o�s�i�t�e� �s�y�s�t�e�m�s� �w�i�t�h� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� �r�e�i�n�-� 

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

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

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

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

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

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

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

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

�a�n�d� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �r�e�s�p�o�n�s�e� �r�e�l�a�t�i�o�n� �o�f� �e�q�u�a�t�i�o�n� �(�2�2�)�.� 

�C�o�n�s�i�d�e�r� �t�h�e� �c�a�s�e� �w�h�e�r�e� �a� �[�e�°�]�.� �l�a�m�i�n�a�t�e� �m�a�s�t�e�r� �c�u�r�v�e� �r�e�d�u�c�e�d� �a�t� 

�T�,�°�C� �i�s� �r�e�q�u�i�r�e�d�.� �S�i�n�c�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� 

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



�4�4� 

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

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

�(�S�,�5�(�t�)� �a�n�d� �S�e�g� �(�t�)� �o�f� �e�q�u�a�t�i�o�n� �(�2�8�)�)� �a�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �r�e�s�p�e�c�t�i�v�e� 

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

�1�.� �F�o�r� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �i�s�o�t�h�e�r�m�a�l� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�,� �T�y�°�C�s� 

�a� �g�e�n�e�r�i�c� �p�o�i�n�t� �o�n� �t�h�e� �1�/�S�y�o�(�t�)� �a�n�d� �1�/�S�e�e�(�t�)� �m�a�s�t�e�r� �c�u�r�v�e�s� 

�(�r�e�d�u�c�e�d� �a�t� �T�°�)� �m�u�s�t� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �f�i�r�s�t�.� �T�h�i�s� �i�s� 

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

�T�,�°�C� �o�n� �t�h�e� �T�o�g�,� �a�+� �v�e�r�s�u�s� �t�e�m�p�e�r�a�t�u�r�e�,� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� 

�F�i�g�u�r�e� �1�7�a�.� �U�s�i�n�g� �t�h�i�s� �s�h�i�f�t� �f�a�c�t�o�r�,� �t�h�e� �g�e�n�e�r�i�c� �p�o�i�n�t�,� �P�,� 

�o�n� �t�h�e� �1�/�S�y�o�(�t�)� �a�n�d� �W�/�S�e�e�(�t�)� �m�a�s�t�e�r� �c�u�r�v�e�s� �a�r�e� �l�o�c�a�t�e�d�,� �a�s� 

�i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�u�r�e�s� �1�7�b� �a�n�d� �1�7�c�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

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

�c�u�r�v�e�s�.� 

�O�b�t�a�i�n� �t�h�e� �p�h�y�s�i�c�a�l� �v�a�l�u�e�s� �o�f� �1�/�S�y�o�(�t�)� �a�n�d� �1�/�S�e�g�(�t�)� �b�y� 

�u�s�i�n�g� 

�I� �_� �T� 
�S�p� �i�t�s�t�)� �T�h� �S�p�y� �(�t� �o�T�)� 
� � 

�w�h�e�r�e� �k� �=� �2�,�6� �(�s�u�m�m�a�t�i�o�n� �i�s� �n�o�t� �i�m�p�l�i�e�d�)�.� �I�t� �s�h�o�u�l�d� �b�e� 

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

�T�'� �f�o�r� �a�l�l� �s�u�b�s�e�q�u�e�n�t� �t�i�m�e� �i�n�c�r�e�m�e�n�t�s�,� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� 

�s�t�e�p� �8�.� 

�S�u�b�s�t�i�t�u�t�e� �t�h�e� �v�a�l�u�e�s� �i�n� �s�t�e�p� �3� �a�n�d� �t�h�e� �o�t�h�e�r� �t�e�r�m�s� �o�f� �t�h�e� 

�o�r�t�h�o�t�r�o�p�i�c� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �e�q�u�a�t�i�o�n� �i�n�t�o� �e�q�u�a�t�i�o�n� �(�2�8�)� �a�n�d� 

�c�o�m�p�u�t�e� �t�h�e� �v�a�l�u�e� �o�f� �S� �y�(�t�)�.
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�4�6� 

�5�.� �R�e�d�u�c�e� �t�h�e� �v�a�l�u�e� �o�f� �S�(�t�)� �»� �o�b�t�a�i�n�e�d� �i�n� �s�t�e�p� �4�,� �t�h�a�t� �i�s�,� 

�1� �T�r� �_� �O� 

�S�x�t�t�e�l�g�)� �T�S�,� �(�8� �S�T�)� � � 

�6�.� �T�h�e� �n�e�x�t� �v�a�l�u�e� �a�t� �t� �+� �A�t�,� �s�a�y�,� �o�f� �t�h�e� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� �p�r�o�p�e�r�-� 

�t�i�e�s� �a�r�e� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� �t� �+� �A�t� �t�o� �l�o�c�a�t�e� �t�h�e� �1�/�S�y�o�(�t� �+� �A�t�)� 

�a�n�d� �1�/�S�e�g�(�t� �+� �A�t�)� �o�r�d�i�n�a�t�e�s� �i�n� �F�i�g�u�r�e�s� �1�7�b� �a�n�d� �1�7�c�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� 

�7�.� �U�s�e� �t�h�e� �t� �+� �A�t� �v�a�l�u�e� �t�o� �o�b�t�a�i�n� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �t�e�s�t� �t�e�m�p�e�r�a�-� 

�t�u�r�e�,� �T�'�,� �f�r�o�m� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �v�e�r�s�u�s� �T�o�g�,� �9�4�7� �p�l�o�t� �i�n� �F�i�g�u�r�e� 

�1�7�d�.� 

�8�.� �R�e�p�e�a�t� �s�t�e�p�s� �3� �t�o� �5� �e�x�c�e�p�t� �u�s�e� �T� �=� �T�'� �(�i�n� �s�t�e�p�s� �3� �a�n�d� �5�)� �a�n�d� 

�t�=�t�t� �A�t�.� 

�9�.� �R�e�p�e�a�t� �s�t�e�p�s� �6� �t�o� �8� �f�o�r� �e�v�e�r�y� �a�d�d�i�t�i�o�n�a�l� �t�i�m�e� �i�n�c�r�e�m�e�n�t�.� 

�B�y� �p�l�o�t�t�i�n�g� �t�h�e� �r�e�d�u�c�e�d� �1�/�S�,�(�t�)� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �a�b�o�v�e� 

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

�t�h�e� �[�e�°�]�.�,� �r�e�d�u�c�e�d� �a�t� �1�5� �i�s� �o�b�t�a�i�n�e�d�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �c�a�n� �b�e� �u�s�e�d� �t�o� 

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

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

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

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

�c�a�n� �b�e� �f�u�r�t�h�e�r� �s�i�m�p�l�i�f�i�e�d� �b�y� �f�i�t�t�i�n�g� �a�l�l� �t�h�e� �c�u�r�v�e�s� �i�n� �F�i�g�u�r�e� �1�7� �w�i�t�h� 

�a� �p�o�l�y�n�o�m�i�a�l� �(�k�n�o�w�n� �a�s� �P�O�L�Y�R�E�G� �i�n� �t�h�e� �S�S�P� �l�i�b�r�a�r�y� �o�f� �t�h�e� �I�B�M� �3�7�0�/�1�5�8� 

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

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



�4�7� 

�S�t�r�e�n�g�t�h� �P�r�e�d�i�c�t�i�o�n�s� 

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

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

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

�f�o�r� �t�h�e� �s�t�r�u�c�t�u�r�e� �t�o� �f�a�i�l� �w�h�e�n� �i�t� �i�s� �s�u�b�j�e�c�t�e�d� �t�o� �a� �k�n�o�w�n� �s�t�r�e�s�s�-�l�e�v�e�l�.� 

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

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

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

�T�h�u�s�,� �d�e�p�e�n�d�i�n�g� �o�n� �o�n�e�'�s� �p�r�e�f�e�r�e�n�c�e�,� �t�h�e� �c�h�o�i�c�e� �i�s� �s�o�l�e�l�y� �d�e�t�e�r�m�i�n�e�d� 

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

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

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

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

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

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

�1�.� �U�s�i�n�g� �t�h�e� �k�n�o�w�n� �p�r�i�n�c�i�p�a�l� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �l�a�m�i�n�a�t�e�s� 

�(�o�b�t�a�i�n�e�d� �f�r�o�m� �t�e�s�t�s� �p�e�r�f�o�r�m�e�d� �a�t� �T�'�)�,� �c�a�l�c�u�l�a�t�e� �t�h�e� 

�r�e�s�p�e�c�t�i�v�e� �i�s�o�c�h�r�o�n�a�l� �s�t�r�e�n�g�t�h�s� �e�x�p�r�e�s�s�e�d� �i�n� �e�q�u�a�t�i�o�n� �(�2�6�)�.� 

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

�i�n�t�o� �e�q�u�a�t�i�o�n�s� �(�2�7�a�)� �a�n�d� �(�2�7�b�)�.� �B�y� �e�x�p�r�e�s�s�i�n�g� �t�h�e� �p�r�e�s�c�r�i�b�e�d� 

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

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

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

�l�e�f�t� �h�a�n�d� �s�i�d�e� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�7�a�)� �a�n�d� �(�2�7�b�)� �e�q�u�a�l�s� �t�o� �u�n�i�t�y�.



�4�8� 

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

�s�t�r�e�s�s�e�s�)� �i�n� �s�t�e�p� �2�,� �i�n� �o�r�d�e�r� �t�o� �a�c�h�i�e�v�e� �u�n�i�t�y�.� �F�o�r� �u�n�i�a�x�i�a�l�l�y� �a�p�p�l�i�e�d� 

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

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

�c�o�o�r�d�i�n�a�t�e�s�,� 

�_� �2� 
�O�4�1� �=� �F�y� �C�o�s� �6� 

�_� �-� �2� �G�o�o� �=� �o�Y� �S�i�n ��e� �(�3�0�)� 

�T�1�2� �=� �%� �C�o�s�e� �S�i�n�e� 

�N�o�w� �s�u�b�s�t�i�t�u�t�e� �e�q�u�a�t�i�o�n�s� �(�3�0�)� �i�n�t�o� �e�q�u�a�t�i�o�n�s� �(�2�7�a�)� �a�n�d� �(�2�7�b�)� �t�o� �o�b�t�a�i�n� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�s�,� 

�c�o�s ��|�"� �_�_�|�"�1�1�]�|�c�o�s ��e�|�|�s�i�n�@�o�|� �,� �|�S�i�n ��o�|�°� �,� �|�C�o�s�e� �s�i�n�a�|�*� �(�4�,�4�)� 
�X�a� �X�o�o�}�}� �X�1�1� �|�]� �X�o�e� �X�o�0� �*�6�6� 

�1�_�_� �_�f�t�o�s�*�e�|�*� �_�_� �|�*�2�2�)�|�c�o�s ��e�|�|�S�i�n�*�e�]� �,� �|�s�i�n�2�e�|�*� �,� �|�c�o�s�e� �S�i�n�o�|�®� �G�b�)� 
 ��~�F� �Y� �X�  �� �Y�X� �X� �X� �X� �X� �o� �1�1� �W�t� �W�M� �2�2� �2�2� �6�6� �X� 

� � 

�]� 
�_� �2� 
�°�x� 

� � � � 

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

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

�I�n� �t�h�e� �c�a�s�e� �w�h�e�n� �t�h�e� �s�t�r�e�s�s�e�s� �a�r�e� �k�n�o�w�n� �a�n�d� �t�h�e� �t�i�m�e�-�f�r�a�m�e� �i�s� 

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

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

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

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

�s�t�e�p� �1� �i�s� �r�e�q�u�i�r�e�d�.� �T�h�e� �m�a�i�n� �d�i�f�f�e�r�e�n�c�e� �i�s� �i�n� �s�t�e�p� �2� �w�h�e�r�e� �t�h�e� �a�p�p�l�i�e�d� 

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

�t�i�m�e�-�d�e�p�e�n�d�e�n�t� �s�t�r�e�n�g�t�h�s� �i�n�t�o� �e�q�u�a�t�i�o�n�s� �(�2�7�a�)� �a�n�d� �(�2�7�b�)�,� �t�h�e� �r�e�q�u�i�r�e�d



�4�9� 

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

�o�f� �t�h�e� �f�a�i�l�u�r�e� �c�r�i�t�e�r�i�o�n� �e�q�u�a�l�s� �t�o� �u�n�i�t�y�.� �A�g�a�i�n�,� �s�o�m�e� �i�t�e�r�a�t�i�o�n�s� �m�a�y� 

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

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

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

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

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �a�r�e� �r�e�q�u�i�r�e�d�.



�¥�.� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�T�h�e� �m�a�s�t�e�r� �c�u�r�v�e�s� �o�f� �a�l�l� �t�h�e� �l�a�m�i�n�a�t�e�s� �(�e�x�c�e�p�t� �t�h�e� �[�0�°�]�.� 

�l�a�m�i�n�a�t�e�)� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �s�h�o�r�t�-�t�e�r�m� �(�1�6�-�m�i�n�u�t�e�)� �t�e�s�t�s�,� �a�r�e� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e�s� �1�4� �t�o� �1�6� �a�n�d� �F�i�g�u�r�e�s� �1�8� �t�o� �2�3�.� �T�h�e� �r�e�s�u�l�t�s� �i�n� �t�h�e�s�e� �f�i�g�u�r�e�s� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �m�e�a�s�u�r�e�d� �m�a�s�t�e�r� �c�u�r�v�e�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �s�h�o�r�t�-�t�e�r�m�,� �1�6�-� 

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

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

�o�u�r� �2�5�-�h�o�u�r� �c�r�e�e�p� �t�e�s�t�s� �f�o�r� �e�a�c�h� �o�r�i�e�n�t�a�t�i�o�n� �i�n�d�i�c�a�t�e�d�.� �I�n� �a�l�l� �t�h�e�s�e� 

�f�i�g�u�r�e�s�,� �e�x�c�e�p�t� �F�i�g�u�r�e� �1�6�,� �a� �l�i�n�e�a�r� �s�c�a�l�e� �w�a�s� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� 

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

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

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

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

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

�t�h�e� �r�e�d�u�c�e�d� �c�o�m�p�l�i�a�n�c�e� �i�n� �t�h�e�s�e� �f�i�g�u�r�e�s� �r�a�t�h�e�r� �t�h�a�n� �s�i�m�p�l�y� �t�h�e� �r�e�d�u�c�e�d� 
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�q�u�a�n�t�i�t�y�.� �I�t�s� �m�a�s�t�e�r� �c�u�r�v�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�6�.� �S�i�m�i�l�a�r� �r�e�s�u�l�t�s� �f�o�r� 

�V�9�q� �o�f� �g�l�a�s�s�/�e�p�o�x�y� �l�a�m�i�n�a�t�e� �w�e�r�e� �r�e�p�o�r�t�e�d� �b�y� �B�e�c�k�w�i�t�h� �[�3�9�]�.� �H�o�w�e�v�e�r�,� 

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

�a�b�o�v�e� �e�x�p�l�a�n�a�t�i�o�n� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �h�e�r�e�,� �p�e�r�h�a�p�s� �B�e�c�k�w�i�t�h�'�s� �c�o�n�c�l�u�s�i�o�n� 

�w�a�s� �i�n�c�o�r�r�e�c�t�.� 

�E�x�c�e�p�t� �f�o�r� �F�i�g�u�r�e� �1�6�,� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �2�5�-�h�o�u�r� �t�e�s�t�s� �c�o�r�r�e�l�a�t�e�d� 

�w�e�l�l� �w�i�t�h� �t�h�e� �p�r�e�d�i�c�t�e�d� �m�a�s�t�e�r� �c�u�r�v�e�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �1�8� �t�o� �2�3�.� 

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

�a�s� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�u�r�e�s� �1�4� �t�o� �2�3�.� �T�h�e� �l�a�r�g�e� �d�e�v�i�a�t�i�o�n�s� �i�n� �t�h�e



�5�8� 

�s�h�o�r�t�-�t�e�r�m� �[�4�5�°� �J�.� �a�n�d� �[�7�5�°� �J�o�.� �r�e�s�u�l�t�s� �(�F�i�g�u�r�e�s� �2�1� �a�n�d� �2�3�,� �r�e�s�p�e�c�t�i�v�e�-� 

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

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

�c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �1�/�S�,� �(�1� �-�m�i�n�u�t�e�)� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �t�r�a�n�s�f�o�r�m�a�-� 

�t�i�o�n� �e�q�u�a�t�i�o�n� �a�n�d� �e�x�p�e�r�i�m�e�n�t�,� �F�i�g�u�r�e� �2�4�,� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �f�o�r� �t�h�e�s�e� �t�w�o� 

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

�1�8�0�°�C� �a�n�d� �a�b�o�v�e�.� �T�h�e� �l�a�r�g�e� �d�e�v�i�a�t�i�o�n�s� �o�f� �t�h�e� �[�4�5�°� �]�,�,� �a�n�d� �[�7�5�°� �|�e�.� 

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

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

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

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

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

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

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

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

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

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

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

�c�u�r�v�e�s� �g�e�n�e�r�a�t�e�d� �f�o�r� �t�h�e� �[�3�0�°� �J�,�.� �l�a�m�i�n�a�t�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�5�.� �T�h�e�s�e� 

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

�1�5�0�°�C�,� �1�8�0�°�C� �a�n�d� �2�0�0�°�C� �w�i�t�h� �t�h�e� �a�i�d� �o�f� �t�h�e� �s�h�i�f�t� �f�a�c�t�o�r� �v�e�r�s�u�s� 

