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ABSTRACT 

This experimental investigation examines the influence 

of surface treatment on the strength of low-fired tempered 

ceramic bodies. Specimens prepared with commercial raw 

materials are employed, either finger-smoothed, burnished, 

textured, slipped/burnished, or resin coated; two building 

techniques, coiling and paddle-and-anvi1, are also included 

since these forming processes affect the vessel surface. 

The modulus of rupture or flexurai strength is determined 

by means of a four-point bending test, which is sensitive 

to critical surface flaws. By means of a univariate 

analysis of variance, small differences in strength are 

found between ceramic briquettes with different surface 

treatments. Although the differences in means for the 

moduli of rupture values are statistically significant, the 

differences are of such a low magnitude that they cannot be 

considered behaviorally relevant. These results are only 

valid for the materials, mode of preparation, and test 

procedures employed. 
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CHAPTER 1 

INTRODUCTION 

Experimental archaeology: a behavloral approach 

The observation of and experiientation with 

archaeological Materials play an important role in the 

building and testing of hypotheses (Tringhan 1978:170). 

Thus, experimental archaeology, along with 

ethnoarchaeology and comparative ethnography, can establish 

correlates and make contributions to the study of cultural 

formation processes (c-transforms), and noncultural 

formation processes (n-transforms), the laws that relate 

behavioral and environmental variables to the 

archaeological record (Schiffer 1975:839; 1988a:469). 

Artifacts and inferences are tied together by 

general principles that identify specific traces - i.e. 

characteristics - and the kinds of behavior that created 

them (Sullivan 1978:194-195). Artifacts exhibit various 

dimensions of variability: formal, spatial, quantitative, 

and relational (Rathje and Schiffer 1982:64-65). In 

practice, aspects of variability may be partitioned 

according to techno-function (utilitarian function), socio-

function, and ideo-function (Schiffer and Skibo 1987:596). 

Technological processes involve sequences of behaviors that 

result from technical choices which in part determine the 
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formal attributes of artifacts. Formal properties affect 

performance characteristics, "the behavioral capabilities 

that an artifact oust possess in order to fulfill its 

function in a specific activity" (Schiffer and Skibo 

1987:599). 

Correlates, the principles of material culture 

dynamics, link formal properties with performance 

characteristics (Schiffer and Skibo 1987:600); these 

principles are required for understanding the functioning 

of technology (Schiffer 1988a:470). One Important goal of 

archaeological experimentation is to understand the techno-

function of artifacts to explain technological variability 

and change (Schiffer and Skibo 1987:599). Through middle-

range theory-building (Binford 1977:6), experimental 

archaeology may advance the study of formal variation, 

which includes the analysis of physical properties, 

examining the behavioral significance of variability. Thus, 

low-level working-hypotheses about physical characteristics 

and artifact performance tend to confirm or negate 

propositions in a middle stratum, for example those related 

to technical choices, while middle-level theories in turn 

reflect upon the validity of generalized theories about 

changes in social and economic systems (e.g., Bronitsky 

1986a:24; Raab and Goodyear 1984:227). 

This investigation examines the influence of surface 

treatment on ceramic performance. For low-fired ceramic 
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bodies, the relationship between surface treatment and 

resistance to fracture has not been explored 

experimentally in archaeological studies. Specimens 

prepared with commercial raw materials are employed, either 

finger-smoothed, burnished, textured, slipped/burnished, or 

resin coated; two building techniques, coiling and paddle-

and-anvil, are also included since these forming processes 

affect the vessel surface. The modulus of rupture or 

flexural strength is determined by means of a four-point 

bending test, which is sensitive to critical surface flaws. 

Small differences in strength are found between ceramic 

briquettes with different surface treatments. Although the 

differences in means for the moduli of rupture values are 

statistically significant, the differences are of such a 

low magnitude that they cannot be considered behavioraliy 

relevant. Under normal use conditions where vessels fail 

because of sudden shock, either by impact or thermal 

stresses, the subtle effect of surface treatments on 

durability possibly would go unnoticed: traditional potters 

may not select them to promote longer uselives of ceramic 

vessels. 

Materials science and experimental archaeology 

In a broad sense, archaeology ascertains and explains 

spatial and temporal differences in social behavior through 
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material manifestations (e.g., Schiller 1988a:469). 

Materials science encompasses physics, chemistry, and 

metallurgy (Anderson and Leaver 1970:i), whose principles 

refer to different characteristics of objects and 

artifacts. Materials science is defined as "the generation 

and application of knowledge relating to the composition, 

structure, and processing of materials to their properties 

and uses" (Cohen 1980:xii). 

The paradigm of materials science is that selection and 

processing of raw materials in specified ways lead to 

particular macrostructures and microstructures, which in 

turn determine specific properties in the final products 

(Kingery 1988:579; Vandiver 1988:141). Experimental 

archaeology is related to this model, since one of the 

research topics is how properties of artifacts, which are 

determined by their particular structure, might have been 

selected by craftspeople as a result of empirical trial-

and-error methods, sometimes extended over centuries. 

Technological knowledge is systematized, adopted, adapted, 

improved, and transmitted from generation to generation, 

becoming part of the traditions of different societies. 

As ceramic ecology (Matson 1965:203) came in vogue in 

archaeology, multi- and interdisciplinary approaches, 

involving materials science, became important for 

investigating the cultural context of production, use, and 

distribution of ceramic artifacts. The context studied in 
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ceramic ecology includes the choices and problems faced and 

solved by individual potters in the production process, and 

the compromises made in available materials in order to 

arrive at a finished product (Matson 1970:596). To 

understand these choices, the archaeologist must study the 

kinds of raw materials utilized, the reasons for their use, 

and the processing required to arrive at the final product. 

Materials science approaches can provide data about the 

manner in which changes in ceramic technology and function 

are related to social and economic changes, as well as data 

on modifications in the standards of acceptable performance 

and the increasing skills of potters in meeting these 

standards through manipulation of ceramic materials 

(Bronitsky 1986a:211). 

Ceramic experimentation 

As part of a recent approach in experimental 

archaeology that focuses on the use of modern materials 

(e.g., Bronitsky and Hamer 1986; Johnson et al. 1989; Nabry 

et al. 1989; Schiffer 1988b, 1989, in press; Schiffer and 

Skibo 1987, 1989; Skibo and Schiffer 1987; Skibo, Schiffer, 

and Reid 1989; Vaz Pinto et al. 1987), moving beyond the 

realm of simple replication (e.g., Ascher 1961; Coles 

1973), studies in ceramic experimentation are furnishing 

evidence for testing technological and techno-functional 
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hypotheses about variability in archaeological pottery. 

Thus, variation in ceramic attributes is not considered 

simply the result of factors such as style and cultural 

differentiation; rather, this research trend considers pots 

as tools: in other words, artifacts made and intended to 

carry out different utilitarian functions (Braun 1983:107-

1 0 8 )  .  

Techno-functional studies of ceramics examine 

experimentally the effects of various formal attributes on 

performance characteristics, focusing on the investigation 

of how technical decisions might influence specific 

behavioral capabilities of vessels (Skibo and Schiffer 

1987:84, 92-93). Several variables are involved in ceramic 

performance: form and size of the vessel, wail thickness, 

use intensity, and context of use. 

Experimental archaeologists have explored different 

variables to determine their possible influence on use-

related characteristics, as well as on postdepositional 

deterioration. Laboratory measurements based on materials 

science principles have been employed in tests; the effects 

of temper, firing temperature and, to a limited extent, 

surface treatment have been analyzed in relation to thermal 

shock resistance, Impact resistance, abrasion resistance, 

cooling effectiveness, and heating effectiveness (Bronitsky 

and Hamer 1986; Mabry et al. 1989; Schiffer 1988b, 1989, in 

press; Schiffer and Skibo 1987, 1989; Skibo, Schiffer and 
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Reid 1989; Vaz Pinto et al . 1987). 

Some experimental studies have attempted to investigate 

the socioeconomic context of production and use, advancing 

inferences about the evolution of ceramic technology (e.g. 

Feathers and Scott 1989; Schiffer 1989; Schiffer and Skibo 

1987; Skibo, Schiffer and Reid 1989; Steponaitis 1983, 

1984). In most cases, the experimental results have 

provided testable working-hypotheses that should prove 

their future value in the general framework of behavioral 

archaeology. 

Nonindustrial surface treatments 

A common practice all over the world among prehistoric, 

historic, and modern potters is the use of surface 

treatments; Shepard (1965:46-48, 66-69, 93, 187) and Rice 

1 1987:150-152, 163-164) present ethnographic and 

archaeological cases that illustrate the variability and 

widespread use of surface treatments. Rice (1987:138, 144) 

distinguishes between surface-finishing techniques, which 

are variants either of smoothing or texturing, and 

decorative treatments, which are divided between those that 

displace or penetrate the surface and those that involve 

additions to the surface. This family of ceramic 

modifications has usually been considered decorative, with 

the exception of resins and glazes, which are recognized to 
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decrease the permeability of vessels; resins are also 

suspected of promoting impact shock resistance (Reid 1984; 

Rice 1987:163). Surface enhancement treatments may also be 

functional, but their influence on performance for 

nonindustrial ceramics has not been analyzed in detail. All 

surface treatments induce different effects, and the 

surface conditions as well as the tools employed to work 

the vessel wails vary. The most common surface treatments 

are smoothing, burnishing, texturing, slipping, glazing, 

and resin coating. 

1) Smoothing creates a fine and regular surface, 

evening out and eliminating imperfections that result from 

the forming process. The plastic, leather-hard, or dry and 

rewetted surface is worked over with soft, yielding tools 

(including the potter's hand), hard, smooth tools, sharp-

edged scrapers, or abraders (Rice 1987:138; Shepard 

1965:66) . 

2) Burnishing compacts the surface and redistributes 

fine clay particles through plastic flow, producing a 

lustrous appearance. The leather-hard or dry surface is 

rubbed with smooth, hard tools (Rice 1987:138; Shepard 

1965:66-67) . 

3) Texturing produces a rough surface, which provides a 

better grip. Surfaces may be textured with toothed or 

serrated hard implements, drawn or roiled over the wet, 

soft, or leather-hard surface. Brushing, striating. 
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combing, stamping, rouletting, and impressing may be 

included as part of this technique (Rice id87: 138-141, 

144-145; Shepard 1965:70). 

Textured surfaces may also result from forming 

techniques, for example from beating with a patterned 

anvil, or from coiling (Rice 1987:138). The paddle and 

anvil technique, a secondary forming process, compresses 

and aligns the pores and inclusions parallel to surfaces 

(Rye 1981:85; Vandiver 1988:142). As a building process, 

coil construction is probably slower than modeling, and 

involves a great deal of bonding which can be a potential 

source of flaws (Shepard 1965:59). Corrugated vessels are 

manufactured with ropes of plastic clay, which are formed 

by squeezing or roiling the prepared paste. The vessel wall 

may be built with superimposed fillets laid in separate 

courses, or with coils overlapping slightly. Pressure may 

be applied in the bonding process, or the coils may be 

pinched together. Junctions can be obliterated by smoothing 

or scraping the vessel walls, although exterior corrugation 

may be preserved intact (Rice 1987:127-128; Shepard 

1965:57-59). 

4) Si ipping alters surface color and texture, and may 

reduce permeability. A coat of clay suspended in water is 

applied before firing, by dipping a vessel in this slip, 

pouring the suspension over the surface(s), or wiping it 

with soft implements. Slips exhibit variation in 
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composition, color, thickness, and number of applications. 

A slip may be applied without any subsequent finishing, or 

it may be smoothed or burnished (Rice 1987:149-151; Shepard 

1965:67-69). 

5) Glazing also alters surface color or texture, and 

reduces permeability (Rice 1987:151). Glazes are surface 

coatings of a glassy nature, giving hardness, 

Impermeability, and resistance to acids and alkalis (Fraser 

i973:ll; Taylor and Bull 1986:1). Glazes increase 

strength, as long as the body and glaze layers have similar 

coefficients of thermal expansion (Tomozawa 1976:244). 

Glazes are usually applied by dipping or rolling the 

vessels in the glaze suspension, or by pouring or spraying 

the glaze slurry over the surface. Depending on their 

composition, firing temperature, application by a once-

firing or twice-firing process, different kinds of wares 

can be produced. For example, tin-based glazes are used for 

majolica and lead or borax-based glazes for earthenware. 

Different oxides may be included in the solution to obtain 

colored glazes (Fournier 1973). 

6) Resin coating is a postfiring treatment that 

involves applying an organic material to the vessel 

8urface(s) while it is still hot (Rice 1987:163; Shepard 

1965:93). 

Untreated, smoothed, burnished, textured, and slipped 

surfaces may be blackened during the firing process by 
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adding manure to smudge the surface; carbon and 

products of combustion are impregnated on the vessel 

(Rice 1987:158; Shepard 1965:88-91). 

Research problem 

The possible influence of surface treatments considered 

as techno-functionai attributes on ceramic performance has 

been seldom treated in archaeological studies (Schiffer 

1988a, 1988b, in press; Schiffer and Skibo 1987:606, 

1989:108; Skibo, Schiffer and Reid 1989:125-126). In the 

manufacture of ceramic vessels, the process begins with the 

selection and preparation of raw materials and continues 

through a variety of forming techniques, surface finishing, 

and firing (McGovern 1985:33). The use of surface 

treatments involves additional steps in the production 

sequence compared to the manufacture of untreated 

ceramics. According to cultural and environmental factors, 

artisans may choose formal properties like luster, 

coatings, or textures to enhance characteristics of 

function (socio-function, ideo-function or techno-

function). Nonindustriai potters possibly are aware of the 

physical and mechanical properties attainable with 

different raw materials and techniques (e.g., Shepard 

1965:10), based on an empirical understanding of the 

effects of design compromises, and how interrelated 

tarry 

wails 
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variables may affect the performance characteristics of the 

final product. 

According to its intended context of use, a vessel must 

attain a reasonable lifespan in terms of the time and 

energy required to produce it. Although several variables 

are involved in ceramic durability, the hypothesis to be 

tested here is that different surface treatments promote 

longer uselives of vessels by affecting their mechanical 

properties, thereby lowering the probabilities of rupture 

of nonindustrial clay bodies. In this study, surface 

treatment is isolated as a probable techno-functional 

variable, to test its effects on strength. Questions 

concerning particular historical situations or about the 

evolution of ceramic technology are not specifically 

addressed here. 
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CHAPTER TWO 

POTTERY SCIENCE: BASIC CONCEPTS AND PRINCIPLES 

Ceramic structure and strength 

The internal structure of ceramic objects, which In 

part determines techno-functional properties, has two 

aspects: the arrangement of atoms within the components, 

and the arrangements of these constituents with respect to 

each other. Pottery is a multiphase material. A phase is 

any part of the system that is physically homogeneous and 

bounded by a surface, and that may be separated from the 

other parts of the system (Kingery, Bowen and Uhlmann 

1976:270). Grains, glassy material, and pores are 

considered ceramic phases (Rice 1987:348); thus, the 

physical phases of a ceramic body are voids (pores) and 

solid matter (temper and matrix/paste) (Maggetti 1982:122). 

The phase distribution, or microstructure, depends on the 

fabrication techniques, raw materials, phase equilibrium 

relations and kinetics of phase changes, grain growth, and 

sintering (Kingery, Bowen and Uhlmann 1976:516). 

"Historically, ceramics have always been made from readily 

available raw materials and control of microstructure has 

been hampered Dy random variations in these materials" 

(Bailey and Hill 1970:32). 

In general, ceramics are synthetic nonmetailic 
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materials; these sintered solids are mainly made from 

aiuminosi1icates. Ceramics exhibit brittle behavior, as 

failure takes place with little or no preceding plastic 

deformation (e.g. Hayden, Moffatt and Wulff 1965:145; 

Kingery, Bowen and Uhlmann 1976:3, 769; Torre 1985:79). In 

behavioral terms, one of the most important properties of 

pottery is strength, the ability to withstand the various 

forces or stresses to which it may be subjected in use 

without fracture (Dinsdale 1986:205). 

In fracture mechanics, specific kinds of strength are 

recognized, including theoretical, tensile, compressive, 

flexurai, fracture (or breaking) strength, shear, and 

torsional strength (Richerson 1982:75). The theoretical 

strength is the stress required to separate a body into two 

parts; the separation occurs simultaneously across the 

cross section (Kingery, Bowen and Uhlmann 1976:783). 

Tensile strength is the ability of a material to resist 

fracture under a stretching or pulling force. Compressive 

strength is a measure of the ability of a ceramic body to 

bear crushing loads; since most ceramics fail in tension, 

it is difficult to isolate and measure compressive 

strength, which is higher than tensile strength. Flexurai 

or transverse strength refers to the ability of a body to 

withstand bending stresses, and it is expressed as the 

modulus of rupture, most often about twice the measured 

tensile strength. Breaking or impact strength is the 
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ability of a material to resist fracture under a force 

applied suddenly and with a momentum or impulse. Initial 

impact fracture is caused by tensile stress. Shear strength 

is related to torsional strength, since in both cases 

tensile forces develop at different angles to the direction 

of the shearing force; the body fails along a plane 

parallel to the applied force in shear fracture or in an S-

shaped fracture line when torsional breakage occurs 

(Grimshaw 1971:841-843; Jones and Berard 1972:147-151; Rice 

1987:360). In general, however, brittle materials fail as a 

result either of tensile or shear stresses, regardless of 

how static loads (tensile, compressive, or flexurai) or 

dynamic forces (impact) are applied (Grimshaw 1971:844; 

Okuda 1989:83). 