�t�e�m�p�e�r�a�t�u�r�e� �p�l�o�t�.� 

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

�b�y� �t�h�e� �L�O�g�,� �g�a�y� �v�e�r�s�u�s� �t�e�m�p�e�r�a�t�u�r�e� �p�l�o�t� �o�f� �F�i�g�u�r�e� �2�6�.� �T�h�e� �d�e�v�i�a�t�i�o�n�s� 

�o�f� �t�h�e� �V�o�y� �(�t�)� �r�e�s�u�l�t�s�,� �a�t� �t�e�m�p�e�r�a�t�u�r�e�-�l�e�v�e�l�s� �l�e�s�s� �t�h�a�n� �t�h�e� �T�y�?� �f�r�o�m� 

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

�[�9�0�°� �J�o�.� �s�p�e�c�i�m�e�n�.� �T�h�i�s� �b�e�h�a�v�i�o�r� �i�s� �a�l�w�a�y�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e�s�e� �t�y�p�e�s� �o�f� 

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

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

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

�m�a�t�e�r�i�a�l� �(�T�a�b�l�e� �1�,� �w�h�e�r�e� �S�1�5� �m�i�n�u�t�e�)� �=� �S�5�1� �m�i�n�u�t�e�)�)� �a�n�d� �f�o�r� 

�c�o�m�p�l�e�t�e�n�e�s�s� �s�a�k�e�.� 

�A�l�s�o� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�6� �i�s� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �W�L�F� �e�q�u�a�-� 

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

�f�o�r� �t�e�m�p�e�r�a�t�u�r�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �s�l�i�g�h�t�l�y� �b�e�l�o�w� �t�h�e� �'�y� �t�o� �2�1�0�°�C�.� �T�h�e� 

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

�C�;� �=� �8�.�3�9� �a�n�d� �C�,� �=� �5�2�.�9�7�,� �a�s� �e�x�p�r�e�s�s�e�d� �i�n� �e�q�u�a�t�i�o�n� �(�2�5�)�.� �F�i�g�u�r�e� �2�7� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �T�o�g�,� �9�8�7� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �1�/�T� �i�s� �n�o�n�-�l�i�n�e�a�r� �f�o�r� �t�e�m�p�e�r�a�-� 

�t�u�r�e�s� �b�e�l�o�w� �t�h�e� �T�y�:� �T�h�i�s� �t�e�n�d�s� �t�o� �i�n�v�a�l�i�d�a�t�e� �e�q�u�a�t�i�o�n� �(�2�4�)� �w�h�i�c�h� 

�a�s�s�u�m�e�s� �a� �l�i�n�e�a�r� �f�u�n�c�t�i�o�n� �a�n�d�,� �f�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �e�q�u�a�t�i�o�n� �(�2�3�)� �w�o�u�l�d� 

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

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

�v�e�s�t�i�g�a�t�e�d� �h�e�r�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�8�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�t�r�e�n�g�t�h�s� �o�f� 

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

�f�a�i�l�u�r�e� �a�t� �0�.�0�5�0� �i�n�c�h�/�m�i�n�u�t�e� �(�0�.�1�2�7� �c�m�/�m�i�n�u�t�e�)� �h�e�a�d�-�r�a�t�e� �a�n�d� �a�t� �t�h�e� 

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

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

�[�3�2�]�.� �T�h�e� �p�r�e�d�i�c�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �u�s�i�n�g� �t�h�e� �f�a�i�l�u�r�e� �t�h�e�o�r�y� �o�f� �P�u�p�p�o�-� 

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

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



�6�3� 

� � 

� � 

�2�4�.� �f�a� 

�O� 
�e�r� 

�2�0� �o�e� �&� 

�%� �*� �a�A� 
�1�6� �5� 

�o�O� �O�N� 

�©� �E�p� 
�1�2� �_� �o� �o�O� 

�d�o� �o�>� �&� 
�°� �O�o� 

�S� �o�a� 
�8� �L�e� �>� 

�o� �6� 

�.� �S� 
�J� �£� �L�B� �1�/�S�5�5�{�t�)� 

�0� �&� �D� �9�}� �(�t�)� 

�-�4� �F� 
�|� �|� �|� �|� 

�2�.�0� �2�.�5� �3�.�0� �3�.�5� � � 
�1� �r�o�p�-�l� �-�3� 

�F�i�g�u�r�e� �2�/�7�.� �L�o�g�i�g� �a�+� �V�e�r�s�u�s� �R�e�c�i�p�r�o�c�a�l� �o�f� �A�b�s�o�l�u�t�e� �T�e�m�p�e�r�a�t�u�r�e�.� 

� 



�6�4� 

� � 

�1�8�0�°�C� �2�2�°�C� 

�e� �E�X�P�E�R�I�M�E�N�T� �O� 

�\�  �� � �P�U�P�P�O�-�E�V�E�N�S�E�N� �~ � ��e� 

� � � � � � � � 
�F�i�g�u�r�e� �2�8�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �N�o�r�m�a�l�i�z�e�d� �E�x�p�e�r�i�m�e�n�t�a�l� �a�n�d� �P�r�e�d�i�c�t�e�d� 

�O�f�f�-�A�x�i�s� �S�t�r�e�n�g�t�h�s� �(�R�a�m�p� �L�o�a�d�e�d� �U�n�i�a�x�i�a�l�l�y� �t�o� 
�F�a�i�l�u�r�e�)� �a�t� �R�o�o�m� �T�e�m�p�e�r�a�t�u�r�e� �(�2�2�°�C�)� �a�n�d� �G�l�a�s�s�-� 
�T�r�a�n�s�i�t�i�o�n� �T�e�m�p�e�r�a�t�u�r�e� �(�1�8�0�°�C�)�.
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�m�e�n�t�i�o�n�e�d� �t�h�a�t� �b�y� �u�s�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �0�.�1� �f�o�r� �t�h�e� �e�x�p�o�n�e�n�t� �o�f� �t�h�e� 

�i�n�t�e�r�a�c�t�i�o�n� �f�a�c�t�o�r� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�7�a�)� �a�n�d� �(�2�7�b�)� �i�n� �t�h�e� �1�8�0�°�C� �t�e�s�t�s�,� 

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

�v�a�i�u�e� �o�f� �u�n�i�t�y�.� �H�o�w�e�v�e�r�,� �t�h�e� �v�a�l�u�e� �o�f� �0�.�1�,� �f�o�r� �t�h�e� �e�x�p�o�n�e�n�t� �o�f� �t�h�e� 

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

�f�a�i�l�u�r�e� �t�e�s�t� �r�e�s�u�l�t�s�.� 

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

�f�a�i�l�u�r�e�s� �a�n�d� �a� �v�a�l�u�e� �o�f� �0�.�1� �f�o�r� �t�h�e� �e�x�p�o�n�e�n�t� �o�f� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �f�a�c�t�o�r� 

�o�f� �e�q�u�a�t�i�o�n� �(�3�1�)� �w�e�r�e� �u�s�e�d� �t�o� �p�r�o�d�u�c�e� �t�h�e� �a�n�a�l�y�t�i�c�a�l� �r�e�s�u�l�t�s� �o�f� �t�h�e� 

�r�e�s�p�e�c�t�i�v�e� �l�a�m�i�n�a�t�e�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�9�,� �t�o�g�e�t�h�e�r� �w�i�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� 

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

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

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

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

�o�r�t�h�o�g�o�n�a�l� �a�x�e�s� �r�e�p�r�e�s�e�n�t� �1�4�2� �S�9�9�9� �a�n�d� �t�i�m�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �r�a�m�p�-� 

�l�o�a�d�e�d� �t�o� �f�a�i�l�u�r�e� �r�e�s�u�l�t�s� �a�t� �1�8�0�°�C� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �0�4�1� �7�F�p�9� 

�p�l�a�n�e� �a�t� �1�0�°� �m�i�n�u�t�e� �a�n�d� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �v�e�r�y� �s�h�o�r�t�-�t�e�r�m� �c�r�e�e�p� �t�o� 

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

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

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

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

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

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

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

�f�a�i�l�u�r�e� �r�e�s�u�l�t�s� �a�r�e� �t�a�b�u�l�a�t�e�d� �i�n� �T�a�b�l�e� �2�.� �I�n� �t�h�i�s� �t�a�b�l�e�,� �f�o�r� �l�a�m�i�n�a�t�e� 

�o�r�i�e�n�t�a�t�i�o�n�s� �e�q�u�a�l� �t�o� �a�n�d� �l�e�s�s� �t�h�a�n� �4�5�°�,� �r�e�a�s�o�n�a�b�l�e� �c�o�r�r�e�l�a�t�i�o�n�s� �w�e�r�e
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� 
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�o�b�t�a�i�n�e�d� �w�h�e�n� �t�h�e� �s�e�c�o�n�d� �f�a�i�l�u�r�e� �c�r�i�t�e�r�i�o�n�,� �e�q�u�a�t�i�o�n� �(�3�1�b�)�,� �w�a�s� �u�s�e�d�.� 

�T�h�e� �f�i�r�s�t� �c�r�i�t�e�r�i�o�n�,� �e�q�u�a�t�i�o�n� �(�3�1�a�)�,� �g�a�v�e� �e�x�c�e�l�l�e�n�t� �c�o�r�r�e�l�a�t�i�o�n�s� �f�o�r� 

�l�a�m�i�n�a�t�e� �o�r�i�e�n�t�a�t�i�o�n�s� �g�r�e�a�t�e�r� �t�h�a�n� �4�5�°�.� �T�h�i�s� �w�o�u�l�d� �i�m�p�l�y� �t�h�a�t� �f�o�r� �t�h�e� 

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

�6� �>� �4�5�°� �a�n�d� �t�h�e� �s�e�c�o�n�d� �c�r�i�t�e�r�i�o�n� �i�s� �s�u�i�t�a�b�l�e� �f�o�r� �4�5�°� �>� �6� �>� �O�°�.� 

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

�a�n�d� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �t�h�e� �d�e�l�a�y�e�d� �f�a�i�l�u�r�e�s�,� �F�i�g�u�r�e� �2�9� �c�l�e�a�r�l�y� �i�l�l�u�s�t�r�a�t�e�s� 

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

�s�t�r�e�s�s�.� �T�h�a�t� �i�s�,� �f�o�r� �o�r�i�e�n�t�a�t�i�o�n�s� �b�e�t�w�e�e�n� �0�°� �a�n�d� �9�0�°�,� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� 

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

�p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s�e�s� �(�t�h�e� �s�t�r�e�s�s�e�s� �a�l�o�n�g� �t�h�e� �l�o�c�a�l� �c�o�o�r�d�i�n�a�t�e�s�)�.� �T�h�e�s�e� 

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

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

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

�F�r�o�m� �t�h�e� �d�e�s�i�g�n�e�r�'�s� �p�o�i�n�t� �o�f� �v�i�e�w�,� �a� �r�a�t�i�o�n�a�l� �a�n�d� �c�o�n�v�e�n�i�e�n�t� �m�e�t�h�o�d�o�l�o�g�y� 

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

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

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

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

�a�t� �t�h�e� �r�e�q�u�i�r�e�d� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�.� 

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

�o�f� �t�h�e� �t�e�s�t� �i�s� �a�l�s�o� �c�l�e�a�r�l�y� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�9�.� �C�o�n�s�i�d�e�r� �t�h�e� 

�s�t�r�a�i�g�h�t� �d�a�s�h�e�d� �l�i�n�e�s� �c�o�n�n�e�c�t�i�n�g� �p�o�i�n�t�s� �A�,� �B� �a�n�d� �A ��,� �B�'� �a�s� �i�n�d�i�c�a�t�e�d� 

�i�n� �F�i�g�u�r�e� �2�9�.� �F�o�r� �v�e�r�y� �s�h�o�r�t�-�t�e�r�m� �c�r�e�e�p� �t�o� �r�u�p�t�u�r�e� �t�e�s�t�s� �(�1� �m�i�n�u�t�e�)�,� 

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

�c�u�r�v�a�t�u�r�e� �o�f� �t�h�e� �s�u�r�f�a�c�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �l�i�n�e� �A�B�.� �O�v�e�r� �a� �l�o�n�g� �t�e�r�m
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�(�1�0�7� �m�i�n�u�t�e�s�)�,� �t�h�e� �d�e�g�r�e�e� �o�f� �c�u�r�v�a�t�u�r�e� �o�f� �t�h�e� �s�u�r�f�a�c�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� 

�l�i�n�e� �A�'�B�'� �d�e�c�r�e�a�s�e�s�.� �T�h�i�s� �w�o�u�l�d� �i�m�p�l�y� �a� �m�o�r�e� �b�r�i�t�t�l�e� �f�a�i�l�u�r�e� �a�t� �1�0�°� 

�m�i�n�u�t�e�s� �t�h�a�n� �1�0�°� �m�i�n�u�t�e�.� �T�h�i�s� �t�y�n�e� �b�e�h�a�v�i�o�r� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �o�n�e�s� �o�b�-� 

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

�s�t�a�t�e�s� �o�f� �s�t�r�e�s�s� �[�3�2�]�.� �T�h�e� �i�m�p�l�i�c�a�t�i�o�n� �i�s� �t�h�a�t� �m�e�t�h�o�d�o�l�o�g�i�e�s� �c�u�r�r�e�n�t�l�y� 

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

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



�V�I�.� �C�O�N�C�L�U�S�I�O�N�S� �A�N�D� �F�U�T�U�R�E� �C�O�N�S�I�D�E�R�A�T�I�O�N�S� 

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

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

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

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

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

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

�r�a�n�g�i�n�g� �f�r�o�m� �2�2�°�C� �t�o� �2�1�0�°�C�,� �i�s� �t�r�i�-�l�i�n�e�a�r�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� 

�t�w�o� �"�k�n�e�e�s�"� �a�r�e� �o�b�s�e�r�v�e�d� �t�o� �o�c�c�u�r� �a�t� �6�0�°�C� �a�n�d� �1�8�0�°�C�.� �T�h�e� 

�f�i�r�s�t�  ��k�n�e�e �� �(�a�t� �6�0�°�C�)� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�e�c�o�n�d�a�r�y� �T�y� �a�n�d� 

�t�h�e� �o�t�h�e�r� �"�k�n�e�e�"� �(�a�t� �1�8�0�°�C�)� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �p�r�i�m�a�r�y� �T�y�:� 

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

�b�e�h�a�v�i�o�r� �t�o� �b�e� �l�i�n�e�a�r� �a�t� �l�o�w� �s�t�r�e�s�s� �l�e�v�e�l�s� �a�n�d� �n�o�n�-�l�i�n�e�a�r� �a�t� 

�h�i�g�h�e�r� �s�t�r�e�s�s�-�l�e�v�e�l�s�.� �O�u�r� �m�a�t�e�r�i�a�l� �w�a�s�,� �t�h�e�r�e�f�o�r�e�,� �t�h�e�r�m�o�-� 

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

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

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

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

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

�V�1�)� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �t�i�m�e�-�i�n�d�e�p�e�n�d�e�n�t� �a�n�d� �t�h�e� �o�t�h�e�r�s� �(�S�o�o�(�t�)� 

�a�n�d� �S�e�g� �(�t�)�)� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �t�i�m�e�-�d�e�p�e�n�d�e�n�t�.� 

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

�u�s�i�n�g� �t�h�e� �T�T�S�P�.� 

�7�0
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�U�s�i�n�g� �t�h�e� �f�o�u�r� �p�r�i�n�c�i�p�a�l� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �T�T�S�P�,� �m�a�s�t�e�r� 

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

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

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

�2�5�-�h�o�u�r� �c�o�n�t�i�n�u�o�u�s� �t�e�s�t� �t�h�a�n� �t�h�e� �o�n�e�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �s�h�o�r�t�-� 

�t�e�r�m� �t�e�s�t�s�.� 

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

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

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

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

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

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

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

�o�f� �s�t�r�e�s�s�.� 

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

�m�a�t�e�r�i�a�l� �f�a�i�l�u�r�e� �m�o�d�e� �v�a�r�i�e�d� �f�r�o�m� �d�u�c�t�i�l�e� �(�1� �m�i�n�u�t�e�)� �t�o� �q�u�a�s�i�-� 

�b�r�i�t�t�l�e� �(�1�0�°� �m�i�n�u�t�e�s�)�.� �B�o�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �a�n�d� �a�n�a�l�y�t�i�c�a�l� 

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

�U�n�n�o�t�c�h�e�d� �a�n�d� �n�o�t�c�h�e�d� �q�u�a�s�i�-�e�l�a�s�t�i�c� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �h�a�d� �b�e�e�n� 

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

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

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

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

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

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

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



�7�2� 

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

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

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

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

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

�p�r�e�s�e�n�t� �t�i�m�e�-�t�e�m�p�e�r�a�t�u�r�e� �m�e�t�h�o�d�o�l�o�g�y� �a�r�e� �r�e�q�u�i�r�e�d�.� �N�a�m�e�l�y�,� 

�1�)� �T�h�e� �m�a�s�t�e�r� �c�u�r�v�e�s� �p�r�e�s�e�n�t�e�d� �h�e�r�e�i�n� �w�e�r�e� �a�l�l� �r�e�d�u�c�e�d� �a�t� �1�8�0�°�C�.� 