The service life of ceramic products may be improved by 

increasing their strength. Under realistic use conditions, 

ceramic articles generally fracture in tension; vessels are 

exposed to high static compressive and tensile stresses 

when stacked, or may be subjected to dynamic tensile 

stresses when dropped, withstanding one or more impacts or 

failing when high material fatigue reaches a breaking limit 

(e.g., Dinsdale 1986:205). Breakage "occurs when the bonds 

between atoms fracture along a plane and split apart on a 

plane perpendicular to the tensile stress at that point" 

(Nunomura et al. 1989:226) 

Structure and processing determine specific properties 
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of Materials. The nain interrelated factors that affect the 

strength of ceramic materials are (after Grimshaw 

1971:871-882): 

1) chemical and mineralogical composition (cohesion and 

bonding power of different minerals combined); 

2) physical properties (texture, porosity, coefficients 

of expansion or contraction, adhesion, power of 

bonding); 

3) mode of preparation (size, shape and proportion of 

particles, amount of water, method of mixing); 

4) mode of manufacture; 

5) conditions of drying; and 

6) conditions of firing (temperature, rate of firing, 

duration of firing, firing atmosphere). 

Voids, large grains, and inclusions are defects that 

strongly influence the performance of brittle ceramic 

materials, and the formation of these faults is 

particularly related to characteristics of constituent 

particles (Evans 1984:69). For example, for industrial 

whitewares the strength depends on texture rather than 

structure, since the presence of pores results in a 

reduction of strength (Dinsdale 1986:207-208). Porosity as 

well as other flaws have an Important effect on the 

mechanical properties of ceramics: pores act as stress 

concentrators activating microcracks within the vicinity of 

the voids producing cracks which initiate the failure 
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(Evans 1984:69; Kingery, Bowen and Uhlaann 1976:809). 

Both porosity and firing conditions have important 

effects on the mechanical behavior of ceramics. 

Measurements of compressive and flexural strengths of 

commercial low-fired bodies (i.e., bricks and roofing-

tiles) may yield values that vary by a factor of two 

(Singer and Singer 1963:238-243) because of porosity 

variations among specimens, and differences in firing 

temperature reached in different levels or areas of a kiln. 

Strength decreases with increasing grain size, so large-

grained compositions are weak and have poor physical 

properties (Kingery, Bowen and Uhlmann 1976:200). Cracking 

may occur because of the boundary stresses that develop 

from mismatch of matrix/inclusion thermal contraction. 

When the thermal expansion coefficient of the inclusion is 

lower than that for the matrix, radial matrix cracks 

initiate when the defect exceeds a critical size (Evans 

1984:69). Local stresses also develop because of 

differences in elastic moduli: if the modulus of the 

inclusion exceeds that of the matrix the fracture 

probability is small, while for low modulus inclusions the 

probability of fracture is high (Evans 1986:69-71). 

Thus, strength degradation is especially affected by a 

combination of factors: 1) the shape, size, and number of 

pores, grains, and inclusions; 2) the presence of cracks or 

grain boundary cusps adjacent to flaws; 3) the distance 
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between a defect and the surface; and 4) differences in 

elastic moduli and coefficients of thermal expansion 

between the inclusions and the Matrix (e.g., Evans 1984:69, 

71; Richerson 1982:78). 

Fracture process 

Because the fracture process is complex, measuring 

mechanical properties of ceramic materials is difficult, in 

part because of their brittleness (see below); the methods 

to measure mechanical characteristics do not provide 

accepted universal test standards. Also, the comparison of 

the mechanical behavior of brittle materials is complicated 

by surface and volume effects (Katz and Lenoe 1976:242-

243) . 

The strength of ceramics is broadly determined by the 

toughness, the amount of energy required to form new 

fracture surfaces, and the size of the initial flaw within 

the material from which the fracture process originates 

(Brook 1984:34). The faults from which fracture initiates 

and responsible for the low strength of ceramic bodies are 

associated primarily with the surface. The presence of 

dangerous flaws probably depends basically on the 

fabrication methods and the treatment after fabrication 

(Kingery, Bowen and Uhlmann 1976:787, 791). Apparently, 

internal voids affect strength only when a pore is close to 
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the surface, although the stress concentration effect of 

internal pores is not entirely clear (Richerson 1982:81). 

Cracks arise internally only when surfaces are very smooth 

and care is taken to remove the surface defects produced 

during fabrication and to elininate foreign aatter adhering 

to the body (Kelly 1970:8). 

As illustrated by Griffith (Davidge 1979:32-35), the 

fracture strength of brittle solids is controlled by the 

presence and size of surface flaws, either cracks or 

scratches; defects concentrate the applied stress at the 

tip of the crack, weakening the material. Theoretically, 

when stresses separate a body into two parts, fracture 

occurs simultaneously across the cross section, but through 

the critical or largest flaw, separation of surfaces in 

fracture occurs sequentially rather than simultaneously. 

Thus, although ceramic crystals exhibit high bond energy 

which should lead to high strength, the practical strength 

of pottery is approximately 1 per cent of the theoretical 

strength of its components (Kingery, Bowen and Uhlmann 

1976:785; Rado 1988:197-198). Porosity and grain size 

distribution influence the flaw size as well as the stress 

distribution around cracks (Bailey and Hill 1970:29). 

In Griffith's model, supplemented by Orowan and Irwin 

(after Hayden, Noffatt and Wulff 1965:146-147; Lechtman and 

Hobbs 1986:100-101), the highest stress at the tip of a 

flaw is expressed as 
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°m s < p )* <E<I- 1) 

where om is the •axinum stress at the tip of a crack; c is 

half the length of an interior crack or the length of a 

surface crack; r is the radius of curvature at the end of 

the aajor axis; and a is the applied stress normal to the 

crack. 

Elastic energy is released when a crack begins 

propagating and, at the same time, surface energy is gained 

because of the creation of a new crack surface area. 

Brittle failure occurs by the spreading of a crack when an 

incremental increase in its length does not change the net 

energy of the system. Thus, fracture stress is expressed as 

2gE 
o = ( )* (Eq. 2) 

Jtc 

where E is Young's modulus of elasticity, and g is the 

specific surface energy. 

A critical flaw size is defined as 

= (Eg/4a)r/o2 (Eq. 3) 

where a is an interatomic distance. 

Another consideration is that the strength of ceramics 

depends on size or volume. A consequence of the theory 

that failure is initiated at flaws is that the fracture 
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strength of brittle solids is statistical in nature, 

"depending on the probability that a flaw capable of 

initiating fracture at a specific applied stress is 

present" (Kingery, Bowen and Uhlmann 1976:787). Weibull 

developed a statistical function to analyze the strength of 

ceraaics and their risk of rupture, considering that there 

is a decrease in strength with increasing quantity of 

material tested (Davidge 1980:135): large specimens are 

weaker than small test pieces and the dispersion in values 

of fracture stress increases as the median strength 

increases (Kingery, Bowen and Uhlmann 1976:788). The 

probability of failure is expressed as (after Katz and 

Lenoe 1976:243) 

P. = 1 - exp - f - (a/a )m dV (Eq. 4) 
* Jvol ° 

where o is the applied stress; o0 is the normalizing 

stress; m is the Weibull modulus, which is related to the 

material homogeneity; and dV is the volume of ceramic. oQ 

and m may be considered as material constants; m "reflects 

the degree of variability in strength - the higher m is, 

the less variable is strength. Values of 5-20 are common 

for ceramics" (Davidge 1980:136). 

The statistical nature of strength explains the 

dispersion of results found, a scatter that may change 
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substantially for different kinds of ceramic Materials. In 

addition, the observed strength depends on the way tests 

are conducted, since the values are related to the volume 

or the surface area of Material under stress (Kingery, 

Bowen and Uhlnann 1976:787-788). Thus, calculating the 

Weibull function allows prediction of the survival 

probability for a specific material in a test condition at 

particular stress levels, and extrapolation of strength 

data from small test pieces to large specimens (Davidge 

1980:137-138). Nevertheless, the use of statistical failure 

predictions is limited to approximate estimation of size 

and shape parameters when flaw populations vary among the 

specimens tested, due to the erratic nature of fabrication 

processes and surface finishing; in this case, more 

definitive predictions of failure may rely upon "proof 

testing" (Evans 1984:72). 

Flexural strength testing 

Ceramic engineering has developed several kinds of 

tests for industrial products, according to the various 

stresses that cause ceramic failure. The bend test is the 

most commonly used method to measure the strength of 

brittle materials and to determine surface energies. For 

tests of tensile, compressive, and shear strength, very 

special equipment is needed and considerable care is 
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required to prepare specimens, while cross-bending tests 

are easier to conduct (Davidge 1979:41-42; Katz and Lenoe 

1972:248, 253-254). 

Transverse or flexural stress, bend strength, or 

modulus of rupture (usually Measured in pounds per square 

inch, psi, or kilograms per square centiMeter; 1 psi = 0.07 

kg/cm2), is tested by applying a three-point or four-point 

force over the specimen. The higher the modulus of 

rupture, the more resistant a material is to fracture 

(Dinsdale 1986:206; Richerson 1982:86, 89). To Measure the 

modulus of rupture, samples of rectangular, square, or 

cylindrical section may be molded, extruded, pressed or 

cast (Ryan and Radford 1987:204). 

Bending tests measure fracture surface energy 

indirectly, since fracture originates from the specimen's 

surface, starting at the critical flaw (Grayson 1985:283). 

Flexural tests impose the largest tensile stresses on the 

specimen surface, where fracture generally starts from 

cracks; transverse strength often reflects the surface 

crack population, while tensile strength relates primarily 

to the presence of inclusions, voids, and large grains 

(Evans 1984:71). The strength determined in bend tests is 

dependent on the specimen size, the testing environment, 

and the loading rate (Gee and McCartney 1982:133). The 

values obtained with bending tests depend on 
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the flaw size distribution of the Material and the 
stress distribution in the test specimen. As the 
uniformity of the flaws within a material increases, 
the strength values measured by bend and tensile 
testing approach each other (Richerson 1982:89). 

Nevertheless, the modulus of rupture is considerably higher 

than the tensile strength, approximately by a factor of two 

(Katz and Lenoe 1975:25). In tensile tests, the position of 

maximum stress is the entire volume of the specimen 

(Nunomura et al. 1989:231), while in bend tests the 

stresses decrease from a maximum at the surface to zero at 

the neutral axis (Kingery, Bowen and Uhlmann 1976:787). 

Strength must be understood in statistical terms, 

depending on the probability that a flaw capable of 

initiating fracture in response to a specific applied 

stress is present on the surface. The Weibull theory about 

the risk of rupture relates stress and the volume of the 

body (Dinsdale 1986:206): "large specimens tend to be 

weaker than smaller ones because of the greater probability 

of encountering a critical flaw of a given size" (Newnham 

1975:282). 

In the three- or four-point loading system, the upper 

surface of the specimen is in compression while the lower 

surface is in tension (Ryan and Radford 1987:205). With 

four-point bending tests (see Figure 1), the probability of 

a larger flaw being exposed to high stress is increased in 

comparison with three-point bending (Richerson 1982:89), 

while with three-point loading the modulus of rupture 
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Figure 1. Four—point loading system. 
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obtained is usually 15-20 percent higher than with four-

point loads (Katz and Lenoe 1976:25). In the Modulus of 

rupture test using a three-point loading system, the 

Maximum stress occurs at a single point along the length, 

which may not be representative of the entire specimen 

since there is a low probability that the critical flaw 

occurs at this point (Duckworth 1951:2; Newnham 1975:288), 

in accordance with Griffith's and Weibull's theories. For 

four-point loading using cylindrical bars as specimens, the 

Maximum stress acts only along a line at the bottom of the 

cylinder, while with the more easily fabricated rectangular 

bars, the maximum stress acts on an area. Therefore, a 

rectangular cross section is better for detecting the most 

dangerous flaw and for obtaining more representative 

strength values (Duckworth 1951:2; Newnham 1975:288). Pour-

point loading systems in which rectangular bars are tested 

tend to be optimal for detecting surface faults in large 

areas and may be appropriate for measuring the flexural 

strength of specimens exhibiting different surface 

manipulations, treatments, or coatings. 

In four-point bending tests, the modulus of rupture 

(NOR) for rectangular cross section beams (see Figure 1) is 

calculated as follows (Jones and Berard 1972:148): 

3P (L - a) 

NOR =  

2bd2 
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where 

P «= force required to break the speciaen 

L = distance between outer supports of the device 

a = distance between inner two load application points 

fci = width of speciaen 

(i = thickness of speciaen 

For the accurate recording of flexural strength in 

four-point tests, several potential sources of error must 

be taken into account: 

1) If specimens break outside the area between the 

inner contact points of loading, the strength values should 

be discarded since stress concentrations occur at flaws 

outside the length under compression (e.g., Duckworth 

1951:5; Jones and Berard 1972:147). 

2) Lateral friction forces at support and load points 

induce curvature in the specimens. Although longitudinal 

warping is a possible limitation, the percent error of the 

fracture strengths calculated usually is minimal 

(Duckworth 1951:4; Newnham 1975:283-284). 

3) Rectangular cross section beams may exhibit flaws at 

the edges, but coamonly these faults do not appreciably 

weaken the specimens (Newnham 1975:287-288). 

4) The use of a testing rig with rollers set in support 

bearings is advisable to reduce friction effects at the 

supports (Newnhaa 1975:286, 288). 
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5) The specimen must be carefully aligned in the 

specimen holder to avoid twisting when the load is applied 

(Jones and Berard 1972:149). 

6) To reduce friction effects, the magnitude of shear 

forces, and to minimize stresses in the test rig, the use 

of specimens with span:thickness ratios less than 10 is not 

recommended (Newnham 1975:288). 

7) The rate of loading or the time the stress is 

applied must be kept constant for all specimens tested, 

since there is a decrease in strength with decreasing load 

rate because more time is allowed for slow crack growth 

(Kingery, Bowen and Uhlmann 1976:804). 

Measurements of the modulus of rupture on a sample show 

variation from specimen to specimen, with standard 

deviations of +10 percent or more, because of the 

differences in flaws among the specimens (Dinsdale 

1986:206-207; Kingery, Bowen and Uhlmann 1976:788). Samples 

of 10 to 20 specimens uniform in size and thickness are 

recommended to obtain representative strength values 

because of considerable deviations from the mean (Norton 

1974:283). In strength testing of industrial ceramics, 

strength variations of up to +.25 percent from the mean 

value are typically recorded in small batches of ceramic 

specimens (Davidge 1980:134), although the American Society 

of Testing Materials recommends the discard of measurements 

with variation more than +.15 percent from the mean (Rice 



4 0  

1987:361). In addition, in tests where more than 30 percent 

of the specimens in a sample are eliminated, the tests have 

to be repeated (Rice 1987:361). 

Abundant pores and inclusions affect drastically the 

presence of surface cracks degrading strength, and these 

defects may induce wide scatters of moduli of rupture 

values. Therefore, in determining the strength of low-fired 

ceramic bodies, less rigorous requirements and larger 

sample sizes than those aforementioned may be convenient 

(e.g., Bronitsky 1986:237; Rice 1987:361). 
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CHAPTER 3 

METHODS 

Background 

While exploring the effects of technical choices on 

ceramic performance, a number of archaeological studies 

have discerned functional correlates of aplastics, firing 

conditions, and surface treatment variability. Experimental 

analyses have made use of materials science principles and 

techniques, including strength tests to explain variability 

and change of use-related characteristics. The assumption 

in experimental studies of strength has been that 

resistance to breakage allows one to infer the suitability 

of vessels for various uses (Bronitsky and Hamer 1986:96-

97; Feathers and Scott 1989:556; Schiffer and Skibo 

1987:607; Skibo, Schiffer and Reid 1989:140; Steponaitis 

1983:35), their potential durability (Bronitsky and Hamer 

1986:96; Mabry et al. 1989; Slovacek 1968; Schiffer and 

Skibo 1987:607; Skibo, Schiffer and Reid 1989:139; 

Steponaitis 1983:45; Windes 1977:295), or to predict 

standardization in pottery production (Bronitsky 1986b:89). 

The effects of firing temperature and paste composition 

on compressive strength (Bronitsky 1986b), impact strength 

(Bronitsky and Hamer 1986:91-96; Schiffer and Skibo 

1987:606; Skibo, Schiffer and Reid 1989:124-126; Mabry et 
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al. 1989), shear strength (Slovacek 1968), and flexural 

strength (Feathers and Scott 1989:555; Shepard 1965:131-

132, 134-136; Steponaltls 1983:36; Windes 1977:295-296) 

have been analyzed. Different kinds of test pieces have 

been employed, such as archaeological sherds (Bronitsky 

1986b:90; Shepard 1965:134-136; Steponaitis 1983:35; Windes 

1977:295), replicate specimens made with raw materials 

similar to those used by prehistoric potters (Shepard 

1965:131-132; Feathers and Scott 1989:555), slabs fashioned 

with commercial raw materials and cut into test briquettes 

after firing (Schiffer and Skibo 1987:606; Skibo, Schiffer 

and Reid 1989:124; Nabry et al. 1989), or briquettes made 

with commercial materials and cut before firing (Bronitsky 

and Hamer 1986:90). 

An important limitation in strength tests employing 

prehistoric sherds is that these specimens have been 

degraded by use processes and weathering (e.g., Feathers 

and Scott 1989:554; Steponaitis 1983:35-37); various 

stresses affecting vessels and sherds either in systemic or 

archaeological context may result in low strength values, 

which actually represent a form of residual strength. In 

addition, the size and shape of sherds do not naturally 

conform to the specimen characteristics required in 

standard strength test procedures (e.g., Bronitsky 

1986a:239, 241). 