�2�)� 

�L�o�n�g�e�r� �t�e�r�m� �c�o�n�t�i�n�u�o�u�s� �t�e�s�t�i�n�g� �a�t� �1�8�0�°�C� �a�n�d� �a� �f�e�w� �o�t�h�e�r� �l�o�w�e�r� 

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

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

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

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

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

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

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

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

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

�t�h�e� �q�u�a�s�i�-�e�l�a�s�t�i�c� �a�s�s�u�m�p�t�i�o�n� 

�L�y� �*� �S�.�4�(�t�)� �E�.�.�(�t�)�  ��i�j� 

�i�s� �v�a�l�i�d� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �t�h�e� �T�g�:� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�s�e� 

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

�t�h�e� �c�r�e�e�p� �c�o�m�p�l�i�a�n�c�e� �a�n�d� �r�e�l�a�x�a�t�i�o�n� �m�o�d�u�l�i� �[�4�2�]� �i�f� �d�i�f�f�e�r�e�n�t� 

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

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

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



�7�3� 

�4�)� �D�e�v�e�l�o�p� �a�n� �i�n�c�r�e�m�e�n�t�a�l� �t�i�m�e�-�t�e�m�p�e�r�a�t�u�r�e� �c�o�m�p�u�t�a�t�i�o�n�a�l� �m�e�t�h�o�d� 

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

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

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

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

�t�i�o�n�s�.� 

�5�)� �E�x�p�l�o�r�e� �t�h�e� �p�o�s�s�i�b�i�l�i�t�i�e�s� �o�f� �a� �m�o�r�e� �e�f�f�e�c�t�i�v�e� �t�i�m�e�-�t�e�m�p�e�r�a�t�u�r�e� 

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

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

�s�t�r�e�s�s�-�d�e�p�e�n�d�e�n�t� �T�T�S�P�.� �B�e�f�o�r�e� �a�t�t�e�m�p�t�i�n�g� �t�o� �u�s�e� �s�u�c�h� �a� �j�o�i�n�t� 

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

�(�T�S�T�S�)� �[�1�1�]�}�,� �t�h�e� �t�i�m�e�-�s�t�r�e�s�s� �s�u�p�e�r�p�o�s�i�t�i�o�n� �p�r�i�n�c�i�p�l�e� �(�T�S�S�P�)� �s�h�o�u�l�d� �b�e� 

�v�e�r�i�f�i�e�d�.� �A�t� �p�r�e�s�e�n�t� �t�h�e�r�e� �a�r�e� �a�t� �l�e�a�s�t� �t�w�o� �a�p�p�r�o�a�c�h�e�s� �[�8�,�2�6�]� �o�n� �t�h�e� 

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

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �l�e�v�e�l�s�.� 

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

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

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

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

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



�1�0�.� 

�1�1�.� 

�V�I�I�.� �B�I�B�L�I�O�G�R�A�P�H�Y� 

�H�a�l�p�i�n�,� �J�.� �C�.�,� �"�I�n�t�r�o�d�u�c�t�i�o�n� �t�o� �V�i�s�c�o�e�l�a�s�t�i�c�i�t�y�"�,� �C�o�m�p�o�s�i�t�e� 
�M�a�t�e�r�i�a�l�s� �W�o�r�k�s�h�o�p�,� �P�r�o�g�r�e�s�s� �i�n� �M�a�t�e�r�i�a�l�s� �S�c�i�e�n�c�e� �S�e�r�i�e�s�,� �V�o�l�.� �1�,� 
�1�9�6�8�.� 

�K�o�v�r�i�g�a�,� �V�.� �V�.�;� �O�s�i�p�o�v�a�,� �E�.� �S�.�;� �F�a�b�e�r�o�v�a�,� �I�.� �I�.�;� �a�n�d� �A�r�t�a�n�o�v�a�,� 
�K�.� �Y�a�.�,� �"�T�i�m�e�-�T�e�m�p�e�r�a�t�u�r�e� �S�u�p�e�r�p�o�s�i�t�i�o�n� �A�p�p�l�i�e�d� �t�o� �t�h�e� �R�e�l�a�x�a�t�i�o�n� 
�P�r�o�p�e�r�t�i�e�s� �o�f� �a� �G�l�a�s�s�-�R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c� �a�n�d� �I�t�s� �M�a�t�r�i�x�"�,� 
�P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �M�a�r�c�h�-�A�p�r�i�l�,� �1�9�7�2�.� 

�R�o�y�,� �A�.�,� �a�n�d� �M�u�r�t�h�y�,� �P�.� �N�.�,� �"�V�i�s�c�o�e�l�a�s�t�i�c� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� �R�e�s�i�d�u�a�l� 
�S�t�r�e�s�s� �i�n� �G�l�a�s�s� �F�i�b�e�r�-�R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�s�"�,� �F�i�b�r�e� �S�c�i�e�n�c�e� �a�n�d� 
�T�e�c�h�n�o�l�o�g�y�,� �V�o�l�.� �9�,� �1�9�7�6�.� 

�U�r�z�h�u�m�t�s�e�v�,� �Y�u�.� �S�.�,� �"�P�r�e�d�i�c�t�i�o�n� �o�f� �t�h�e� �D�e�f�o�r�m�a�t�i�o�n� �a�n�d� �F�r�a�c�t�u�r�e� 
�o�f� �P�o�l�y�m�e�r�i�c� �M�a�t�e�r�i�a�l�s�"�,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �M�a�y�-�J�u�n�e�,� �1�9�7�2�.� 

�H�a�l�p�i�n�,� �J�.� �C�.�,� �a�n�d� �P�a�g�a�n�o�,� �N�.� �J�.�,� �"�O�b�s�e�r�v�a�t�i�o�n�s� �o�n� �L�i�n�e�a�r� 
�A�n�i�s�o�t�r�o�p�i�c� �V�i�s�c�o�e�l�a�s�t�i�c�i�t�y�"�,� �J�.� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� �V�o�l�.� �2�,� 
�1�9�6�8�.� 

�U�r�z�h�u�m�t�s�e�v�,� �Y�u�.� �S�.�,� �a�n�d� �M�a�k�s�i�m�o�v�,� �R�.� �D�.�,� �"�M�u�l�t�i�-�p�a�r�a�m�e�t�r�i�c� �P�r�e�d�i�c�-� 
�t�i�o�n� �o�f� �t�h�e� �C�r�e�e�p� �o�f� �P�o�l�y�m�e�r� �M�a�t�e�r�i�a�l�s�"�,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �M�a�y�-� 
�J�u�n�e�,� �1�9�7�0�.� 

�T�u�r�t�s�i�n�'�s�h�,� �R�.� �P�.�,� �U�r�z�h�u�m�t�s�e�v�,� �Y�u�.� �S�.�,� �a�n�d� �M�a�k�s�i�m�o�v�,� �R�.� �D�.�,� 
�"�S�t�a�t�i�c� �a�n�d� �V�i�b�r�a�t�i�o�n�a�l� �C�r�e�e�p� �o�f� �a� �F�a�b�r�i�c�-�R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c� �i�n� 
�S�h�e�a�r� �i�n� �t�h�e� �P�l�a�n�e� �o�f� �R�e�i�n�f�o�r�c�e�m�e�n�t�"�,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �J�u�l�y�-� 
�A�u�g�u�s�t�,� �1�9�7�1�.� 

�U�r�z�h�u�m�t�s�e�v�,� �Y�u�.� �S�.�,� �"�T�i�m�e�-�T�e�m�p�e�r�a�t�u�r�e� �S�u�p�e�r�p�o�s�i�t�i�o�n� �f�o�r� �T�h�e�r�m�o�-� 
�r�h�e�o�l�o�g�i�c�a�l�l�y� �C�o�m�p�l�e�x� �M�a�t�e�r�i�a�l�s�"�,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �M�a�r�c�h�-�A�p�r�i�l�,� 
�1�9�7�4�.� 

�S�i�m�s�,� �D�.� �F�.�,� �a�n�d� �H�a�l�p�i�n�,� �J�.� �C�.�,� �"�M�e�t�h�o�d�s� �f�o�r� �D�e�t�e�r�m�i�n�i�n�g� �t�h�e� 
�E�l�a�s�t�i�c� �a�n�d� �V�i�s�c�o�e�l�a�s�t�i�c� �R�e�s�p�o�n�s�e� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�"�,� 
�C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�:� �T�e�s�t�i�n�g� �a�n�d� �D�e�s�i�g�n� �(�T�h�i�r�d� �C�o�n�f�e�r�e�n�c�e�)�,� 
�A�S�T�M� �S�T�P� �5�4�6�,� �1�9�7�4�.� 

�M�a�k�s�i�m�o�v�,� �R�.� �D�.�,� �M�o�c�h�a�l�o�v�,� �V�.� �P�.�,� �a�n�d� �U�r�z�h�u�m�t�s�e�v�,� �Y�u�.� �S�.�,� �"�T�i�m�e�-� 
�M�o�i�s�t�u�r�e� �S�u�p�e�r�p�o�s�i�t�i�o�n ��,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �S�e�p�t�e�m�b�e�r�-�O�c�t�o�b�e�r�,� 
�1�9�7�2�.� 

�S�a�n�d�h�u�,� �R�.� �S�.�,� �"�N�o�n�l�i�n�e�a�r� �B�e�h�a�v�i�o�r� �o�f� �U�n�i�d�i�r�e�c�t�i�o�n�a�l� �a�n�d� �A�n�g�l�e�-� 
�P�l�y� �L�a�m�i�n�a�t�e�s�"�,� �J�o�u�r�n�a�l� �o�f� �A�i�r�c�r�a�f�t�,� �F�e�b�r�u�a�r�y�,� �1�9�7�6�.� 
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�7�5� 

�S�e�n�d�e�c�k�y�j�,� �G�.� �P�.�,� �R�i�c�h�a�r�d�s�o�n�,� �G�.� �P�.�,� �a�n�d� �P�a�p�p�a�s�,� �J�.� �E�.�,� �"�F�r�a�c�t�u�r�e� 
�B�e�h�a�v�i�o�r� �o�f� �T�h�o�r�n�e�l� �3�0�0�/�5�2�0�8� �G�r�a�p�h�i�t�e�/�E�p�o�x�y� �L�a�m�i�n�a�t�e�s�-�-�P�a�r�t� �1�:� 
�U�n�n�o�t�c�h�e�d� �L�a�m�i�n�a�t�e�s�"�,� �C�o�m�p�o�s�i�t�e� �R�e�l�i�a�b�i�l�i�t�y�,� �A�S�T�M� �S�T�P� �5�8�0�,� �1�9�7�5�.� 

�P�e�t�i�t�,� �P�.� �H�.�,� �a�n�d� �W�a�d�d�o�u�p�s�,� �E�.� �M�.�,� �"�A� �M�e�t�h�o�d� �o�f� �P�r�e�d�i�c�t�i�n�g� �N�o�n�-� 
�l�i�n�e�a�r� �B�e�h�a�v�i�o�r� �o�f� �L�a�m�i�n�a�t�e�d� �C�o�m�p�o�s�i�t�e�s�"�,� �J�.� �o�f� �C�o�m�p�o�s�i�t�e� 
�M�a�t�e�r�i�a�l�s�,� �J�a�n�u�a�r�y�,� �1�9�6�9�.� 

�D�a�n�i�e�l�,� �I�.� �M�.�,� �a�n�d� �L�i�b�e�r�,� �T�.�,� �"�S�t�r�a�i�n� �R�a�t�e� �E�f�f�e�c�t�s� �o�n� �M�e�c�h�a�n�i�c�a�l� 
�P�r�o�p�e�r�t�i�e�s� �o�f� �F�i�b�e�r� �C�o�m�p�o�s�i�t�e�s�"�,� �I�I�T� �R�e�s�e�a�r�c�h� �I�n�s�t�i�t�u�t�e�,� �R�e�p�o�r�t� 
�N�o�.� �I�I�T�R�I� �D�6�0�7�3�-�I�V�,� �J�u�n�e�,� �1�9�7�6�.� 

�U�r�z�h�u�m�t�s�e�v�,� �Y�u�.� �S�.�,� �a�n�d� �M�a�k�s�i�m�o�v�,� �R�.� �D�.�,� �"�G�r�a�p�h�o�a�n�a�l�y�t�i�c�a�l� 
�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �R�h�e�o�l�o�g�i�c�a�l� �C�o�e�f�f�i�c�i�e�n�t�s�"�,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� 
�J�u�l�y�-�A�u�g�u�s�t�,� �1�9�6�8�.� 

�M�o�r�l�a�n�d�,� �L�.� �W�.�,� �a�n�d� �L�e�e�,� �E�.� �H�.�,� �"�S�t�r�e�s�s� �A�n�a�l�y�s�i�s� �f�o�r� �L�i�n�e�a�r� �V�i�s�c�o�-� 
�e�l�a�s�t�i�c� �M�a�t�e�r�i�a�l�s� �w�i�t�h� �T�e�m�p�e�r�a�t�u�r�e� �V�a�r�i�a�t�i�o�n�"�,� �T�r�a�n�s�.� �o�f� �S�o�c�i�e�t�y� 
�o�f� �R�h�e�o�l�o�g�y�,� �1�9�6�0�.� 

�S�c�h�a�p�e�r�y�,� �R�.� �A�.�,�  ��A�p�p�l�i�c�a�t�i�o�n� �o�f� �T�h�e�r�m�o�d�y�n�a�m�i�c�s� �t�o� �T�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l�,� 
�F�r�a�c�t�u�r�e� �a�n�d� �B�i�r�e�f�r�i�n�g�e�n�t� �P�h�e�n�o�m�e�n�a� �i�n� �V�i�s�c�o�e�l�a�s�t�i�c� �M�e�d�i�a�"�,� 
�J�.� �A�p�p�l�i�e�d� �P�h�y�s�i�c�s�,� �V�o�l�.� �3�5�,� �1�9�6�4�.� 

�F�e�r�r�y�,� �J�.� �D�.�,� �"�V�i�s�c�o�e�l�a�s�t�i�c� �P�r�o�p�e�r�t�i�e�s� �o�f� �P�o�l�y�m�e�r�s�"�,� �J�o�h�n� �W�i�l�e�y� 
�&� �S�o�n�s�,� �S�e�c�o�n�d� �E�d�i�t�i�o�n�,� �N�e�w� �Y�o�r�k�,� �1�9�7�0�.� 

�U�r�z�h�u�m�t�s�e�v�,� �Y�u�.� �S�.�,� �"�T�i�m�e�-�T�e�m�p�e�r�a�t�u�r�e� �S�u�p�e�r�p�o�s�i�t�i�o�n� �R�e�v�i�e�w�"�,� 
�P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �J�a�n�u�a�r�y�-�F�e�b�r�u�a�r�y�,� �1�9�7�5�.� 

�T�o�b�o�l�s�k�y�,� �A�.� �V�.�,� �"�P�r�o�p�e�r�t�i�e�s� �a�n�d� �S�t�r�u�c�t�u�r�e�s� �o�f� �P�o�l�y�m�e�r�s�"�,� �J�o�h�n� 
�W�i�l�e�y� �&� �S�o�n�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �1�9�6�0�.� 

�B�a�r�t�e�n�e�v�,� �G�.� �M�.�,� �a�n�d� �Z�e�l�e�n�e�v�,� �Y�u�.� �V�.�,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �N�o�.� �2�,� 
�1�9�7�1�.� 

�M�o�l�o�t�k�o�v�,� �A�.� �P�.�,� �Z�e�l�e�n�e�v�,� �Y�u�.� �V�.�,� �a�n�d� �B�a�r�t�e�n�e�v�,� �G�.� �M�.�,� �P�o�l�y�m�e�r� 
�M�e�c�h�a�n�i�c�s�,� �N�o�.� �6�,� �1�9�7�1�.� 

�B�a�h�a�d�u�r�,� �S�.�,� �a�n�d� �L�u�d�e�m�a�,� �K�.� �C�.�,� �"�T�i�m�e�-�T�e�m�p�e�r�a�t�u�r�e� �S�u�p�e�r�p�o�s�i�t�i�o�n� 
�o�f� �L�a�r�g�e�-�S�t�r�a�i�n� �S�h�e�a�r� �P�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �E�t�h�y�l�e�n�e�-�P�r�o�p�y�l�e�n�e� 
�C�o�p�o�l�y�m�e�r� �S�y�s�t�e�m�"�,� �J�.� �o�f� �A�p�p�l�i�e�d� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e�,� �V�o�l�.� �1�6�,� �1�9�7�2�.� 

�U�r�z�h�u�m�t�s�e�v�,� �Y�u�.� �S�.�,� �" ��T�i�m�e�-�T�e�m�p�e�r�a�t�u�r�e� �S�u�p�e�r�p�o�s�i�t�i�o�n� �f�o�r� �T�h�e�r�m�o�-� 
�r�h�e�o�l�o�g�i�c�a�l�l�y� �C�o�m�p�l�e�x� �M�a�t�e�r�i�a�l�s�"�,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �M�a�r�c�h�-�J�u�n�e�,� 
�1�9�7�4�,� 