The use of commercial raw materials has been advocated 



4 3  

because they are "more homogeneous and constant than 

noncommercial 'native' clays" (Ski bo, Schiffer and Reid 

1989:124). Nevertheless, since illites, montmori11onites, 

and kaolinites impart different mechanical capabilities to 

fired bodies (e.g., Grimshaw 1971:275, 515), it is 

necessary to specify the composition of the commercial clay 

(as well as tempering materials) employed. In some cases 

techno-functional inferences about ceramic variability may 

apply only to the materials used, but if the variables 

tested are carefully isolated, their effect on ceramic 

strength may be relatively independent from the mechanical 

behavior of clay minerals occurring in the experimental 

specimens. 

For research problems where direct comparisons with 

specific prehistoric ceramics are fundamental and the 

matrix/inclusion composition has been determined (e.g., 

Feathers and Scott 1989:555), replicate specimens made with 

raw materials similar to those employed by prehistoric 

potters may be more appropriate. 

Fashioning of specimens may introduce variability that 

affects the measurement of ceramic strength. When the 

materials are hand-wedged the mixing may be incomplete, 

with abundant voids acting as stress concentrators in 

different parts of the specimen, while pugging and de-

airing the paste by vacuum treatment results in a less 

porous and better textured body (e.g., Grimshaw 1971:505, 
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877). The manner in which test specimens are formed (e.g., 

in plaster molds, hand-molded, compressed with rolling 

pins, or extruded) induces different alignments of the 

constituent particles (e.g., Grimshaw 1971:528; Williamson 

1960:91-92, 95-96, 98), which may increase or decrease the 

number and size of surface defects, resulting in the 

presence of flaws that may be critical in fracture 

initiation. When test pieces are formed by rolling, the 

particle reorientation begins in a zone at the outside of 

the slab, with this zone deepening as rolling proceeds; in 

rolled specimens minute sutures in the surface skin of the 

clay are produced as tensional failures, which may promote 

ceramic failure (e.g., Williamson 1960:96). In general, 

surface manipulations, either at the plastic, leather-hard, 

or dry stage, may also produce surface faults that 

degrading strength. 

Molded (e.g., Feathers and Scott 1989:555; Slovacek 

1968) specimens are convenient in strength tests because of 

their homogeneity in dimensions, but special precautions 

during the drying process are required to prevent 

differential shrinkage (e.g., Feathers and Scott 1989:555). 

When briquettes are cut before firing, differential 

shrinkage and warping can make it difficult to obtain 

specimens uniform in size and thickness; these factors may 

result in a wide scattering of strength values (e.g., Rice 

1987:361). If briquettes are cut from fired slabs, the 
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edges usually exhibit flaws that nay initiate fracture when 

the specimens are loaded, unless they are unifornly 

polished; however, this machining and finishing process say 

Induce stresses in the specinens, thereby reducing their 

•echanical performance (McColn and Clark 1988:311). 

Possibly the effects of sawing and grinding edges is 

negligible for the types of bodies commonly tested in 

experimental archaeology, which nay exhibit abundant 

surface flaws from which failure originates: 

"microstructures of large grain-size are little affected, 

because the grinding operation introduces flaws no 

different in size from those already present" (McColm and 

Clark 1988:315). 

The manner in which specimens are dried and fired may 

have an adverse influence on their strength. The 

environment, amount of water loss, and rate of drying must 

be controlled; the conditions must permit the water to be 

removed at a uniform and slow rate to prevent the formation 

of surface cracks, and before firing the body a small 

proportion of water must be kept to avoid rupture (Grimshaw 

1971:878-879). Firing conditions are among the most 

important factors governing strength. Temperature and 

heating rate determine the fcraation of fluxing agents 

which solidify on cooling to glasses and bind the mass 

together; prolonged heating at sufficient temperature 

increases the proportion of bonding material, and the 
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higher the temperature of firing the greater the strength 

because of an increase in the amount of glass as well as 

the size and interlocking of the crystals. In addition, if 

the firing or cooling processes are too rapid, cracks are 

produced, degrading strength values. Firing atmosphere also 

affects strength, depending on the constituent materials 

(Grimshaw 1971:879-882). 

Since specimen size influences ceramic strength, in 

accord with the Neibull theory (see Chapter 2, Eq. 4), an 

important consideration when test results are extrapolated 

to make techno-functional inferences about behavior 

associated with prehistoric ceramics is that small 

specimens result in relatively high strength values 

compared to large test pieces. Vessels should exhibit low 

strength compared to small specimens pieces, since for the 

former the volume or the surface area of material under 

stress is larger and there is a high probability of large 

flaw populations occurring. For vessels, the adverse size 

effect may be counteracted by changes in the geometric 

shape and thickness of the objects: sharp edges are weaker 

than semicircular edges, and thicker areas have higher 

strength than thin areas (e.g., Rado 1988:200-201). 

Sample size should be of special concern in 

experimental analyses dealing with strength testing. In 

some case studies, sample size is in accord with the 

minimum number of specimens determined by standards to 
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test industrial ceramics (Bronitsky i986a:241; Shepard 

1965:134-135; Steponaitis 1983:36). Large (Windes 

1977:296) or snail (Bronitsky and Haner 1986:91) sanple 

sizes have been employed in statistical analyses without 

clear justification; the exception is Mabry et al . (1989) 

experinental design, where conparisons of the effect of 

different sanple sizes on confidence levels are included, 

validating the use of less than ten specinens to test 

inpact resistance. 

Impact strength testing has been considered appropriate 

as a behaviorally relevant test for the study of ceramic 

technology and techno-function (Mabry et al. 1989). In 

inpact tests, induced tensile and shear stresses (Grimshaw 

1971:855) allow the simulation of breakage by sudden 

shocks, one of the main causes of vessel failure under 

normal use-life conditions (Mabry et al. 1989). To discern 

the behavioral significance of strength, only large 

differences in impact resistance should be relevant, 

regardless of statistically significant differences (Skibo, 

Schiffer and Reld 1989:125). 

Nonindustrial surface treatments may affect different 

use-related performance characteristics of low-fired 

ceranics. Experimental studies suggest that potters nay 

have been aware of the results of technical choices 

concerning surface nanipulations. Interior and exterior 

surface treatnents either alter water absorption, affecting 



4 8  

directly vessel permeability (fundamental for water storage 

pots) or enhance heating effectiveness (important for 

cooking vessels) (Schiffer 1989). In addition, pilot 

studies suggest that differences in surface characteristics 

increase abrasion resistance (Schiffer and Skibo 1989:108), 

an important property of ceramic use-alteration analyses: 

"By controlling for the effects of abrasion resistance on 

the creation of use-wear patterns, analysts will be able to 

refine their inferences about ceramic techno-function" (Vaz 

Pinto et al. 1987:119). Only one case study dealing with 

impact strength has explored the effect of thin resinous 

coatings on the mechanical behavior of tempered bodies. The 

results suggest that surface coatings do not increase 

impact resistance (Skibo, Schiffer and Reid 1989:126). 

The recipes of action and design compromises followed 

by nonindustrial potters to produce vessels do not 

approximate those implemented to fashion test pieces 

used for strength measurements of industrial brittle 

materials, where specimens uniform in shape and dimensions 

are manufactured under controlled conditions. Nevertheless, 

by employing these procedures in ceramic experimentation, 

behavioral archaeologists are in a position to isolate 

technical variables, explore possible polar effects in 

performance characteristics, and explain if these variables 

were desirable for prehistoric ceramics and resulted from 

decision-making processes. Only with controlled 
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experimental studies is it feasible to infer if potters 

decided to spend more time and energy in the manufdcturing 

process, endeavoring to produce various surface treatments 

that improve utility, or if surface manipulations may be 

stylistic phenomena, thereby belonging to the ideo-

functional and socio-functional realms. 

Considering the aforementioned factors affecting the 

mechanical behavior of ceramics, several variables have to 

be held constant in the elaboration of an experimental 

design to determine the effects of traditional surface 

treatments and manipulations on the performance of low-

fired ceramic bodies. In the next sections I report the 

procedures followed to prepare test specimens and measure 

their moduli of rupture under controlled laboratory 

conditions, isolating surface treatment as a probable 

techno-functional variable and systematically investigating 

its effect on the flexural strength of fine- and coarse-

tempered low-fired clay bodies. Transverse testing is 

considered appropriate for the objectives of this research 

because of the extreme sensitivity of this procedure to 

failure-inducing surface features rather than body defects. 

Although measurements on compressive, shear, or flexural 

strength, which are mainly related to tensile stresses, are 

not as behaviorally relevant as the determination of impact 

resistance, they may useful for comparative purposes and 

to determine the applicability of various strength tests in 
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techno-functional studies of prehistoric ceramics (e.g., 

Schiffer 1988b). 

Laboratory techniques 

In this experimental study several traditional surface 

treatments and forming techniques are selected to 

investigate whether different coatings or surface 

manipulations may affect the flexural strength of low-fired 

fine or coarse-tempered bodies. These treatments are 

finger-smoothing, burnishing, texturing, slipping/burnish

ing, resin coating, as well as two forming processes alter

ing the surfaces, that is, coiling and the paddle and anvil 

technique. One would expect to obtain variations in 

strength values according to the effect of these 

manipulations on the increase or decrease of surface flaws 

and the defect sizes, which are critical to initiate 

fracture under tensile stresses. Burnishing may artificial

ly induce superficial tension forces, pulling the plate

like clay particles together and aligning them with their 

crystallographlc axes parallel to the surface (e.g., Norton 

1974:88; Schiffer 1989; Worral 1986:167-168, 171, 172); 

this treatment pushes inclusions into the body and partial

ly obliterates surface cracks as well as voids. When 

texturing is used, rugged surfaces may prevent the 

concentration of stresses (Schiffer 1989), but the grooves 
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produced nay also be considered as large defects. Slips and 

resins may cover flaws and protect the body, resulting in 

an increased resistance to rupture, although defects in 

these coatings may also be critical. With coiling, bonding 

areas should be weak and relatively easy to separate under 

stresses, while the paddle and anvil forming technique, 

which compresses and aligns voids and inclusions parallel 

to the surface, possibly obliterates large surface defects. 

The raw materials, mode of preparation, manufacture, 

drying, firing, and forming were kept constant for all the 

specimens employed in the experiment. Treatments were 

applied on both surfaces of the flat test pieces to 

simulate vessel walls with inner and outer manipulations. 

Nevertheless, several potential sources of variability 

affect the measurement of strength values, mainly 

differential particle and pore distribution as well as 

surface flaws resulting from the various manipulations, 

which are randomized variables. In this study, finger-

smoothing is defined as a control group, being the simplest 

surface treatment analyzed. 

A dry commercial clay was employed (EM-207, Westwood 

Co.) to fashion the specimens. This clay is used by modern 

potters for terra-cotta sculpture, with cone 06-04 (999-

1060° C) recommended to obtain an orange-reddish body in an 

oxidizing atmosphere, with a maximum shrinkage of 6 

percent, and water absorption of 19 percent (Westwood 
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Ceramic Supply Co., General Products Catalog, 1986). The 

texture of the constituent particles is relatively fine 

(less than 20 Microns), including feldspar and quartz 

grains which act as aplastics. This dry clay was selected 

because a ware similar to nonindustrial ceramics may be 

obtained at a temperature within the limits attained in 

direct firing in the open (e.g., Shepard 1965:83). The EM-

207 clay was used by itself to fashion fine-tempered 

specimens, while a commercial silica sand (Crystal silica 

16 -237- from Crystal Silica Co., Oceanside, California) 

was added for coarse-tempered test pieces; the particles 

are rounded and usually more than 1 mm in diameter. Table 1 

presents the element composition of the dry clay and 

tempering material employed, determined with a JEOL JSM-

840A scanning microscope with energy dispersive X-ray 

analysis (EDAX); the samples were not polished. 

Fetrographic analyses were not obtained to characterize 

minerals and determine the composition of the ceramic 

structure. 

EM-207 dry clay was hand mixed with tap water, 77 

percent and 23 percent volume respectively, to get the 

paste for fine-tempered specimens, while 67 percent of dry 

clay, 13 percent of silica sand, and 20 percent of water 

were mixed to get the coarse-tempered body. Therefore, for 

both kinds of pastes the proportion of dry clay to water 

was kept approximately constant (1:0.3), independently of 
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Table 1 

Hicroprobe analysis of the body and temper 
enployed. Measurements were made of areas 100-150 microns 

long for 100 seconds 

B O D Y  T E M P E R  

Element EM-207 DRY CLAY SILICA SAND 
(fc Wt) 4 ANALYSIS 5 ANALYSIS 

Si 
average 56.7 68.1 
range 57.9-59.2 64.0-76.8 
Al 
average 16.4 19.1 
range 14.3-21.5 13.5-21.8 
Fe 
average 8.8 0.2 
range 7.3-10.4 0-0.3 
Mg 
average 8.7 5.3 
range 5.8-12.2 3.4-9.5 
Ca 
average 4.9 0.8 
range 1.9-10.3 0.1-1.0 
Na 
average 0.3 1.7 
range 0.2-0.4 0.8-2.4 
K 
average 3.4 3.9 
range 1.1-5.0 0.3-8.1 
Cu 
average 0.6 0.2 
range 0-1.3 0.02-0.4 
CI 
average 0.1 0.5 
range 0-0.3 0.3-0.8 
P 
average 0.03 0.2 
range 0-0.1 0-0.8 

Total: 99.9 100 
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the volune of silica sand temper. The mixture was pug-

milled once and de-aired to get a homogeneous paste and 

prevent the occurrence of large voids. The paste was not 

aged and was immediately employed to fashion slabs. 

Each slab was fashioned from 1000 g of extruded paste, 

weighed on a Setra 12000 electronic scale. Each extruded 

section (with a diameter of approximately 10 cm) was 

dropped on a piece of paper against the floor, with both 

surfaces receiving the same treatment. The next step was to 

flatten each slab between two 7.5 mm metal bars as guides, 

using a rolling pin, and protecting the slab with two 

sheets of paper to prevent the wet body from adhering to 

the rolling pin. 

All slabs were finger-smoothed on both surfaces and 

placed over plaster slabs which were covered with wax 

paper. A weight was employed to prevent the slabs from 

bending. The slabs were left to dry at room temperature for 

24 hours, then the wax paper was changed, and the drying 

process continued for an additional 24 hours. Nevertheless, 

paper marks were Impressed on the slabs so they were 

finger-smoothed for a second time to erase the fissures 

left when the paper curled over the moist surfaces. The 

drying process continued for 48 hours more over a table 

covered with wax paper. Finally, all slabs were dried 48 

o 
hours in a Despatch LDB1-69 drying oven set at 90 C. 

Textured slabs were textured were allowed to dry for 24 
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hours after being finger-smoothed, then they were finger-

saoothed again and textured with a stove bolt (grooves 

spaced 1.5 ••) rolled over the surfaces in six directions, 

parallel to the edges and diagonally; the effect obtained 

is similar to rouletting. 

For burnished slabs, after the first 48 hours drying at 

room temperature the surfaces were remoistened and polished 

using a very smooth pebble. The surfaces were worked over 

four times, in directions parallel to the edges of the 

slabs . After 48 hours drying at roo• teaperature, the 

surfaces were remoistened and burnished again, since luster 

was partially lost. Burnishing was not carried out at the 

leather-hard stage, as traditional potters do, to prevent 

deformation and variations in thickness of the slabs. 

To obtain a slip with smooth consistency, EM-207 dry 

clay was mixed with distilled water (in a proportion of 1 g 

per 1 ml); when the clay was well saturated, the slurry was 

left 24 hours inside a covered container, to allow large 

particles to settle down. EM-207 dry clay was used to 

ensure that the slip would adhere well to the body after 

firing, since both slip and body have identical 

coefficients of expansion and sinter within the saae 

temperature range (Rado 1988:157). The slip was applied 

with a sponge in four separate coats, parallel to the edges 

of the slabs. Each coat (less than 1 •• thick) was allowed 

to dry 5 •inutes, without smoothing the surface between 
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applications. The slipped surfaces were reaoistened and 

burnished as in the aforeaentioned group. 

Since a true paddle and anvil technique could not be 

applied to fashion test pieces, extensive deformation was 

employed as an approximation. For extensively deforaed 

slabs, pieces of the pug-milled extruded paste were placed 

on a table, protected with paper, and repeatedly struck (75 

times) and compressed with a metal plate (9x9 in.). The 

clay slab was turned repeately in order to replicate a 

paddle-and-anvi1-1ike process. After this process the 

surfaces were finger-smoothed as in the control group. 

Corrugated slabs were made with coils, around 9 mm (3/8 

in) in diameter, using a hand extruder and a die. On a 

table covered with wax paper, fillets were laid in separate 

courses and were pressed along one side, forming a ridge 

that protrudes over the coil. After this process, the slab 

was turned over and finger-smoothed to obliterate 

junctions, and then turned over again for drying with the 

coiled surface facing up. The corrugation effect obtained 

was not even and coils were inadvertently flattened in the 

saoothing process, as well as during drying under the 

plaster slabs eaployed as weights to prevent warping. 

For resin coating, Shellac (Zinssner "Bull Eye": 30.7 

percent shellac, 69.3 percent denaturated alcohol) was 

used. The resin was applied to both surfaces of fired and 

cut specimens, previously treated like the control group by 
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finger-smoothing. Two thin coats were applied by brush, 

each allowed to dry 24 hours. 

All slabs were fired in a Paragon kiln, one at a tine, 

controlling the teaperature with an Orton Coneputer set at 

fast rate, at 950° C, holding the maximum temperature for 

30 minutes; the rate of heating was about 7° C per minute, 

the rate of cooling 2° C per minute, and the firing time 2 

hours 20 minutes. Inside the kiln each slab was placed over 

two stilts, over a kiln's shelf approximately 15 cm from 

the bottom. The individual firing of slabs was necessary to 

prevent differences in strength due to slight variations in 

temperature inside the kiln. 