�D�a�u�g�s�t�e�,� �C�h�.� �L�.�,�  ��J�o�i�n�t� �A�p�p�l�i�c�a�t�i�o�n� �o�f� �T�i�m�e�-�T�e�m�p�e�r�a�t�u�r�e� �a�n�d� �T�i�m�e�-� 
�S�t�r�e�s�s� �A�n�a�l�o�g�i�e�s� �t�o� �C�o�n�s�t�r�u�c�t�i�n�g� �U�n�i�f�i�e�d� �C�u�r�v�e�s�"�,� �P�o�l�y�m�e�r� 
�M�e�c�h�a�n�i�c�s�,� �M�a�y�-�J�u�n�e�,� �1�9�7�4�.
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�S�c�h�a�p�e�r�y�,� �R�.� �A�.�,� �"�O�n� �t�h�e� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �N�o�n�l�i�n�e�a�r� �V�i�s�c�o�-� 
�e�l�a�s�t�i�c� �M�a�t�e�r�i�a�l�s�"�,� �P�o�l�y�m�e�r� �E�n�g�i�n�e�e�r�i�n�g� �a�n�d� �S�c�i�e�n�c�e�,� �J�u�l�y�,� �1�9�6�9�.� 

�S�a�n�d�h�u�,� �R�.� �S�.�,� �"�A� �S�u�r�v�e�y� �o�f� �F�a�i�l�u�r�e� �T�h�e�o�r�i�e�s� �o�f� �I�s�o�t�r�o�p�i�c� �a�n�d� 
�A�n�i�s�o�t�r�o�p�i�c� �M�a�t�e�r�i�a�l�s�"�,� �T�e�c�h�.� �R�e�p�.� �A�r�F�F�D�L�-�T�R�-�7�2�-�7�1�,� �A�i�r� �F�o�r�c�e� 
�F�l�i�g�h�t� �D�y�n�a�m�i�c�s� �L�a�b�.�,� �W�r�i�g�h�t�-�P�a�t�t�e�r�s�o�n� �A�i�r� �F�o�r�c�e� �B�a�s�e�,� �O�h�i�o�.� 

�F�l�u�g�g�e�,� �W�.�,� �"�V�i�s�c�o�e�l�a�s�t�i�c�i�t�y�"�,� �S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�,� �N�e�w� �Y�o�r�k�,� �1�9�7�5�.� 

�S�c�h�a�p�e�r�y�,� �R�.� �A�.�,� �"�A�p�p�r�o�x�i�m�a�t�e� �M�e�t�h�o�d�s� �f�o�r� �T�r�a�n�s�f�o�r�m� �I�n�v�e�r�s�i�o�n� 
�f�o�r� �V�i�s�c�o�e�l�a�s�t�i�c� �S�t�r�e�s�s� �A�n�a�l�y�s�i�s�"�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �U�.�S�.� �C�o�n�g�r�e�s�s� 
�f�o�r� �A�p�p�l�i�e�d� �M�e�c�h�a�n�i�c�s�,� �A�S�M�E�,� �1�9�6�2�.� 

�W�i�l�l�i�a�m�s�,� �M�.� �L�.�,� �a�n�d� �A�r�e�n�z�,� �R�.� �J�.�,� �"�T�h�e� �E�n�g�i�n�e�e�r�i�n�g� �A�n�a�l�y�s�i�s� �o�f� 
�L�i�n�e�a�r� �P�h�o�t�o�v�i�s�c�o�e�l�a�s�t�i�c� �M�a�t�e�r�i�a�l�s�"�,� �E�x�p�e�r�i�m�e�n�t�a�l� �M�e�c�h�a�n�i�c�s�,� 
�S�e�p�t�e�m�b�e�r�,� �1�9�6�4�.� 

�W�a�n�g�,� �A�.� �S�.� �D�.�,� �D�r�e�x�e�l� �U�n�i�v�e�r�s�i�t�y�,� �[�P�r�i�v�a�t�e� �C�o�m�m�u�n�i�c�a�t�i�o�n�]�.� 

�G�r�i�n�m�a�n�,� �A�.� �M�.�,� �a�n�d� �G�o�l�'�d�m�a�n�,� �A�.� �Y�a�.�,� �"�L�o�n�g�-�T�i�m�e� �S�t�r�e�n�g�t�h� �o�f� 
�P�o�l�y�e�t�h�y�l�e�n�e� �i�n� �B�i�a�x�i�a�l� �T�e�n�s�i�o�n�"�,� �P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �M�a�y�-�J�u�n�e�,� 
�1�9�7�6�.� �:� 

�L�a�n�d�e�l�,� �R�.� �F�.�,� �a�n�d� �F�e�d�o�r�s�,� �R�.� �F�.�,�  ��R�u�p�t�u�r�e� �o�f� �U�n�f�i�l�l�e�d� �A�m�o�r�p�h�o�u�s� 
�P�o�l�y�m�e�r�s�"�,� �F�r�a�c�t�u�r�e� �P�r�o�c�e�s�s�e�s� �i�n� �P�o�l�y�m�e�r�i�c� �S�o�l�i�d�s�:� �P�h�e�n�o�m�e�n�a� �a�n�d� 
�T�h�e�o�r�y�,� �I�n�t�e�r�s�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �J�o�h�n� �W�i�l�e�y� �&� �S�o�n�s�,� �I�n�c�.�,� �1�9�6�4�.� 

�P�u�p�p�o�,� �A�.� �H�.�,� �a�n�d� �E�v�e�n�s�e�n�,� �H�.� �A�.�,� �"�S�t�r�e�n�g�t�h� �o�f� �A�n�i�s�o�t�r�o�p�i�c� 
�M�a�t�e�r�i�a�l�s� �u�n�d�e�r� �C�o�m�b�i�n�e�d� �S�t�r�e�s�s�e�s�"�,� �A�I�A�A� �J�o�u�r�n�a�l�,� �A�p�r�i�l�,� �1�9�7�2�.� 

�C�h�a�m�i�s�,� �C�.� �C�.�,� �a�n�d� �S�i�n�c�l�a�i�r�,� �J�.� �H�.�,� �"�l�0�-�d�e�g� �O�f�f�-�A�x�i�s� �T�e�s�t� �f�o�r� 
�S�h�e�a�r� �P�r�o�p�e�r�t�i�e�s� �o�f� �F�i�b�e�r� �C�o�m�p�o�s�i�t�e�s�"�,� �S�.�E�.�S�.�A�.� �S�p�r�i�n�g� �M�e�e�t�i�n�g�,� �-� 
�D�a�l�l�a�s�,� �T�e�x�a�s�,� �M�a�y� �1�9�7�7�.� 

�P�a�g�a�n�o�,� �N�.� �J�.�,� �a�n�d� �H�a�l�p�i�n�,� �J�.� �C�.�,�  ��I�n�f�l�u�e�n�c�e� �o�f� �E�n�d� �C�o�n�s�t�r�a�i�n�t�s� 
�i�n� �t�h�e� �T�e�s�t�i�n�g� �o�f� �A�n�i�s�o�t�r�o�p�i�c� �B�o�d�i�e�s�"�,� �J�.� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� 
�J�a�n�u�a�r�y� �1�9�6�8�.� 

�L�o�u�,� �Y�.� �C�.�,� �a�n�d� �S�c�h�a�p�e�r�y�,� �R�.� �A�.�,� �"�V�i�s�c�o�e�l�a�s�t�i�c� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� 
�a� �N�o�n�l�i�n�e�a�r� �F�i�b�e�r�-�R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�"�,� �J�.� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� 
�A�p�r�i�l� �1�9�7�1�.� 

�S�c�h�a�p�e�r�y�,� �R�.� �A�.�,� �"�S�u�r�v�e�y� �o�n� �T�i�m�e�-�D�e�p�e�n�d�e�n�t� �a�n�d� �F�r�a�c�t�u�r�e� �B�e�h�a�v�i�o�r ��,� 
�C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�:� �T�e�s�t�i�n�g� �a�n�d� �D�e�s�i�g�n�,� �5�t�h� �C�o�n�f�e�r�e�n�c�e�,� �N�e�w� 
�O�r�l�e�a�n�s�,� �L�a�.�,� �M�a�r�c�h� �2�0�-�2�2�,� �1�9�7�8�.� 

�B�e�c�k�w�i�t�h�,� �S�.� �W�.�,� �"�V�i�s�c�o�e�l�a�s�t�i�c� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �a� �N�o�n�l�i�n�e�a�r� 
�G�l�a�s�s�/�E�p�o�x�y� �C�o�m�p�o�s�i�t�e� �U�s�i�n�g� �M�i�c�r�o�m�e�c�h�a�n�i�c�s� �T�h�e�o�r�y�"�,� �A�n�n�u�a�l� �M�e�e�t�i�n�g� 
�o�f� �J�A�N�N�A�F�,� �S�a�n� �F�r�a�n�c�i�s�c�o�,� �F�e�b�r�u�a�r�y� �2�6�,� �1�9�7�6�.



�4�0�.� 

�4�)�.� 

�4�2�.� 

�4�3�.� 

�4�4�,� 

�4�5�.� 

�4�6�.� 

�4�7�.� 

�4�8�.� 

�4�9�.� 

�5�0�.� 

�5�1�.� 

�7�7� 

�M�o�e�h�l�e�n�p�a�h�,� �A�.� �E�.�,� �I�s�h�a�i�,� �0�.�,� �a�n�d� �D�i� �B�e�n�e�d�e�t�t�o�,� �A�.� �T�.�,� �"�T�h�e� 
�E�f�f�e�c�t� �o�f� �T�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �M�e�c�h�a�n�i�c�a�l� �B�e�h�a�v�i�o�r� �o�f� �E�p�o�x�y� 
�C�o�m�p�o�s�i�t�e�s�"�,� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g�,� �M�a�r�c�h�,� �1�9�7�1�.� 

�T�h�e�o�c�a�r�i�s�,� �P�.� �S�.�,�  ��C�r�e�e�p� �a�n�d� �R�e�l�a�x�a�t�i�o�n� �C�o�n�t�r�a�c�t�i�o�n� �R�a�t�i�o� �o�f� 
�L�i�n�e�a�r� �V�i�s�c�o�e�l�a�s�t�i�c� �M�a�t�e�r�i�a�l�s�"�,� �J�.� �o�f� �M�e�c�h�.� �P�h�y�s�.� �S�o�l�i�d�s�,� �V�o�l�.� 
�1�2�,� �1�9�6�4�.� 

�D�e� �R�u�n�t�z�,� �J�.� �A�.�,� �J�r�.�,� �a�n�d� �C�r�o�s�s�m�a�n�,� �F�.� �W�.�,� �"�T�i�m�e� �a�n�d� �T�e�m�p�e�r�a�t�u�r�e� 
�E�f�f�e�c�t�s� �i�n� �L�a�m�i�n�a�t�e�d� �C�o�m�p�o�s�i�t�e�s�"�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �C�o�m�p�u�t�e�r� 
�S�i�m�u�l�a�t�i�o�n� �o�f� �M�a�t�e�r�i�a�l�s� �A�p�p�l�i�c�a�t�i�o�n�,� �N�u�c�l�e�a�r� �M�a�t�e�r�i�a�l�s�,� �V�o�l�.� �2�0�,� 
�1�9�7�6�.� 

�A�s�h�t�o�n�,� �J�.� �E�.�,� �a�n�d� �W�h�i�t�n�e�y�,� �J�.� �M�.�,� �"�T�h�e�o�r�y� �o�f� �L�a�m�i�n�a�t�e�d� �P�l�a�t�e�s�"�,� 
�P�r�o�g�r�e�s�s� �M�a�t�.� �S�c�.� �S�e�r�i�e�s�,� �I�V�,� �T�e�c�h�n�o�m�i�c� �P�u�b�.� �C�o�.�,� �1�9�7�0�.� 

�J�o�n�e�s�,� �R�.� �M�.�,� �"�M�e�c�h�a�n�i�c�s� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�"�,� �M�c�G�r�a�w�-�H�i�l�l� 
�B�o�o�k� �C�o�m�p�a�n�y�.� 

�Y�e�o�w�,� �Y�.� �T�.�,� �a�n�d� �B�r�i�n�s�o�n�,� �H�.� �F�.�,� �"�S�t�r�e�s�s�-�S�t�r�a�i�n� �a�n�d� �F�a�i�l�u�r�e� 
�P�r�o�p�e�r�t�i�e�s� �o�f� �G�r�a�p�h�i�t�e�/�E�p�o�x�y� �L�a�m�i�n�a�t�e�s�"�,� �V�P�I�-�E�-�7�6�-�2�1�,� �V�.�P�.�1�.� �&� 
�S�.�U�.�,� �S�e�p�t�.�,� �1�9�7�6�.� 

�Y�e�o�w�,� �Y�.� �T�.�,� �a�n�d� �B�r�i�n�s�o�n�,� �H�.� �F�.�,� �"�A�n� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�n� �t�h�e� �T�e�n�s�i�l�e� 
�M�o�d�u�l�i� �a�n�d� �S�t�r�e�n�g�t�h�s� �o�f� �G�r�a�p�h�i�t�e�/�E�p�o�x�y� �L�a�m�i�n�a�t�e�s�"�,� �E�x�p�e�r�i�m�e�n�t�a�l� 
�M�e�c�h�a�n�i�c�s�,� �N�o�v�.� �1�9�7�7�.� 

�Y�e�o�w�,� �Y�.� �T�.�,� �a�n�d� �B�r�i�n�s�o�n�,� �H�.� �F�.�,� �"�A� �C�o�m�p�a�r�i�s�o�n� �o�f� �S�i�m�p�l�e� �S�h�e�a�r� 
�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �M�e�t�h�o�d�s� �f�o�r� �C�o�m�p�o�s�i�t�e� �L�a�m�i�n�a�t�e�s�"�,� �C�o�m�p�o�s�i�t�e�,� 
�J�a�n�.� �1�9�7�8�.� 

�R�o�w�l�a�n�d�s�,� �R�.� �E�.�,� �"�F�l�o�w� �a�n�d� �F�a�i�l�u�r�e� �o�f� �B�i�a�x�i�a�l�l�y� �L�o�a�d�e�d� �C�o�m�p�o�s�i�t�e�s�"�,� 
�I�n�e�l�a�s�t�i�c� �B�e�h�a�v�i�o�r� �o�f� �C�o�m�p�o�s�i�t�e�s�,� �A�.�S�.�M�.�E�.�,� �A�M�D�-�V�o�l� �1�3�,� �1�9�7�5�.� 

�a�.� �A�s�h�k�e�n�a�z�i�,� �E�.� �K�.�,�  ��A�n�i�s�o�t�r�o�p�y� �i�n� �t�h�e� �S�t�r�e�n�g�t�h� �C�o�n�s�t�r�u�c�t�i�o�n� 
�M�a�t�e�r�i�a�l�"�,� �C�.� �M�.� �K�i�r�o�v� �W�o�o�d� �T�e�c�h�.� �A�c�a�d�e�m�y�,� �L�e�n�i�n�g�r�a�d�,� �M�a�y� 
�1�9�6�1�.� 

�b�.� �A�s�h�k�e�n�a�z�i�,� �E�.� �K�.�,� �"�T�h�e� �C�o�n�s�t�r�u�c�t�i�o�n� �o�f� �L�i�m�i�t�i�n�g� �S�u�r�f�a�c�e�s� �f�o�r� 
�B�i�a�x�i�a�l� �S�t�r�e�s�s�e�d� �C�o�n�d�i�t�i�o�n� �o�f� �A�n�i�s�o�t�r�o�p�i�c� �M�a�t�e�r�i�a�l�s ��,� 
�Z�a�v�o�d�s�k�a�y�a� �L�a�b�o�r�a�t�o�r�i�y�z�,� �L�e�n�i�n�g�r�a�d� �F�o�r�e�s�t�r�y� �A�c�a�d�e�m�y�,� �F�e�b�.� �1�9�6�4�.� 

�c�.� �A�s�h�k�e�n�a�z�i�,� �E�.� �K�.�,� �"�P�r�o�b�l�e�m�s� �o�f� �t�h�e� �A�n�i�s�t�r�o�p�y� �S�t�r�e�n�g�t�h�"�,� 
�P�o�l�y�m�e�r� �M�e�c�h�a�n�i�c�s�,� �1�9�6�5�.� 

�H�i�l�1�,� �R�.�,� �"�A� �T�h�e�o�r�y� �o�f� �t�h�e� �Y�i�e�l�d�i�n�g� �a�n�d� �P�l�a�s�t�i�c� �F�l�o�w� �o�f� 
�A�n�i�s�o�t�r�o�p�i�c� �M�e�t�a�l�s�"�,� �P�r�o�c�.� �R�o�y�a�l� �S�o�c�i�e�t�y�,� �S�e�r�i�e�s� �A�,� �1�9�4�8�.� 

�C�o�l�e�,� �B�.� �W�.�,� �a�n�d� �P�i�p�e�s�,� �R�.� �B�.�,� �"�F�i�l�a�m�e�n�t�a�r�y� �C�o�m�p�o�s�i�t�e� �L�a�m�i�n�a�t�e�s� 
�S�u�b�j�e�c�t�e�d� �t�o� �B�i�a�x�i�a�l� �S�t�r�e�s�s� �F�i�e�l�d�s�"�,� �T�e�c�h�.� �R�e�p�.�,� �A�F�F�D�L�-�T�R�-�7�3�-�1�1�5�,� 
�A�i�r� �F�o�r�c�e� �F�l�i�g�h�t� �D�y�n�a�m�i�c�s� �L�a�b�.�,� �W�r�i�g�h�t�-�P�a�t�t�e�r�s�o�n� �A�i�r� �F�o�r�c�e� �B�a�s�e�,� 
�O�h�i�o�.



�5�2�.� 

�5�3�.� 

�5�4�,� 

�5�5�.� 

�5�6�.� 

�5�7�.� 

�5�8�.� 

�5�9�.� 

�6�0�.� 

�6�1�.� 

�6�2�.� 

�6�3�.� 

�6�4�,� 

�6�5�.� 

�7�8� 

�B�e�r�t�,� �C�.� �W�.�,� �"�S�t�a�t�i�c� �T�e�s�t�i�n�g� �T�e�c�h�n�i�q�u�e�s� �f�o�r� �F�i�l�a�m�e�n�t�-�W�o�u�n�d� 
�C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�"�,� �C�o�m�p�o�s�i�t�e�s�,� �J�a�n�u�a�r�y�,� �1�9�7�4�.� 

�D�a�n�i�e�l�,� �I�.� �M�.�,� �a�n�d� �L�i�b�e�r�,� �T�.�,�  ��L�a�m�i�n�a�t�i�o�n� �R�e�s�i�d�u�a�l� �S�t�r�e�s�s�e�s� �i�n� 
�H�y�b�r�i�d� �C�o�m�p�o�s�i�t�e�s�"�,� �P�a�r�t� �1�-�4�,� �N�A�S�A� �C�R�-�1�3�5�0�8�5�,� �J�u�n�e� �1�9�7�6�.� 

�P�e�t�i�t�,� �P�.� �H�.�,� �"�A� �S�i�m�p�l�i�f�i�e�d� �M�e�t�h�o�d� �f�o�r� �D�e�t�e�r�m�i�n�i�n�g� �t�h�e� �I�n�-�p�l�a�n�e� 
�S�h�e�a�r� �S�t�r�e�s�s�-�S�t�r�a�i�n� �R�e�s�p�o�n�s�e� �o�f� �U�n�i�d�i�r�e�c�t�i�o�n�a�l� �C�o�m�p�o�s�i�t�e�s�"�,� 
�A�.�S�.�T�.�M�.� �S�T�P� �4�6�0�,� �1�9�6�9�.� 

�R�o�s�e�n�,� �B�.� �W�.�,� �"�A� �S�i�m�p�l�e� �P�r�o�c�e�d�u�r�e� �f�o�r� �E�x�p�e�r�i�m�e�n�t�a�l� �D�e�t�e�r�m�i�n�a�t�i�o�n� 
�o�f� �t�h�e� �L�o�n�g�i�t�u�d�i�n�a�l� �S�h�e�a�r� �M�o�d�u�l�u�s� �o�f� �U�n�i�d�i�r�e�c�t�i�o�n�a�l� �C�o�m�p�o�s�i�t�e�s�"�,� 
�J�.� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� �O�c�t�.� �1�9�7�2�.� 

�S�i�m�s�,� �D�.� �F�.�,� �"�I�n�-�p�l�a�n�e� �S�h�e�a�r� �S�t�r�e�s�s�-�S�t�r�a�i�n� �R�e�s�p�o�n�s�e� �o�f� �U�n�i�-� 
�d�i�r�e�c�t�i�o�n�a�l� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�"�,� �J�.� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� �J�a�n�.� 
�1�9�7�3�.� 

�B�r�i�n�s�o�n�,� �H�.� �F�.�,� �a�n�d� �Y�e�o�w�,� �Y�.� �T�.�,� �"�A�n� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �F�a�i�l�u�r�e� 
�a�n�d� �F�r�a�c�t�u�r�e� �B�e�h�a�v�i�o�r� �o�f� �G�r�a�p�h�i�t�e�/�E�p�o�x�y� �L�a�m�i�n�a�t�e�s�"�,� �V�.�P�.�1�.�&� �S�.�U�.�,� 
�R�e�p�o�r�t�,� �V�P�I�-�E�-�7�5�-�2�3�,� �S�e�p�t�e�m�b�e�r�,� �1�9�7�5�.� 

�B�r�i�n�s�o�n�,� �H�.� �F�.�,� �a�n�d� �Y�e�o�w�,� �Y�.� �T�.�,�  ��A�n� �E�x�p�e�r�i�m�e�n�t�a�l� �S�t�u�d�y� �o�f� �t�h�e� 
�F�r�a�c�t�u�r�e� �B�e�h�a�v�i�o�r� �o�f� �L�a�m�i�n�a�t�e�d� �G�r�a�p�h�i�t�e�/�E�p�o�x�y� �C�o�m�p�o�s�i�t�e�s�"�,� 
�C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�:� �T�e�s�t�i�n�g� �a�n�d� �D�e�s�i�g�n�,� �A�S�T�M� �S�T�P� �6�1�7�,� �1�9�7�7�.� 

�Y�e�o�w�,� �Y�.� �T�.�,� �a�n�d� �B�r�i�n�s�o�n�,� �H�.� �F�.�,� �"�T�h�e� �F�r�a�c�t�u�r�e� �B�e�h�a�v�i�o�r� �o�f� 
�G�r�a�p�h�i�t�e�/�E�p�o�x�y� �L�a�m�i�n�a�t�e�s�"�,� �S�E�S�A� �S�p�r�i�n�g� �M�e�e�t�i�n�g�,� �D�a�l�l�a�s�,� �T�e�x�a�s�,� 
�M�a�y� �1�5�-�2�0�,� �1�9�7�7�.� 

�Y�e�o�w�,� �Y�.� �T�.�,� �a�n�d� �B�r�i�n�s�o�n�,� �H�.� �F�.�,� �"�A� �C�o�r�r�e�l�a�t�i�v�e� �S�t�u�d�y� �B�e�t�w�e�e�n� 
�A�n�a�l�y�s�i�s� �a�n�d� �E�x�p�e�r�i�m�e�n�t� �o�n� �t�h�e� �F�r�a�c�t�u�r�e� �B�e�h�a�v�i�o�r� �o�f� �G�r�a�p�h�i�t�e�/� 
�E�p�o�x�y� �L�a�m�i�n�a�t�e�s�"�,� �V�.�P�.�I�.�&� �S�.�U�.� �R�e�p�o�r�t�,� �V�P�I�-�E�-�7�7�-�2�0�,� �A�u�g�u�s�t�,� �1�9�7�7�.� 

�C�o�o�p�e�r�,� �G�.� �A�.�,� �a�n�d� �K�e�l�l�y�,� �A�.�,� �"�T�e�n�s�i�l�e� �P�r�o�p�e�r�t�i�e�s� �o�f� �F�i�b�e�r�-� 
�R�e�i�n�f�o�r�c�e�d� �M�a�t�e�r�i�a�l�s�:� �F�r�a�c�t�u�r�e� �M�e�c�h�a�n�i�c�s�"�,� �J�.� �M�e�c�h�.� �P�h�y�s�.� �S�o�l�i�d�s�,� 
�V�o�l�.� �1�5�,� �1�9�6�7�,� �p�p�.� �2�7�9�-�2�9�7�.� 

�K�e�l�l�y�,� �A�.�;�,�  ��I�n�t�e�r�f�a�c�e� �E�f�f�e�c�t�s� �a�n�d� �t�h�e� �W�o�r�k� �o�f� �F�r�a�c�t�u�r�e� �o�f� �a� �F�i�b�r�o�u�s� 
�C�o�m�p�o�s�i�t�e�"�,� �P�r�o�c�.� �R�o�y�.� �S�o�c�.�,� �A� �3�1�9�,� �1�9�7�0�,� �p�p�.� �9�5�-�1�1�6�.� 

�P�i�g�g�o�t�t�,� �M�.� �R�.�,� �"�T�h�e�o�r�e�t�i�c�a�l� �E�s�t�i�m�a�t�i�o�n� �o�f� �F�r�a�c�t�u�r�e� �T�o�u�g�h�n�e�s�s� �o�f� 
�F�i�b�r�o�u�s� �C�o�m�p�o�s�i�t�e�s�"�,� �J�.� �M�a�t�.� �S�c�i�.�,� �V�o�l�.� �5�,� �1�9�7�0�,� �p�p�.� �6�6�9�-�6�7�5�.� 

�H�a�r�r�i�s�o�n�,� �N�.� �L�.�,� �"�T�h�e� �T�o�u�g�h�n�e�s�s� �o�f� �a� �G�l�a�s�s� �F�i�b�r�e�/�E�p�o�x�y� �R�e�s�i�n� 
�C�o�m�p�o�s�i�t�e�"�,� �F�i�b�r�e� �S�c�i�.� �a�n�d� �T�e�c�h�.�,� �V�o�l�.� �4�,� �1�9�7�1�,� �p�p�.� �1�0�1�-�1�1�4�.� 

�W�a�d�d�o�u�p�s�,� �M�.� �E�.�,� �E�i�s�e�n�m�a�n�n�,� �J�.� �R�.�,� �a�n�d� �K�a�m�i�n�s�k�i�,� �B�.� �E�.�,� �"�M�a�c�r�o�-� 
�s�c�o�p�i�c� �F�r�a�c�t�u�r�e� �M�e�c�h�a�n�i�c�s� �o�f� �A�d�v�a�n�c�e�d� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�"�,� �J�.� 
�C�o�m�p�.� �M�a�t�.�,� �V�o�l�.� �5�,� �1�9�7�1�,� �p�p�.� �4�4�6�-�4�5�4�.



�6�6�.� 

�6�7�.� 

�6�8�.� 

�6�9�.� 

�7�0�.� 

�7�1�.� 

�7�2�.� 

�7�3�.� 

�7�4�,� 

�7�5�.� 

�7�6�.� 

�7�7�.� 

�7�8�.� 

�7�9� 

�S�i�h�,� �G�.� �C�.�,� �a�n�d� �L�i�e�b�o�w�i�t�z�,� �H�.�,� �"�M�a�t�h�e�m�a�t�i�c�a�l� �T�h�e�o�r�i�e�s� �o�f� �B�r�i�t�t�l�e� 
�F�r�a�c�t�u�r�e�"�,� �F�r�a�c�t�u�r�e�,� �V�o�l�.� �I�I�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�6�8�,� 
�p�.� �6�7�.� 

�S�i�h�,� �G�.� �C�.�,� �a�n�d� �c�h�e�n�,� �E�.� �P�.�,� �"�F�r�a�c�t�u�r�e� �A�n�a�l�y�s�i�s� �o�f� �U�n�i�d�i�r�e�c�t�i�o�n�a�l� 
�C�o�m�p�o�s�i�t�e�s�"�,� �J�.� �C�o�m�p�.� �M�a�t�.�,� �V�o�l�.� �7�,� �1�9�7�3�,� �p�p�.� �2�3�0�-�2�4�4�.� 

�S�i�h�,� �G�.� �C�.�,� �C�h�e�n�,� �E�.� �P�.�,� �a�n�d� �H�u�a�n�g�,� �S�.� �L�.�,� �"�F�r�a�c�t�u�r�e� �M�e�c�h�a�n�i�c�s� �o�f� 
�P�l�a�s�t�i�c�-�F�i�b�e�r� �C�o�m�p�o�s�i�t�e�s�"�,� �E�n�g�.� �F�r�a�c�t�u�r�e� �M�e�c�h�.�,� �V�o�l�.� �6�,� �1�9�7�4�,� 
�p�p�.� �3�4�3�-�3�5�9�,� 

�S�i�h�,� �G�.� �C�.�;� �C�h�e�n�,� �E�.� �P�.�;� �H�u�a�n�g�,� �S�.� �L�.�;� �a�n�d� �M�c�Q�u�i�l�l�e�n�,� �E�.� �N�.�,� 
�"�M�a�t�e�r�i�a�l� �C�h�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�n� �t�h�e� �F�r�a�c�t�u�r�e� �o�f� �F�i�l�a�m�e�n�t�-�R�e�i�n�f�o�r�c�e�d� 
�C�o�m�p�o�s�i�t�e�s�"�,� �J�.� �C�o�m�p�.� �M�a�t�.�,� �V�o�l�.� �9�,� �1�9�7�3�,� �p�p�.� �1�6�7�-�1�8�6�.� 

�W�h�i�t�n�e�y�,� �J�.� �M�.�,� �a�n�d� �N�u�i�s�m�e�r�,� �R�.� �J�.�,� �"�S�t�r�e�s�s� �F�r�a�c�t�u�r�e� �C�r�i�t�e�r�i�a� �f�o�r� 
�L�a�m�i�n�a�t�e�d� �C�o�m�p�o�s�i�t�e�s� �C�o�n�t�a�i�n�i�n�g� �S�t�r�e�s�s� �C�o�n�c�e�n�t�r�a�t�i�o�n�s�"�,� �J�.� �C�o�m�p�.� 
�M�a�t�.�,� �V�o�l�.� �8�,� �1�9�7�4�,� �p�p�.� �2�5�3�-�2�6�5�.� 

�N�u�i�s�m�e�r�,� �R�.� �J�.�,� �a�n�d� �W�h�i�t�n�e�y�,� �J�.� �M�.�,� �"�U�n�i�a�x�i�a�l� �F�a�i�l�u�r�e� �o�f� �C�o�m�p�o�s�i�t�e� 
�L�a�m�i�n�a�t�e�s� �C�o�n�t�a�i�n�i�n�g� �S�t�r�e�s�s� �C�o�n�c�e�n�t�r�a�t�i�o�n�s�"�,� �A�S�T�M�-�S�T�P� �5�9�3�,� 
�A�m�e�r�i�c�a�n� �S�o�c�i�e�t�y� �f�o�r� �T�e�s�t�i�n�g� �a�n�d� �M�a�t�e�r�i�a�l�s�,� �1�9�7�5�,� �p�p�.� �1�1�7�-�1�4�2�.� 

�C�r�u�s�e�,� �T�.� �A�.�,� �"�T�e�n�s�i�l�e� �S�t�r�e�n�g�t�h� �o�f� �N�o�t�c�h�e�d� �C�o�m�p�o�s�i�t�e�s�"�,� �J�.� �C�o�m�p�.� 
�M�a�t�.�,� �V�o�l�.� �7�,� �1�9�7�3�,� �p�p�.� �2�1�8�-�2�2�9�.� 

�K�o�n�i�s�h�,� �H�.� �J�.�,� �J�r�.�,� �a�n�d� �C�r�u�s�e�,� �T�.� �A�.�,�  ��D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �F�r�a�c�t�u�r�e� 
�S�t�r�e�n�g�t�h� �i�n� �O�r�t�h�o�t�r�o�p�i�c� �G�r�a�p�h�i�t�e�-�E�p�o�x�y� �L�a�m�i�n�a�t�e�s�"�,� �A�S�T�M�-�S�T�P� �5�8�0�,� 
�A�m�e�r�i�c�a�n�.� �S�o�c�i�e�t�y� �f�o�r� �T�e�s�t�i�n�g� �a�n�d� �M�a�t�e�r�i�a�l�s�,� �1�9�7�5�,� �p�p�.� �4�9�0�-�5�0�3�.� 

�S�n�y�d�e�r�,� �M�.� �D�.�,� �a�n�d� �C�r�u�s�e�,� �T�.� �A�.�,� �"�B�o�u�n�d�a�r�y�-�I�n�t�e�g�r�a�l� �E�q�u�a�t�i�o�n� 
�A�n�a�l�y�s�i�s� �o�f� �C�r�a�c�k�e�d� �A�n�i�s�o�t�r�o�p�i�c� �P�l�a�t�e�s�"�,� �I�n�t�.� �J�.� �F�r�a�c�t�u�r�e�,� �V�o�l�.� 
�1�1�,� �1�9�7�5�,� �p�p�.� �3�1�5�-�3�2�8�.� 

�Z�w�e�b�e�n�,� �C�.�,� �"�F�r�a�c�t�u�r�e� �M�e�c�h�a�n�i�c�s� �a�n�d� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�:� �A� 
�C�r�i�t�i�c�a�l� �A�n�a�l�y�s�i�s�"�,� �A�S�T�M�-�S�T�P� �5�2�1�,� �A�m�e�r�i�c�a�n� �S�o�c�i�e�t�y� �f�o�r� �T�e�s�t�i�n�g� 
�a�n�d� �M�a�t�e�r�i�a�l�s�,� �1�9�7�3�,� �p�p�.� �6�5�-�9�7�.� 

�R�o�s�e�n�,� �B�.� �W�.�,� �K�u�l�k�a�r�n�i�,� �S�.� �V�.�,� �a�n�d� �M�c�L�a�u�g�h�l�i�n�,� �P�.� �V�.�,� �d�r�.�,� 
�"�F�a�i�l�u�r�e� �a�n�d� �F�a�t�i�g�u�e� �M�e�c�h�a�n�i�s�m�s� �i�n� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�"�,� �i�n� 
�I�n�e�l�a�s�t�i�c� �B�e�h�a�v�i�o�r� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� �A�M�D� �-� �V�o�l�.� �1�3�,� �A�S�M�E�,� 
�1�9�7�5�.� 

�K�a�n�n�i�n�e�n�,� �M�.� �F�.�,� �R�y�b�i�c�k�i�,� �a�n�d� �G�r�i�f�f�i�t�h�,� �W�.� �I�.�,� �"�P�r�e�l�i�m�i�n�a�r�y� 
�D�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �F�u�n�d�a�m�e�n�t�a�l� �A�n�a�l�y�s�i�s� �M�o�d�e�l� �f�o�r� �C�r�a�c�k� �G�r�o�w�t�h� �i�n� �a� 
�F�i�b�e�r� �R�e�i�n�f�o�r�c�e�d� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�"�,� �A�S�T�M�-�S�T�P� �6�1�7�,� �A�m�e�r�i�c�a�n� 
�S�o�c�i�e�t�y� �f�o�r� �T�e�s�t�i�n�g� �a�n�d� �M�a�t�e�r�i�a�l�s�,� �1�9�7�7�,� �p�p�.� �5�3�-�6�9�.� 