Test pieces around 2 x 1.18 x 0.31 inches (5 x 3 x 0.7 

cm) were cut from each slab, employing a diamond blade, 

water-cooled lapidary saw. All specimens were washed to 

remove materials adhering to the surfaces during the 

cutting process. The edges were polished with an Astromet 

polishing machine using abrasive paper (600A grit) and 

water. Some tiles were rejected in this process because of 

bent surfaces or imperfections in edges and corners. The 

tiles were washed with tap water and a sponge, except the 

textured ones which had to be cleaned with a toothbrush. 

All specimens were dried at room temperature for 48 hours 

in a Despatch LDB1-69 drying oven, set at 90° C, for 48 

hours. 
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Microstructure 

A detailed microstructura1 analysis of the ceranic 

specimens tested goes beyond the scope of this study. In 

future experimental anlyses, it might be convenient to have 

a better understanding of the phases present, for example, 

their size, composition, shape, amounts, and arrangement, 

including porosity (e.g. Kingery 1981:460). 

In the present study, microscopic examination of 

treated surfaces and fracture surfaces, with optical 

microscope (oblique illumination) at 19X and with scanning 

electron microscope at 2000X, provides insights into the 

nature of the phases, as well as the surface and body flaws 

that affect specimen strength. Although it is impossible to 

identify the fai1ure-initiating flaw for each test piece, 

from the microscopic examination it is evident that defects 

such as cracks, voids, and inclusions exceed 100 microns in 

size regardless of differences in surface manipulation or 

coating. 

The texture of the body, examined in fracture surfaces 

(Figs. 2-4), is coarse and open, with large and loosely 

spaced particles that are not closely packed, and many 

large voids; mineral grains are numerous as are cracks, 

with many residual clay materials bonded only at the points 

between particles (around 10 microns in size). A limited 

amount of the glass phase developed is visible as smoothed 
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areas, but because of the low firing temperature the 

vitrification is deficient (Figure 2, 3b). The proportion 

of the glass phase decreases for the coarse-tempered 

samples (Pig. 3b) since the temper and matrix/paste phases 

have different melting points; nevertheless, fracture does 

not go through the large minerals and the cracks propagated 

around the grains through the softer clay matrix, leaving 

the silica sand particles intact. The minerals observed as 

aplastics and included in the commercial dry clay 

composition appear to be quartz and feldspar; their shape 

is predominantly angular, about 6 microns long (Fig. 2). 

Some grains are in contact with each other, but void 

spaces are more common, including closed and channel pores 

from 1 micron to 200 microns long, either rounded or 

elongated (Figs. 2, 4a). The temper particles are large 

(Fig. 3a, Fig. 4b, c, d), consisting of elongated or 

rounded quartz grains up to 1 mm long and with diameters 

around 500 microns. 

As mentioned above, independently of the surface 

treatment applied the specimens exhibit surface defects 

exceeding 100 microns in size, either fissures, voids, 

grains surrounded by cracks, or even adhered impurities 

such as dust particles (Figs. 5-10). Critical flaws are the 

result of the forming processes, including surface 

manipulations, as well as the characteristics of 

inclusions, since for coarse-tempered test pieces the 
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grains tend to protrude into the surface. Equations 1-3 

presented in Chapter 2 could be applied to calculate 

accurately the size of the critical flaws, but some of the 

parameters are unknown for the test pieces used in the 

experiment, like the modulus of elasticity. 

The main defects detected microscopically are: 

a) Finger-smoothed samples exhibit grooves (as well as 

test pieces fashioned by the extensive deformation 

process), resulting from the dragging of particles along 

the surface (Figs. 2a, b, 8a, 9a). 

b) Burnished specimens have smoother surfaces and the 

treatment produced a homogeneous distribution of feldspar 

and quartz grains, pushing back large particles into the 

body (Figs. 4c, 5c, d, 10). In cross-section (Fig. 4c) the 

burnishing results in a compacted layer, around 40 microns 

thick. 

c) Textured pieces exhibit more defects over the areas 

that were not grooved (Fig. 3a, b), while the compacted 

surfaces are similar to the finger-smoothed specimens (Fig. 

8b) . 

d) Slipped/burnished samples exhibit an uneven smooth 

surface, with coating cracks (Figs. 6c, d, 10b) and the 

proportion of non-plastic particles on the surface is low 

compared to all other treatments; this effect may be the 

result of the settling out of aplastics in a levigation 

process when the slip was prepared. In cross-section there 
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Figure 2 

Fracture surfaces of ~he body fashioned with EM-207 dry 
clay, exhibiting fine tempering particles 



a Silica 
specimens . 

tigure 3 

sand particles, employed ror coarse-tempered 
b Fracture surrace oi the body rashioned with 

EM-~07 dry clay and silica sand 
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1 mm w n 

F igure 4 

a Cross-section of the body fashioned with EM-207 dry clay . 
b , c, d, Cross-sections of coarse-tempered specimens, 
finger-smoothed, burnished, and slipped/burnished, 

respectively 
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Figure 5 

Su rface topography of fine-tempered pieces (a, 
coarse-tempered specimens (b, d), finger-smoothed 

and burnished (c, d) 

c) ' 
(a, 

64 

and 
b) 
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Figure 6 

Fine and coarse-tempered textured (a, b) and slipped / 
burnished (c. d) surfaces 

65 
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Figure 7 

Surface topography of coiled specimens 
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Figure B 

of finger-smoothed 
in textured specimens 
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Figure 9 

microstructure of coarse-tempered finger-smoothed 
(a) and resin coated (b) specimens 
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Figure 10 

Surface microstructure of fine-tempered burnished (a) and 
slipped/burnished (b) specimens 
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i8 a clear coat over the surface, about 100 nicrons thick 

(Fig. 4d). 

e) Coiled test pieces exhibit different features: 

aplastic grains tend to protrude on the surface of coils 

(Fig. 5a, c), except for bonded sections (Fig. 5a), and 

finger-smoothed areas present grooves (Fig. 5d) as a result 

of particle dragging. Fillets overlap about 300 nicrons 

(Fig. 5b). 

f) Resin coating is characterized by unpatterned 

grooves produced by the brush employed, and dust particles 

possibly adhered to the surface when the samples were 

drying (Fig. 9b). The coat is approximately 40 microns 

thick. 

F1exural strength 

The force required to fracture the specimens was 

determined employing a motorized Dillon Universal tester 

with load cell instrumentation. As the tester allows 

specimens to be loaded at different rates, the load was 

applied at a relatively slow speed (0.5 inches/minute 

0.008 inches/second = 0.2 mm/second) to minimize kinetic 

energy for this experiment. A custom-made four-point 

bending device, designed by E.E. Klucas, was used, and the 

tiles that did not break between the two inner contact 

points were not considered in final analyses. The four-

point fixture is made of a steel box with a removable top, 
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with four 1/4 in. pins serving to articulate the two pieces 

and to center then; both the top and bottom sections have 

1/4 in. steel rods which function as contact points, but 

there are no grips to hold the specimen and it has to be 

centered by eye on the lower contact points (Klucas 1987). 

The distance between the outer supports of the device is 

2.575 inches, while the distance between the two inner load 

application points is 0.6305 inches. 

Briquettes were enployed to test the influence on 

strength of finger-smoothing as a control group (Group 1), 

burnishing (Group 2), texturing (Group 3), 

slipping/burnishing (Group 4), extensive deformation, to 

simulate the paddle and anvil secondary forming technique 

(Group 5), horizontal coiling (Group 6) or vertical coiling 

(Group 7) parallel or perpendicular to the inner contact 

point of the bending device, and resin coating (Group 8). 

The surface treatments were applied both to the surface 

under compression and to the surface in tension; for 

forming techniques extensive deformation was applied to 

both surfaces, and corrugation to the surface under 

compression. 

For each specimen, at least three measurements were 

taken for width and three for thickness along the fracture 

edges and the mean was calculated; each briquette exhibits 

size variability resulting from forming and cutting 

processes, as well as from surface treatment 
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characteristics. The cutting process does not allow ease 

of accurate dimensioning, especially for the coarse-

tempered tiles because of the hardness of quartz particles, 

while polishing the edges may leave uneven surfaces. 

Grinding operations to obtain test pieces may lead to 

decreased mechanical property performance, but 

microstructures of large grain size, like those employed in 

the experiment, are affected little (e.g., McColm and 

Clark 1988:311-315). In addition, there is variability 

among surface treatment classes. For example, the thickness 

of burnished and textured specimens was about 50 microns 

less than finger-smoothed specimens because of compaction; 

the thickness of textured pieces was measured six times, 

trying to record differences in width of compacted and 

uncompacted areas. The thickness of slipped/burnished and 

resin coated test pieces was greater than those finger-

smoothed because of the coat thickness (about 100 microns). 