�L�e�k�h�n�i�t�s�k�i�i�,� �S�.� �G�.�,� �A�n�i�s�o�t�r�o�p�i�c� �P�l�a�t�e�s�,� �T�r�a�n�s�l�a�t�e�d� �f�r�o�m� �t�h�e� �S�e�c�o�n�d� 
�R�u�s�s�i�a�n� �E�d�i�t�i�o�n� �b�y� �S�.� �W�.� �T�s�a�i� �a�n�d� �T�.� �C�h�e�r�o�n�,� �G�o�r�d�o�n� �a�n�d� �B�r�e�a�c�h�,� 
�S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �1�9�6�8�,� �p�.� �1�5�7�.
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�8�0�.� 

�8�1�.� 

�8�2�.� 

�8�3�.� 

�8�4�.� 

�8�5�.� 

�8�6�.� 

�8�0� 

�T�s�a�i�,� �S�.� �W�.�,� �a�n�d� �H�a�h�n�,� �H�.� �T�.�,� �"�F�a�i�l�u�r�e� �A�n�a�l�y�s�i�s� �o�f� �C�o�m�p�o�s�i�t�e� 
�M�a�t�e�r�i�a�l�s�"�,� �i�n� �I�n�e�l�a�s�t�i�c� �B�e�h�a�v�i�o�r� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� �A�M�D� �-� 
�V�o�l�.� �1�3�,� �A�S�M�E�,� �1�9�7�5�,� �p�p�.� �7�3�-�9�6�.� 

�B�r�o�w�n�,� �W�.� �F�.�,� �a�n�d� �S�r�a�w�l�e�y�,� �J�.� �E�.�,� �P�l�a�n�e� �S�t�r�a�i�n� �C�r�a�c�k� �T�o�u�g�h�n�e�s�s� 
�T�e�s�t�i�n�g� �o�f� �H�i�g�h� �S�t�r�e�n�g�t�h� �M�e�t�a�l�l�i�c� �M�a�t�e�r�i�a�l�s�,� �A�S�T�M�-�S�T�P� �4�1�0�,� 
�A�m�e�r�i�c�a�n� �S�o�c�i�e�t�y� �f�o�r� �T�e�s�t�i�n�g� �a�n�d� �M�a�t�e�r�i�a�l�s�,� �1�9�6�6�.� 

�C�r�u�s�e�,� �T�.� �A�.�,� �a�n�d� �O�s�i�a�s�,� �J�.� �R�.�,� �"�E�x�p�l�o�r�a�t�o�r�y� �D�e�v�e�l�o�p�m�e�n�t� �o�n� 
�F�r�a�c�t�u�r�e� �M�e�c�h�a�n�i�c�s� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�"�,� �A�F�M�L�-�T�R�-�7�4�-�1�1�1�,� �A�i�r� 
�F�o�r�c�e� �M�a�t�e�r�i�a�l�s� �L�a�b�o�r�a�t�o�r�y�,� �1�9�7�4�.� 

�K�o�n�i�s�h�,� �H�.� �J�.�,� �J�r�.�,� �"�M�o�d�e� �I� �S�t�r�e�s�s� �I�n�t�e�n�s�i�t�y� �F�a�c�t�o�r�s� �f�o�r� �S�y�m�-� 
�m�e�t�r�i�c�a�l�l�y�-�C�r�a�c�k�e�d� �O�r�t�h�o�t�r�o�p�i�c� �S�t�r�i�p�s�"�,� �A�S�T�M�-�S�T�P� �5�9�3�,� �A�m�e�r�i�c�a�n� 
�S�o�c�i�e�t�y� �f�o�r� �T�e�s�t�i�n�g� �a�n�d� �M�a�t�e�r�i�a�l�s�,� �1�9�7�4�,� �p�p�.� �9�9�-�1�1�6�.� 

�S�n�y�d�e�r�,� �M�.� �A�.�,� �a�n�d� �C�r�u�s�e�,� �T�.� �A�.�,� �"�C�r�a�c�k� �T�i�p� �S�t�r�e�s�s� �I�n�t�e�n�s�i�t�y� 
�F�a�c�t�o�r�s� �i�n� �F�i�n�i�t�e� �A�n�i�s�o�t�r�o�p�i�c� �P�l�a�t�e�s�"�,� �A�F�M�L�-�T�R�-�7�3�-�2�0�9�,� �A�i�r� �F�o�r�c�e� 
�M�a�t�e�r�i�a�l�s� �L�a�b�o�r�a�t�o�r�y�,� �1�9�7�3�.� 

�C�r�u�s�e�,� �T�.� �A�.�,� �"�U�s�e�r�'�s� �M�a�n�u�a�l� �f�o�r� �T�4�0�4�C�R�X�:� �A� �2�-�D� �F�r�a�c�t�u�r�e� �M�e�c�h�a�n�i�c�s� 
�D�e�c�k�"�,� �P�r�a�t�t� �a�n�d� �W�h�i�t�n�e�y� �A�i�r�c�r�a�f�t�,� �1�9�7�5�.� 

�G�a�g�g�a�r�,� �S�.�,� �a�n�d� �B�r�o�u�t�m�a�n�,� �L�.� �J�.�,� �"�C�r�a�c�k� �G�r�o�w�t�h� �R�e�s�i�s�t�a�n�c�e� �o�f� 
�R�a�n�d�o�m� �F�i�b�e�r� �C�o�m�p�o�s�i�t�e�s�"�,� �J�o�u�r�n�a�l� �o�f� �C�o�m�p�o�s�i�t�e�s�,� �V�o�l�.� �9�,� �J�u�l�y� 
�1�9�7�5�.� 

�D�a�l�l�y�,� �J�.� �W�.�,� �a�n�d� �A�l�f�i�r�e�v�i�c�h�,� �I�.�,� �"�A�p�p�l�i�c�a�t�i�o�n� �o�f� �B�i�r�e�f�r�i�n�g�e�n�t� 
�C�o�a�t�i�n�g�s� �t�o� �G�l�a�s�s�-�F�i�b�e�r� �R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�s�"�,� �E�x�p�e�r�i�m�e�n�t�a�l� 
�M�e�c�h�a�n�i�c�s�,� �M�a�r�c�h� �1�9�6�9�.



�A�P�P�E�N�D�I�X� �A� 

�S�T�R�E�S�S�-�S�T�R�A�I�N� �B�E�H�A�V�I�O�R� �A�T� �R�O�O�M� �T�E�M�P�E�R�A�T�U�R�E� 

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

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

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

�l�a�m�i�n�a� �n�o�n�-�l�i�n�e�a�r� �s�t�r�e�s�s�-�s�t�r�a�i�n� �r�e�s�p�o�n�s�e� �t�o� �f�a�i�l�u�r�e� �p�r�o�p�e�r�t�i�e�s�.� �I�n� 

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

�p�l�a�t�e� �t�h�e�o�r�y� �[�4�3�,�4�4�]� �a�r�e� �e�m�p�l�o�y�e�d� �i�n� �a�n� �i�n�c�r�e�m�e�n�t�a�l� �m�a�n�n�e�r� �t�o� �p�r�e�d�i�c�t� 

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

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

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

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

�m�e�n�t�a�t�i�o�n� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �i�n� �r�e�f�e�r�e�n�c�e�s� �4�5� �t�o� �4�7�.� �I�n� �a�d�d�i�t�i�o�n�,� �a�n� 

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

�p�r�o�p�o�s�e�d� �t�o� �d�a�t�e� �h�a�s� �b�e�e�n� �g�i�v�e�n� �b�y� �R�o�w�l�a�n�d�s� �[�4�8�]�.� 

�M�e�t�h�o�d� �o�f� �A�n�a�l�y�s�i�s� 

�A� �n�o�n�-�l�i�n�e�a�r� �s�t�r�e�s�s�-�s�t�r�a�i�n� �c�u�r�v�e� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �q�u�i�t�e� �w�e�l�l� 

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

�i�n�c�r�e�m�e�n�t�s� �a�r�e� �t�a�k�e�n�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �a�n� �i�n�c�r�e�m�e�n�t� �o�f� �s�t�r�e�s�s� �i�s� �p�r�o�-� 

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

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

�e�x�p�r�e�s�s�e�d� �a�s�,� 

�8�1



�8�2� 

�t�h�a�t� �i�s�,� 

�d�o�y�}� �r�y� �O�y�a� �G�y�e�}� �|� �4�e�q� 
�d�o�n�p� �=� �|�C�o�,� �C�o�o� �C�o�g�}� �\� �d�e�o� 
�d�o�g�)� �I�h�e�,� �M�e�n� �N�e�e�l� �(�8�%�,� 

�o�r� �s�i�m�p�l�y�,� 

�{�d�o�}� �=� �[�C�]� �{�d�e�}� �(�A�-�1�)� 

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

�t�h�e� �s�t�i�f�f�n�e�s�s�,� �C�i�a�.� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �O�5�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �a� �g�e�n�e�r�a�l� 

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

�a�r�e� �w�r�i�t�t�e�n� �a�s� 

�t�d�o�k�}� �=� �c�c�k�y� �t�d�e�*�}� �(�A�-�2�)� 

�T�h�e� �i�m�p�l�i�c�a�t�i�o�n� �o�f� �e�q�u�a�t�i�o�n� �(�A�-�2�)� �i�s� �t�h�a�t� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �a�n�d� 

�m�a�t�e�r�i�a�l� �a�x�e�s� �c�o�i�n�c�i�d�e�.� �G�e�n�e�r�a�l�l�y�,� �t�h�i�s� �i�s� �n�o�t� �t�h�e� �c�a�s�e�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�t�w�o� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�s� �c�a�n� �b�e� �r�e�l�a�t�e�d� �b�y� �a� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �m�a�t�r�i�x� �[�1�,�2�]�,� 

�[�T�k�]�,� �t�h�a�t� �i�s�,� 

�t�d�o�X�}� �=� �[�T�K�]� �¢�d�o�k�y� �(�A�-�3�)� 

�a�n�d�,� 

�t�d�e�X�}� �=� �[�T�K�]� �t�a�e�%� �(�A�-�4�)� 

�w�h�e�r�e� �d�a�k� �a�n�d� �d�e�k� �a�r�e� �t�h�e� �s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n� �i�n�c�r�e�m�e�n�t�s� �i�n� �t�h�e� �t�h� 

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

�(�A�-�3�)� �a�n�d� �(�A�-�4�)� �i�n�t�o� �(�A�-�2�)� �y�i�e�l�d�s�,� 

�(�d�o�X�}� �=� �(�C�*�]� �t�d�e�%�}� �(�A�-�5�)



�8�3� 

�w�h�e�r�e�,� 

�c�o�s�y� �=� �o�r�y�!� �o�k�y� �o�r�k�y� 

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

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

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

�k�=�L� 
�{�d�N�}� �=� �©� �t�,� �{�d�o�X�}� �(�A�-�6�)� 

�k�=�]� 

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

�o�f� �l�a�m�i�n�a�e� �i�n� �t�h�e� �l�a�m�i�n�a�t�e�.� �C�o�m�b�i�n�i�n�g� �e�q�u�a�t�i�o�n�s� �(�A�-�5�)� �a�n�d� �(�A�-�6�)�,� �t�h�e� 

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

�k�=�L� 
�{�a�N�}� �=� �2� �t�,�(�C�K�]�¢�d�e�%�}� �(�A�-�7�)� 

�k�=�]� �.� 

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

�l�a�m�i�n�a�e�,� �t�h�a�t� �i�s�,� 

�{�d�e�X�}� �=� �{�d�e�°�}� � �(�A�-�8�)� 

�a�n�d� �e�q�u�a�t�i�o�n� �(�A�-�7�)� �r�e�d�u�c�e�s� �t�o�,� 

�{�d�N�}� �=� �[�A�]�{�d�e�°�}� �(�A�-�9�)� 

�w�h�e�r�e� 
�k�=�L� 

�[�A�]� �=� �5� �t�,�(�C�¥�]� 
�k�=�1� 

�E�q�u�a�t�i�o�n� �(�A�-�9�)� �c�a�n� �a�l�s�o� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�,� 

�{�d�e�®�}� �=� �C�A�]�!� �c�a�n�}� �(�A�-�1�0�)� 

�I�n� �e�q�u�a�t�i�o�n� �(�A�-�1�0�)�,� �c�a�y�"�!� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�v�e�r�a�g�e� �l�a�m�i�n�a�t�e� �c�o�m�p�l�i�a�n�c�e� 

�y�t�h� �d�u�r�i�n�g� �t�h�e� �(�n�+�]�1� �l�o�a�d� �i�n�c�r�e�m�e�n�t�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �p�r�o�p�e�r�t�i�e�s� �a�r�e� �n�o�t
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�k�n�o�w�n� �w�h�e�n� �t�h�e� �(�n�t�i�)� �o�h� �l�o�a�d� �i�n�c�r�e�m�e�n�t� �i�s� �a�p�p�l�i�e�d�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� 

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

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

�S�e�a�u�e�n�t�i�a�l�l�y�,� �k�n�o�w�i�n�g� �t�h�e� �(�n�t�1�)� �t�h� �l�o�a�d� �i�n�c�r�e�m�e�n�t� �a�n�d� �t�h�e� �l�a�m�i�n�a�t�e� 

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

�i�n�c�r�e�m�e�n�t� �{�d�e�°�}� �a�n�d� �e�a�c�h� �l�a�m�i�n�a� �s�t�r�a�i�n� �i�n�c�r�e�m�e�n�t� �(�d�e�*�}� �a�n�d� �s�t�r�e�s�s� �i�n�c�r�e�-� 

�m�e�n�t� �{�d�o�}� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �b�y� �u�s�i�n�g� �e�q�u�a�t�i�o�n�s� �(�A�-�1�0�)�,� �(�A�-�4�)� �a�n�d� �(�A�-�2�)�,� 

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

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

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

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

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

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

�a� �f�a�i�l�u�r�e� �c�r�i�t�e�r�i�o�n�.� �N�u�m�e�r�o�u�s� �f�a�i�l�u�r�e� �c�r�i�t�e�r�i�o�n� �a�r�e� �a�v�a�i�l�a�b�l�e� �[�2�7�]� 

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

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

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

�i�n�d�e�p�e�n�d�e�n�t� �f�a�i�l�u�r�e� �m�o�d�e�s�.� �T�h�e� �c�r�i�t�e�r�i�a� �p�r�o�p�o�s�e�d� �b�y� �A�s�h�k�e�n�a�z�i� �[�4�9�]�,� 

�H�i�l�l� �[�5�0�]� �a�n�d� �P�u�p�p�o� �a�n�d� �E�v�e�n�s�e�n� �[�3�4�]� �a�r�e� �e�x�a�m�p�l�e�s� �o�f� �f�a�i�l�u�r�e� �c�r�i�t�e�r�i�a� 

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

�r�e�s�u�l�t�s� �[�5�1�]� �t�e�n�d� �t�o� �c�o�n�f�i�r�m� �t�h�a�t� �t�h�e� �c�r�i�t�e�r�i�a� �w�i�t�h� �d�e�p�e�n�d�e�n�t� �f�a�i�l�u�r�e� 

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

�T�h�e� �a�s�s�u�m�p�t�i�o�n�s� �m�a�d�e� �i�n� �A�s�h�k�e�n�a�z�i�'�s� �c�r�i�t�e�r�i�o�n� �a�r�e� �t�h�a�t� �t�h�e� 

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

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

� � � � 

�4� �,� 
�=� �L�o�e� �o� �+� �y�e� �-� �1� �7�|� �C�o�s ��e� �S�i�n�t�o� �+� �a� �°� �(�A�-�1�1�)� �a

�=
� 

�w�h�e�r�e� �o�y� �i�s� �t�h�e� �a�p�p�l�i�e�d� �a�x�i�a�l� �s�t�r�e�s�s�,� �9� �i�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �o�y� �a�n�d� 

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

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

�W�h�i�l�e� �e�q�u�a�t�i�o�n� �(�A�-�1�1�)� �i�s� �w�r�i�t�t�e�n� �f�o�r� �u�n�i�a�x�i�a�l� �l�o�a�d�i�n�g� �o�n�l�y�,� �o�t�h�e�r� 

�S�t�a�t�e�s� �o�r� �s�t�r�e�s�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �b�y� �A�s�h�k�e�n�a�z�i�.� 

�U�s�i�n�g� �a�s�s�u�m�p�t�i�o�n�s� �s�i�m�i�l�a�r� �t�o� �A�s�h�k�e�n�a�z�i�,� �H�i�l�l� �d�e�v�e�l�o�p�e�d� �a�n� �a�n�i�s�o�-� 

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

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

�I�t� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�,� 

�3�1�)�"� �o�9�\�*� �°�1�°�2� �1�2�)� 
�r�l�]� �t�l�y�)� �c�o�r�e� �t�t�s� �F�t� �(�A�-�1�2�)� 

�w�h�e�r�e� �t�h�e� �s�t�r�e�s�s�e�s� �O�y�»� �a�n�d� �T�y�5� �a�r�e� �a�l�o�n�g� �t�h�e� �m�a�t�e�r�i�a�l� �a�x�e�s�,� �S� �i�s� �t�h�e� 

� � 

�i�n�t�r�a�l�a�m�i�n�a� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �a�n�d� �X� �a�n�d� �Y� �a�r�e� �a�s� �d�e�f�i�n�e�d� �f�o�r� �e�q�u�a�t�i�o�n� 

�(�A�-�1�1�)�.� 

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

�E�v�e�n�s�e�n� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�n�e�l� �a� 
�A�R� �o�P� 

�>� �(�A�-�1�3�)� 

� � � 
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�2� 
�w�h�e�r�e� �y� �=� �a�e� �i�s� �a�n� �i�n�t�e�r�a�c�t�i�o�n� �f�a�c�t�o�r� �a�n�d� �t�h�e� �o�t�h�e�r� �q�u�a�n�t�i�t�i�e�s� �a�r�e� �a�s� 

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

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

�a�c�t�i�o�n� �f�a�c�t�o�r� �a�s� �y� �=� �(�3�s�"�)�"� �w�h�e�r�e� �t�h�e� �e�x�p�o�n�e�n�t�,� �n�,� �i�s� �a� �m�a�t�e�r�i�a�l� 

�p�a�r�a�m�e�t�e�r�.� 

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

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

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

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

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

�t�h�e�i�r� �c�r�i�t�i�c�a�l� �s�t�r�e�s�s� �s�t�a�t�e�.� �A�n� �e�a�s�y� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e� �i�s� �t�o� 

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

�t�h�i�c�k�n�e�s�s�e�s� �a�n�d� �s�t�i�f�f�n�e�s�s�e�s� �o�f� �t�h�e� �f�a�i�l�e�d� �l�a�m�i�n�a�e�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �p�r�o�-� 

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

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

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

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

�s�t�i�f�f�n�e�s�s�e�s� �t�o� �t�h�e� �t�h�r�e�e� �o�f�f�-�d�i�a�g�o�n�a�l� �t�e�r�m�s� �o�f� �t�h�e� �c�*�]� �m�a�t�r�i�x� �i�n� 

�e�q�u�a�t�i�o�n� �(�A�-�5�)� �a�n�d� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �d�i�a�g�o�n�a�l� �t�e�r�m� �w�h�e�n� �i�t�s� �u�l�t�i�m�a�t�e� 

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

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

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

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

�i�n�g� �a�r�e� �g�e�n�e�r�a�t�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �A�-�1� �t�o� 

�A�-�3�.� �F�i�g�u�r�e� �A�-�1� �s�h�o�w�s� �t�h�e� �a�n�a�l�y�t�i�c�a�l� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �f�o�r� �t�h�e
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�[�0�°�/�+�3�0�°�/�0�°�]�,�.� �l�a�m�i�n�a�t�e�.� �E�x�c�e�l�l�e�n�t� �c�o�r�r�e�l�a�t�i�o�n� �i�s� �s�e�e�n� �u�p� �t�o� �a�b�o�u�t� 

�5�0� �k�s�i� �(�3�4�4�.�8� �M�P�a�)�.� �A�t� �t�h�i�s� �s�t�r�e�s�s� �l�e�v�e�l�,� �f�a�i�l�u�r�e� �o�f� �t�h�e� �+�3�0�°� �l�a�m�i�n�a�e� 

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

�s�t�r�e�s�s�-�s�t�r�a�i�n� �c�u�r�v�e�.� �A�f�t�e�r� �t�h�i�s� �s�u�b�-�c�r�i�t�i�c�a�l� �f�a�i�l�u�r�e� �s�t�r�e�s�s� �l�e�v�e�l�,� �t�h�e� 

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

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

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

�[�4�5�°�/�1�5�°�/�7�5�°�/�4�5�°� �J�n�.� �l�a�m�i�n�a�t�e�,� �F�i�g�u�r�e� �A�-�2�.� �E�x�c�e�l�l�e�n�t� �c�o�r�r�e�l�a�t�i�o�n� �i�s� 

�s�e�e�n� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �[�9�0�°�/�+�6�0�°�/�9�0�°� �J�.�.�.� �l�a�m�i�n�a�t�e�,� �F�i�g�u�r�e� �A�-�3�.� 

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

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

�s�h�o�w�n� �i�n� �T�a�b�l�e� �A�-�1�.� �A�m�o�n�g� �t�h�e� �t�h�r�e�e� �f�a�i�l�u�r�e� �c�r�i�t�e�r�i�a� �u�s�e�d�,� �A�s�h�k�e�n�a�z�i�'�s� 

�a�p�p�e�a�r�s� �t�o� �b�e� �t�h�e� �b�e�s�t�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �e�x�p�o�n�e�n�t� �o�f� �t�h�e� 

�T�a�b�l�e� �A�-�1�.� �P�r�e�d�i�c�t�e�d� �F�a�i�l�u�r�e� �S�t�r�e�n�g�t�h�,� �N�o�r�m�a�l�i�z�e�d� �w�i�t�h� �R�e�s�p�e�c�t� �t�o� 
�t�h�e� �E�x�p�e�r�i�m�e�n�t�a�l� �S�t�r�e�n�g�t�h�.� 
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�L�a�m�i�n�a�t�e� 
�O�r�i�e�n�t�a�t�i�o�n� �A�s�h�k�e�n�a�z�i� �H�7�1�1� �P�u�p�p�o�-�E�v�e�n�s�e�n� 

�[�0�°�/�+�3�0�°�/�0�°� �J�.�.�.� �0�.�9�7�1� �0�.�9�6�5� �0�.�9�6�8� 

�[�4�5�°�/�1�5�°�/�7�5�°�/�4�5�°� �J�.�.�.� �1�.�0�0�2� �1�.�1�6�8� �1�.�0�5�4� 

�[�9�0�°�/�+�6�0�°�/�9�0�°�]�,�.� �0�.�8�2�7� �0�.�7�8�6� �0�.�8�6�4� 

� � 

�i�n�t�e�r�a�c�t�i�o�n� �f�a�c�t�o�r� �i�n� �e�q�u�a�t�i�o�n� �(�A�-�1�3�)� �w�a�s� �t�a�k�e�n� �a�s� �u�n�i�t�y�.� �B�y� �a�d�j�u�s�t�i�n�g� 

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

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

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



�9�]� 

�l�a�r�g�e� �p�a�n�e�l�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �t�h�e� �P�u�p�p�o�-�E�v�e�n�s�e�n� �c�r�i�t�e�r�i�a� �a�p�p�e�a�r� �t�o� �b�e� 

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

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

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

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

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

�A�p�p�l�i�c�a�t�i�o�n� �o�f� �A�n�a�l�y�s�i�s� 

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

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

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

�o�f� �t�e�s�t� �m�e�t�h�o�d�s� �h�a�s� �b�e�e�n� �p�r�o�p�o�s�e�d� �[�5�2�]� �t�o� �o�b�t�a�i�n� �t�h�i�s� �i�n�-�p�l�a�n�e� �s�h�e�a�r� 

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

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

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

�r�e�s�p�o�n�s�e�.� �T�h�i�s� �d�i�f�f�i�c�u�l�t�y� �i�s� �b�e�s�t� �c�l�a�r�i�f�i�e�d� �b�y� �F�i�g�u�r�e� �A�-�4�,� �w�h�e�r�e� 

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

�I�n� �t�h�i�s� �f�i�g�u�r�e�,� �t�h�e� �1�0�-�d�e�g� �o�f�f�-�a�x�i�s� �t�e�s�t� �m�e�t�h�o�d� �o�f� �D�a�n�i�e�l� �[�5�3�]� �a�n�d� 

�C�h�a�m�i�s� �e�t� �a�l� �[�3�5�]� �a�n�d� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �[�1�5�]�.� �r�e�s�u�l�t�s� �a�p�p�e�a�r� �t�o� �c�o�r�r�e�l�a�t�e�.� 

�I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �[�+�4�5�°� �t�e�n�s�i�l�e� �t�e�s�t�,� �t�h�e� �m�e�t�h�o�d�s� �o�f� �P�e�t�i�t� �[�5�4�]� �a�n�d� �i�e� 

�R�o�s�e�n� �[�5�5�]� �t�e�n�d� �t�o� �a�g�r�e�e�.� �T�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �[�0�°�/�9�0�°�]�,�.� 

�s�y�m�m�e�t�r�i�c� �r�a�i�l�-�s�h�e�a�r� �m�e�t�h�o�d� �o�f� �S�i�m�s� �[�5�1�]� �i�n�d�i�c�a�t�e�s� �t�h�e� �m�o�s�t� �d�u�c�t�i�l�i�t�y�.� 

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

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

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

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

�a�s�,� 

�2�v� 
� � � � 

�m
� �C�o�s�t�e� �|� �|� �1� �4� 

�l�t� �1�2�)� �c�o�5�%�e� �S�i�n�t�e� �+� �D�U�N� �&� �(�A�-�1�4�)� 
�G�y�o� �1� �E�5�9� 

�T�h�e� �q�u�a�n�t�i�t�i�e�s� �u�s�e�d� �i�n� �e�q�u�a�t�i�o�n� �(�A�-�1�4�)� �a�r�e� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�f�i�n�e�d�.� �B�y� 

�s�u�b�s�t�i�t�u�t�i�n�g� �t�h�e� �i�n�i�t�i�a�l� �G�1�5� �v�a�l�u�e� �f�r�o�m� �t�h�e� �[�1�5�°� �J�o�.� �o�f�f�-�a�x�i�s� �c�a�l�c�u�l�a�t�e�d� 

�r�e�s�u�l�t�s� �a�n�d� �t�h�e� �i�n�i�t�i�a�l� �G�i�o� �v�a�l�u�e� �b�y� �R�o�s�e�n�'�s� �[�+�4�5�°�]�.� �m�e�t�h�o�d� �i�n�t�o� �e�q�u�a�-� 

�t�i�o�n� �(�A�-�1�4�)�,� �a�n� �a�n�a�l�y�t�i�c�a�l� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�m�p�a�r�i�s�o�n� �c�a�n� �b�e� �m�a�d�e� �a�s� 

�S�h�o�w�n� �i�n� �F�i�g�u�r�e� �A�-�5�.� �I�n� �t�h�i�s� �f�i�g�u�r�e�,� �e�x�c�e�l�l�e�n�t� �c�o�r�r�e�l�a�t�i�o�n� �i�s� �s�e�e�n� 

�b�e�t�w�e�e�n� �e�x�p�e�r�i�m�e�n�t� �a�n�d� �a�n�a�l�y�s�i�s� �w�h�e�n� �t�h�e� �[�1�5�°�]�.� �r�e�s�u�l�t�s� �a�r�e� �u�s�e�d�.� �I�t� 

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

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

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

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

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

�m�e�t�h�o�d�s� �(�[�1�5�°� �c�a�l�c�u�l�a�t�e�d� �a�n�d� �R�o�s�e�n�'�s� �[�+�4�5�°�]�.� �m�e�t�h�o�d�)� �a�r�e� �u�s�e�d� �i�n� �t�h�e� 
�I�g�s� 

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

�p�a�r�a�m�e�t�e�r�s� �(�E�,�>� �E�n�o� �a�n�d� �v�1�)� �k�e�p�t� �c�o�n�s�t�a�n�t� �t�o� �p�r�e�d�i�c�t� �t�h�e� �t�e�n�s�i�l�e� 

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

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

�r�e�s�u�l�t�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �A�-�6� �t�o� �A�-�8�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �[�0�°�/�9�0�°�]�,�.�>� 

�[�0�°�/�+�4�5�°�/�0�°� �J�.�.�.� �a�n�d� �[�9�0�°�/�+�6�0�°�/�9�0�°� �J�.�.�.� �l�a�m�i�n�a�t�e�s�,� �F�i�g�u�r�e�s� �A�-�6� �t�o� �A�-�7�,� 

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

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

�a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �a�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �[�4�5�°�/�0�°�/�9�0�°�/�-�4�5�°� �J�.�»� �[�3�0�°�]�.�.�.
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�9�8� 

�a�n�d� �[�6�0�°�]�.�.�.� �l�a�m�i�n�a�t�e�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �A�-�7� �t�o� �A�~�8�,� �w�h�e�r�e� �g�o�o�d� �c�o�r�r�e�t�a�-� 

�t�i�o�n�s� �a�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �[�1�5�°� �J�o�.� �c�a�l�c�u�l�a�t�e�d� �r�e�s�u�l�t�s�.� 

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

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

�o�f� �u�n�i�d�i�r�e�c�t�i�o�n�a�l� �l�a�m�i�n�a�t�e�s�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �t�h�e� �[�+�4�5�°�]�.� �t�e�n�s�i�l�e� 

�a�n�d� �[�0�°�/�9�0�°�]�.� �r�a�i�l� �s�h�e�a�r� �m�e�t�h�o�d�s� �s�e�e�m� �t�o� �i�n�c�l�u�d�e� �i�n�t�e�r�l�a�m�i�n�a� �e�f�f�e�c�t�s�.� 

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

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

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

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

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

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

�[�+�4�5�°�]�.� �t�e�n�s�i�o�n� �o�r� �t�h�e� �[�0�°�/�9�0�°�]�.� �r�a�i�l� �s�h�e�a�r� �t�e�s�t� �w�o�u�l�d� �b�e� �t�h�e� 

�a�p�p�r�o�p�r�i�a�t�e� �t�e�s�t�.



�A�P�P�E�N�D�I�X� �B� 

�A� �S�Y�N�O�P�S�I�S� �O�F� �F�R�A�C�T�U�R�E� �B�E�H�A�V�I�O�R� �O�F� �N�O�T�C�H�E�D� �C�O�M�P�O�S�I�T�E�S� 

�A�T� �R�O�O�M� �T�E�M�P�E�R�A�T�U�R�E� 

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

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

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

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

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

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

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

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

�a�s� �m�o�r�e� �e�x�t�e�n�s�i�v�e� �d�o�c�u�m�e�n�t�a�t�i�o�n� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �i�n� �r�e�f�e�r�e�n�c�e�s� �5�7� �t�o� �6�0�.� 

�F�r�a�c�t�u�r�e� �M�o�d�e�l�s� 

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

�u�s�i�n�g� �m�a�i�n�l�y� �t�h�r�e�e� �a�s�p�e�c�t�s�:� �L�i�n�e�a�r� �e�l�a�s�t�i�c� �f�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �(�L�E�F�M�)� 

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

�a�n�i�s�o�t�r�o�p�i�c�;� �L�E�F�M� �o�n� �a� �m�a�c�r�o�s�c�o�p�i�c� �s�c�a�l�e� �w�i�t�h� �t�h�e� �m�a�t�e�r�i�a�l� �b�e�i�n�g� 

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

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

�a�n�i�s�o�t�r�o�p�y�.� 

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

�w�a�s� �a�n�a�l�y�z�e�d� �f�r�o�m� �t�h�e� �m�i�c�r�o�m�e�c�h�a�n�i�c�a�l� �v�i�e�w�p�o�i�n�t� �[�6�1�-�6�4�]� �f�i�r�s�t� �a�n�d� �l�a�t�e�r� 

�w�a�s� �e�x�a�m�i�n�e�d� �f�r�o�m� �t�h�e� �m�a�c�r�o�m�e�c�h�a�n�i�c�a�l� �v�i�e�w�p�o�i�n�t� �[�6�5�-�7�4�]�.� �T�h�e� �p�r�i�m�a�r�y� 

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

�9�9



�1�0�0� 

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

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

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

�m�a�t�i�c�a�l� �t�h�e�o�r�y� �o�f� �L�E�F�M� �a�s�s�u�m�e�s� �s�e�l�f�-�s�i�m�i�l�a�r� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n�,� �t�h�e� 

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

�T�o� �o�v�e�r�c�o�m�e� �t�h�e�s�e� �l�i�m�i�t�a�t�i�o�n�s�,� �t�h�e� �"�M�a�t�e�r�i�a�l�s� �S�c�i�e�n�c�e�"� �m�o�d�e�l� �[�7�5�,�7�6�]� 

�a�n�d� �t�h�e� �"�L�o�c�a�l� �H�e�t�e�r�o�g�e�n�e�o�u�s� �R�e�g�i�o�n�"� �(�L�H�R�)� �m�o�d�e�l� �[�7�7�]� �w�e�r�e� �p�r�o�p�o�s�e�d�.� 

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

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

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

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

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

�A�n�a�l�y�t�i�c�a�l� �M�e�t�h�o�d�o�l�o�g�y� 

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

�i�s�o�t�r�o�p�i�c� �p�l�a�t�e� �c�o�n�t�a�i�n�i�n�g� �a� �c�r�a�c�k� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� 

�K�i�c� �=� �o�y�n�a� �(�B�-�1�)� 

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

�e�x�p�r�e�s�s�e�d� �a�s� 

�K�r�e� �=�o� �y�r�l�a� �+� �a�_�)� �(�B�-�2�)� 
�c� �0� 

�w�h�e�r�e� �o�O�.� �i�s� �t�h�e� �c�r�i�t�i�c�a�l� �r�e�m�o�t�e� �s�t�r�e�s�s� �n�o�r�m�a�l� �t�o� �t�h�e� �c�r�a�c�k�,� �2�a� �(�F�i�g�u�r�e� 

�B�-�1�)� �i�s� �t�h�e� �t�o�t�a�l� �c�r�a�c�k� �l�e�n�g�t�h�,� �a�n�d� �a� �i�s� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �l�e�n�g�t�h� �o�r� 

�i�n�h�e�r�e�n�t� �f�l�a�w� �T�e�n�g�t�h� �a�s� �d�e�n�o�t�e�d� �b�y� �W�a�d�d�o�u�p�s� �e�t� �a�l�.� �[�6�5�]�.� �T�h�e�s�e� �a�u�t�h�o�r�s� 

�a�s�s�u�m�e�d� �t�h�a�t� �a�n� �u�n�n�o�t�c�h�e�d� �l�a�m�i�n�a�t�e� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �a� �n�o�t�c�h�e�d� �l�a�m�i�n�a�t�e� 

�w�i�t�h� �a� �n�o�t�c�h� �l�e�n�g�t�h� �o�f� �2�a�,� �T�h�a�t� �i�s�,� �f�o�r� �t�h�e� �u�n�n�o�t�c�h�e�d� �l�a�m�i�n�a�t�e
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�F�i�g�u�r�e� �B�-�1�.� �M�o�d�e� �I� �L�o�a�d�i�n�g� �o�f� �a� �C�e�n�t�e�r� �C�r�a�c�k�e�d� �I�n�f�i�n�i�t�e� �P�l�a�t�e�.



�1�0�2� 

�K�e� �=� �O�4�y� �T�a�,� �(�B�-�3�)� 

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

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

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

�e�q�u�a�t�i�o�n�s� �(�B�-�2�)� �a�n�d� �(�B�-�3�)�,� �t�h�e� �c�r�i�t�i�c�a�l� �r�e�m�o�t�e� �s�t�r�e�s�s�,� �O�u� �f�o�r� �t�h�e� 

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

�a�,� �a�s� �[�6�5�]� 

�O�o� �b�t�a� 
�O� �0� �0� �-� �(�B�-�4�)� 

�°�c� �2�5� 

� � 

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

�r�a�t�i�o�n�a�l�e�,� �W�h�i�t�n�e�y� �a�n�d� �N�u�i�s�m�e�r� �[�7�0�,�7�1�]� �u�s�e� �t�h�e� �e�x�a�c�t� �a�n�i�s�o�t�r�o�p�i�c� 

�c�e�n�t�e�r� �c�r�a�c�k�e�d� �s�o�l�u�t�i�o�n� �o�f� �L�e�k�h�n�i�t�s�k�i�i� �[�7�8�]� �t�o� �d�e�r�i�v�e� �t�w�o� �f�a�i�l�u�r�e� 

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

�f�o�r� �a�n� �i�n�f�i�n�i�t�e� �p�l�a�t�e�,� �F�i�g�u�r�e� �B�-�1�,� �c�o�n�t�a�i�n�i�n�g� �a� �c�r�a�c�k� �a�n�d� �s�u�b�j�e�c�t�e�d� �t�o� 

�u�n�i�a�x�i�a�l� �t�e�n�s�i�o�n� �o� �i�s� 

�o�O� �K�r�x� 
�X� �=�  �� �A�e� �t�t� �B�-�5� �B�y� �(�X�5�0�)� �=� �P�e�e� �=� �T�a�e� �(�8�-�5�)� 

�w�h�e�r�e� �K�,� �f�r�o�m� �L�E�F�M� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �K�,� �=� �o�v�r�a�.� �T�h�e� �f�i�r�s�t� �f�a�i�l�u�r�e� 

�c�r�i�t�e�r�i�o�n� �o�f� �W�h�i�t�n�e�y� �a�n�d� �N�u�i�s�m�e�r�,� �k�n�o�w�n� �a�s� �t�h�e� �p�o�i�n�t� �s�t�r�e�s�s� �c�r�i�t�e�r�i�o�n�,� 

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

�s�t�r�e�s�s� �o�l�a�,� �2�0�)� �a�t� �a� �c�e�r�t�a�i�n� �d�i�s�t�a�n�c�e�,� �a�y� �f�r�o�m� �t�h�e� �i�m�p�l�a�n�t�e�d� �n�o�t�c�h� �t�i�p� 

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

�(�B�-�5�)� �a�n�d� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �p�o�i�n�t� �s�t�r�e�s�s� �c�r�i�t�e�r�i�o�n�,� �r�e�s�u�l�t�s� �i�n
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�w�h�e�r�e� 

� � 

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

�s�t�a�t�e�d� �t�h�a�t� �f�a�i�l�u�r�e� �w�i�l�l� �o�c�c�u�r� �w�h�e�n� �t�h�e� �a�v�e�r�a�g�e� �s�t�r�e�s�s� �o�y�(�d�,� �2�0�)�.� �o�v�e�r� 

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

�l�a�m�i�n�a�t�e�,� �O�p� �S�u�b�s�t�i�t�u�t�i�n�g� �e�q�u�a�t�i�o�n� �(�B�-�5�)� �i�n�t�o� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� 

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

�o�O� �-�  ¬� �C�c� �_� �h� �]� 
�o�O� �~� �s� �]� �+� �5�]� �(�B�-�7�)� 

�O� 

� � 

�w�h�e�r�e� 

�a� 
�E� �=� 

�]� �a� �+� �d�o� 

� � 

�T�h�e� �p�a�r�a�m�e�t�e�r�s� �O�n�?� �a�y�»� �a�n�d� �d�y� �a�r�e� �f�o�u�n�d� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �u�s�i�n�g� �t�h�e� �s�a�m�e� 

�t�w�o� �r�e�q�u�i�r�e�d� �t�e�s�t�s� �a�s� �i�n� �t�h�e� �W�a�d�d�o�u�p�s� �e�t� �a�l�.�'�s� �m�e�t�h�o�d�.� �A�s� �d�i�s�c�u�s�s�e�d� �b�y� 

�T�s�a�i� �a�n�d� �H�a�h�n� �[�7�9�]�,� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �l�e�n�g�t�h�s� �d�y� �a�n�d� �a�,� �a�r�e� �r�e�l�a�t�e�d� �b�y� 

�a� �f�a�c�t�o�r� �o�f� �t�w�o�,� �t�h�a�t� �i�s�,� �d�y� �=� �2�a�y�:� 

�A�s� �s�h�o�w�n� �i�n� �r�e�f�e�r�e�n�c�e� �[�7�0�]�,� �t�h�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s� �a�c�c�o�r�d�i�n�g� �t�o� 

�t�h�e� �p�o�i�n�t� �s�t�r�e�s�s� �c�r�i�t�e�r�i�o�n� �i�s� �g�i�v�e�n� �b�y� 

�K� �Y�r�a�(�l� �-� �a�)� �(�B�-�8�)� �Q� �%� 

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

� � �K�y� �=� �o�g�v�m�a�l�l� �=� �&� �7� �*� �&�)� �(�B�-�9�)



�1�0�4� 

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

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

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

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

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

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

�f� 

�o�,� �=� �F�l�a�/�W�)�o�,� �(�B�-�1�0�)� 

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

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

�c�o�r�r�e�c�t�i�o�n� �f�a�c�t�o�r�.� �T�h�e� �v�a�l�u�e� �o�f� �F�(�a�/�W�)� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �e�q�u�a�t�i�o�n� 

�f�o�r� �i�s�o�t�r�o�p�i�c� �m�a�t�e�r�i�a�l�s� �[�8�0�]�.� 

� � 

�F�(�a�/�W�)� �=� �V�(�W�/�n�a�)� �t�a�n�(�n�a�/�W�)� �(�B�-�1�1�)� 

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

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

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

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

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

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

�o�r�d�e�r� �o�f� �1�0�%�,� �a�s� �s�h�o�w�n� �b�y� �C�r�u�s�e� �a�n�d� �O�s�i�a�s� �[�8�1�]� �a�n�d� �K�o�n�i�s�h� �[�8�2�]�.� �T�h�u�s�,� 

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

�T�o� �a�v�o�i�d� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �o�f� �a�n� �i�s�o�t�r�o�p�i�c� �f�a�c�t�o�r�,� �S�n�y�d�e�r� �a�n�d� �C�r�u�s�e� 

�[�7�4�,�8�3�]� �d�e�v�e�l�o�p�e�d� �a� �b�o�u�n�d�a�r�y�-�i�n�t�e�g�r�a�l� �e�q�u�a�t�i�o�n� �(�B�I�E�)� �m�e�t�h�o�d� �t�o� �c�a�l�c�u�l�a�t�e� 

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

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



�1�0�5� 

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

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

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

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

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

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

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

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

�s�e�g�m�e�n�t�s�.� 

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

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

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

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

�f�o�r� �o�b�t�a�i�n�i�n�g� �b�o�t�h� �o�f� �t�h�e� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� �f�a�c�t�o�r�s� �K�,� �a�n�d� �K�i�d� �i�.�e�.�,� 

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

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

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

�A�s� �d�e�v�e�l�o�p�e�d� �b�y� �S�n�y�d�e�r� �a�n�d� �C�r�u�s�e�,� �t�h�e� �b�a�s�i�c� �e�q�u�a�t�i�o�n� �o�f� �t�h�e� �B�I�E� 

�m�e�t�h�o�d� �m�a�y� �b�e� �w�r�i�t�t�e�n� �a�s� 

�u�j�(�P�)�/�2� �+� �|� �u�s�a�)� �7�5�4�(�P�.�)�d�s�(�Q�)� �=� �|� �t�5�(�Q�)� �U�,�,�(�P�.�a�)�d�s�(�a�)� �(�8�-�1�2�)� 
�S� �S� 

�I�n� �e�q�u�a�t�i�o�n� �(�B�-�1�2�)�,� �u�.� �(�Q�)� �a�n�d� �t�,� �(�Q�)� �r�e�f�e�r� �t�o�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �d�i�s�p�l�a�c�e�m�e�n�t�s� 

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

�T�h�e� �B�I�E� �m�e�t�h�o�d� �u�s�e�s� �s�p�e�c�i�a�l� �k�e�r�n�e�l�s�,� �5�4� �(�P�Q�)� �a�n�d� �U�5� �(�P�2�9�)�>� �f�o�r� 

�T� �5�5� �(�P�5�Q�)� �a�n�d� �U�5�,� �(�P�Q�)� �i�n� �e�q�u�a�t�i�o�n� �(�B�-�1�2�)� �t�o� �m�a�t�h�e�m�a�t�i�c�a�l�l�y� �m�o�d�e�l� �a� 
�*� 

�t�r�a�c�t�i�o�n�-�f�r�e�e� �s�t�r�a�i�g�h�t� �c�r�a�c�k� �o�f� �l�e�n�g�t�h� �2�a�.� �S�i�n�c�e� �T�a�,� �a�n�d� �t�.� �a�r�e



�1�0�6� 

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

�T�h�e� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �d�e�t�e�r�m�i�n�i�n�g� �m�o�d�e� �I� �a�n�d� �m�o�d�e� �I�I� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� 

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

�o�n� �a�n� �a�r�b�i�t�r�a�r�y� �p�a�t�h� �i�n� �t�h�e� �b�o�d�y�,� �a�n�d� �i�s� �g�i�v�e�n� �b�y� 

�K�o�n� �J� �8�7�7�  ¬�Q�)�u�,� �(�Q�)�d�s�(�0�)� �+� �J�L� �a�e�(�a�é�s�(�a�)� �(�8�-�1�3�)� 

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

�c�r�a�c�k� �s�i�z�e� �a�n�d� �l�o�c�a�t�i�o�n�,� �a�s� �w�e�l�l� �a�s� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s�.� �A�s� �d�i�s�c�u�s�s�e�d� 

�i�n� �r�e�f�e�r�e�n�c�e� �[�8�4�]�,� �w�h�i�l�e� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �o�f� �e�q�u�a�t�i�o�n� �(�B�-�1�2�)� �l�e�a�d�s� �t�o� �t�h�e� 

�d�e�f�i�n�i�t�i�o�n� �o�f� �e�q�u�a�t�i�o�n� �(�B�-�1�3�)�,� �e�q�u�a�t�i�o�n� �(�B�-�1�3�)� �m�a�y� �u�s�e� �b�o�u�n�d�a�r�y� �d�a�t�a� 

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

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

�a�n�d� �g�r�i�d� �s�i�z�e�s� �a�n�d� �s�p�a�c�i�n�g�s�.� 

�E�x�p�e�r�i�m�e�n�t�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� 

�I�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �v�e�r�s�a�t�i�l�i�t�y� �o�f� �t�h�e� �t�h�r�e�e� �t�w�o�-�p�a�r�a�m�e�t�e�r� 

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

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

�v�a�r�i�a�t�i�o�n�s� �i�n� �a�s�p�e�c�t� �r�a�t�i�o� �(�2�a�/�w�,� �w�h�e�r�e� �w� �i�s� �t�h�e� �t�o�t�a�l� �w�i�d�t�h� �o�f� �t�h�e� 

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

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

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

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

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

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

�e�x�p�e�r�i�m�e�n�t�a�l� �m�e�t�h�o�d�o�l�o�g�i�e�s� �s�u�c�h� �a�s� �c�r�a�c�k� �o�p�e�n�i�n�g� �d�i�s�p�l�a�c�e�m�e�n�t� �(�C�O�D�)



�1�0�7� 

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

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

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

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

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

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

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

�n�o�t�c�h� �(�S�E�N�)�,� �d�o�u�b�l�e�-�e�d�g�e�d� �n�o�t�c�h� �(�D�E�N�)� �a�n�d� �c�e�n�t�r�a�l�l�y� �l�o�c�a�t�e�d� �c�i�r�c�u�l�a�r� 

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

�f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s�e�s� �o�f� �t�h�e� �S�E�N� �a�n�d� �D�E�N� �s�p�e�c�i�m�e�n�s� �u�s�i�n�g� �t�h�e� �B�I�E� �m�e�t�h�o�d� 

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

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

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�C�O�D� �M�e�a�s�u�r�e�m�e�n�t�s� 

�T�y�p�i�c�a�l� �l�o�a�d�-�C�O�D� �t�r�a�c�e�s� �f�o�r� �a�l�l� �t�h�e� �l�a�m�i�n�a�t�e�s� �i�n� �t�h�e� �f�i�r�s�t� �s�e�r�i�e�s� 

�o�f� �t�e�s�t�s� �a�r�e� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �B�-�2�.� �T�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� 

�_�t�h�e� �r�e�l�a�t�i�v�e� �m�o�t�i�o�n� �o�f� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �o�p�p�o�s�i�t�e�.� �f�a�c�e�s� �o�f� �t�h�e� �n�o�t�c�h� 

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

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �s�e�c�o�n�d� �s�e�r�i�e�s� �o�f� �t�e�s�t�s� �(�s�l�o�t�s�)�.� �G�e�n�e�r�a�l�l�y�,� �a�s� �i�n�d�i�-� 

�c�a�t�e�d� �i�n� �F�i�g�u�r�e� �B�-�2�,� �t�h�e� �[�0�°�/�+�4�5�°�/�0�°�]�,�.� �l�a�m�i�n�a�t�e�s� �e�x�h�i�b�i�t�e�d� �n�e�a�r�l�y� 

�l�i�n�e�a�r� �r�e�s�p�o�n�s�e� �w�h�i�l�e� �t�h�e� �[�0�°� �I�e�.� �a�n�d� �[�2�4�5�°�]� �4�.� �l�a�m�i�n�a�t�e�s� �w�e�r�e� �h�i�g�h�l�y� 

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

�n�a�t�e�s� �e�x�c�e�e�d�e�d� �t�h�e� �r�a�n�g�e� �o�f� �t�h�e� �C�O�D� �g�a�g�e�.� 

�G�a�g�g�a�r� �a�n�d� �B�r�o�u�t�m�a�n� �[�8�6�]� �a�t�t�r�i�b�u�t�e�d� �s�u�c�h� �n�o�n�-�l�i�n�e�a�r� �b�e�h�a�v�i�o�r� 

�a�n�d� �d�i�s�c�o�n�t�i�n�u�i�t�i�e�s� �i�n� �l�o�a�d�-�C�O�D� �m�e�a�s�u�r�e�m�e�n�t�s� �t�o� �d�e�f�o�r�m�a�t�i�o�n�s� �a�n�d
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�1�0�9� 

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

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

�i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �B�-�2�,� �t�o� �q�u�a�n�t�i�f�y� �t�h�e� �a�m�o�u�n�t� �o�f� �a�c�t�u�a�l� �o�r� �a�p�p�a�r�e�n�t� 

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

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

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

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

�F�r�a�c�t�u�r�e� �S�t�r�e�n�g�t�h�s� 

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

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

�s�l�i�t�s� �a�n�d� �s�l�o�t�s�)� �a�r�e� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �B�-�3�.� �A�l�t�h�o�u�g�h� �t�h�e� �t�r�e�n�d�s� �o�f� 

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

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

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

�f�l�e�x�i�b�l�e� �n�a�t�u�r�e� �o�f� �t�h�e� �s�l�o�t�s� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �C�O�D� �m�e�a�s�u�r�e�m�e�n�t�s�.� 

�I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �[�+�4�5�°�|�,�,� �l�a�m�i�n�a�t�e�,� �t�h�e� �s�p�e�c�i�m�e�n�s� �c�o�n�t�a�i�n�i�n�g� 

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

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

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �B�-�3�.� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �p�h�o�t�o�e�l�a�s�t�i�c� �f�r�i�n�g�e�s� �o�f� 

�F�i�g�u�r�e�s� �B�-�4�a� �a�n�d� �B�-�4�c� �t�e�n�d�e�d� �t�o� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �r�e�g�i�o�n� 

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

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

�t�h�e� �h�o�l�e�s� �w�e�r�e� �m�o�r�e� �c�r�i�t�i�c�a�l� �t�h�a�n� �t�h�e� �s�l�i�t�s� �f�o�r� �t�h�e� �[�2�4�5�°�]�,� �.� �l�a�m�i�n�a�t�e�.� 

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

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