The thickness of coiled specimens was difficult to control 

as well as in the case of extensively deformated test 

pieces, which exhibit the highest variability in thickness. 

For coiled pieces the thickness was measured up to eight 

times, recording the width variations in fillets and bonded 

areas; the mean thickness was calculated from measurements 

taken at the thinnest and thickest parts of each specimen. 

Appendix A presents the moduli of rupture (MOR) values 

calculated employing the following formula: 
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3P (L - a) 
MOR = 

2M" 

£ was determined with the dynamometer connected to the 

universal tester device; L Minus is a constant (0.9445 

in.) in accord with the dimensions of the four-point 

bending fixture employed; and the mean values for width (.b) 

and thickness (d) are used. Several specimens were 

rejected, since a requirement in four-point bending tests 

is that the specimens break between the two inner points of 

contact. The sample size is Important to evaluate the 

confidence in the results obtained from this experimental 

study. To obtain representative values in tests of 

mechanical properties of ceramic materials, samples of 10 

to 20 identical specimens are recommended. For all the 

surface treatments and manipulations, more than 15 

specimens were tested. Relatively large sample sizes are 

convenient because of variability in specimen size and 

calculated strength values, the latter resulting possibly 

if specimens slide or twist slightly when the load is 

applied, as the four-point bending device does not have 

grips to hold the test pieces. 
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Statistical analysis 

In order to determine if surface treatments affect the 

flexural strength of fine and coarse-tempered low-fired 

ceramic bodies, an univariate analysis of variance (Oneway 

Anova employing the SPSS) was calculated using a fixed 

effects model to examine between-group variance. Appendix 

B presents the ANOVA results (Tables 18-23). An F ratio of 

43.07 was obtained for fine-tempered specimens, and an F 

ratio of 33.91 was obtained for coarse-tempered test pieces 

with a probability of 0.00 (Tables 18, 21) for both body 

classes, indicating significant variations around the mean. 

These results support the hypothesis that surface 

treatments degrade or improve strength since the population 

means are not equal. 

To determine which surface treatment groups were 

different at the 0.05 level, the means were compared using 

the Scheff6 procedure, a method applicable to groups of 

unequal size, relatively insensitive to departures from 

normality and homogeneity of variance (Tables 19, 22), 

characterized by its simplicity (Hays 1988:415), and 

conservative for pairwise comparisons of means. Table 20 

presents the pairs found to be significantly different for 

the fIne-tempered specimens, and Table 23 for those coarse-

tempered . 

The multiple range test results may be summarized as 
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follows. For fine-tempered specimens (Table 20), horizontal 

coiling is the weakest of the groups, vertical corrugation 

is stronger than horizontal coiling, and extensively 

deformed test pieces are weaker than most treatments but 

are not significantly different from finger-smoothed 

specimens. For coarse-tempered test pieces (Table 23), 

horizontal corrugation is the weakest of the groups, 

vertical coiling is stronger than horizontal corrugation, 

and burnishing is the strongest treatment, but the mean is 

not significantly different from that of the 

slipped/burnished group. 

Figure 11 presents a comparison of the mean values of 

the moduli of rupture obtained for the different surface 

treatments and fashion processes applied to fine and 

coarse-tempered specimens. As expected, the silica sand 

tempered test pieces are definitely weaker than the 

specimens fashioned exclusively with the dry commercial 

clay, and it was found that the manipulations have a more 

marked effect on the strength of the former population. 

Regardless of paste class, texturing and extensive 

deformation do not seem to affect significantly strength 

compared to the control group, while corrugation tends to 

decrease the moduli of rupture means. Although the resin 

treatment has a greater effect on the coarse paste, the 

mean of this group is not statistically different from that 

of the finger-8moothed group. 
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In two pilot studies (Appendix C) carried out before 

the study reported here, the effects on strength of other 

surface treatments (smudging, lead-glazing, and tin-

glazing) were analyzed, but it was impossible to control 

the main sources of variability to calculate accurately the 

flexural strength of these treatments. Compared to the 

final experiment, for the pilot studies (Appendix C), 

different raw materials (WC-866 and EM-210 wet clays, from 

Westwood Co.) and firing temperature (approximately 919° C 

for WC-866 specimens, and 900° C for EM-210 test pieces) 

were employed. The deviations from the mean moduli of 

rupture values (Figure 12) illustrate that selection of 

clay and firing temperature are the most important factors 

affecting strength, followed in importance by forming 

technique. These factors have a greater effect on strength 

than the surface treatments tested, which are characterized 

by uncontrolled surface flaw populations. 

For most groups the standard deviations (Tables 18, 21) 

are well above 10 percent from the mean (Figure 12a, b), 

showing wide scatters of the moduli of rupture values; this 

is in part a result of size and volume variability between 

test pieces (Weibull theory), as well as a reflection of 

differential surface flaw populations (Griffith theory). 

These results may be considered relatively satisfactory, 

since on small batches of ceramic specimens, spreads of 

±25 percent about the mean and standard deviations 
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exceeding 10 percent are degrees of scatter typical of 

engineering ceramics (Davidge 1979:136). Nevertheless, the 

deviations from the aean Moduli of rupture aeasurenents are 

too large if quality control standards (e.g., Rice 

1987:361) are applied to evaluate the experimental results. 
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Figure 11a. Mean MOR values for fine and coarse 
tempered EM-207 specimens. 

EM-207 FT EM-207 CT 

Finger—Smoothed 620.82 343.50 
Burnished 668.68 432.05 
Textured 675.98 359.95 
Slipped/Burnished 644.77 390.51 
Extensive Deform. 523.19 324.54 
Horizontal Coiling 313.08 208.71 
Vertical Coiling 664.98 319.93 
Resin Coating 600.84 363.01 

Figure 11b. Mean MOR values for fine and coarse 
tempered EM-207 specimens. 
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Figure 12a. Deviotions from the mean moduli of 
rupture values for EM-207 fine and coarse 

tempered specimens, and WC—866 and EM—210 pieces 
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TREATMENT EM-207 EM-207 WC-866 EM-210 

F.TEMPER C. TEMPER 

CONTROL 545-697 291-396 427-532 1611-2259 

BURNISHED 564-773 390-474 516-649 1313-1964 

TEXTURED 584-768 297-423 1509-1886 

SLIP/BURN 525-764 338-443 1776-2778 

EXT DEF. 438-608 280-369 

HOR. COIL. 235-391 170-248 

VERT. COIL. 567-763 246-394 

RESIN 518-684 289-437 

LEAD-GLAZE 474-536 

TIN-GLAZE 430-534 

SMUDGED 452-574 

SLIPPED 1501-1975 

TEXT/SMUD. 1136-1667 

SLIP/SMUD. 722-1107 

REHEATED 1153-1791 

Figure 12b. Deviations fron the aean Moduli of 
rupture values. 
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CHAPTER 4 

CONCLUDING COMMENTS 

The strength measurements show a wide scattering 

because of the presence of surface flaws not eliminated by 

the surface treatments. If principles derived from quality 

control of industrial ceramics were to be applied, the 

number of cases that should be rejected considering the 

deviations from the average MOR values would be large. 

Although there are large deviations from the mean in each 

surface treatment and forming technique group included in 

the experiment, even wider variations might be expected for 

prehistoric ceramics. With the limited control of the 

conditions of firing for nonindustrial ceramics fired in 

bonfires or with the use of unsophisticated kilns, even 

when potters try to keep constant the body composition of 

their products, wide scatters of strength values come from 

variations in the location of individual pieces in the 

kiln, since firing temperature, atmosphere, and resulting 

porosity vary for different vessels during the firing 

process. 

It must be emphasized that these results and 

conclusions are not universal, since it is known that the 

nature of the clays employed and the method of fashioning 

test pieces result in variations in the mechanical behavior 

of ceramics. For example, corrugation and extensive 
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deformation tested in this experimental study result in 

differences in strength values. The conclusions are valid 

only for the materials and mode of preparation employed in 

the experiment, under the specific controlled laboratory 

conditions which have been discussed. 

For vessels in use, the fracture process usually 

originates from compressive stresses applied to the 

outside surfaces, with the inner surfaces in tension. An 

important factor is that the test pieces used in the 

experiment are equivalent to vessel walls exhibiting 

surface manipulations on both sides, and the results are 

not applicable to cases of treatments on one surface only, 

a common situation in prehistoric ceramics (i.e., usually 

the inner surface of cooking pots is untreated, and water-

storage vessels exhibit manipulations on the outer 

surface;. In future experiments on the mechanical behavior 

of surface coatings, the different effects of interior and 

exterior treatments should be explored to examine the 

variations in strength values induced by tensile and 

compressive stresses on both surfaces. 

Although a correlation between some surface treatments 

and strength may be inferred from the univariate analyses 

of variance, the mean differences are too small to be 

considered behaviorally relevant, regardless of statistical 

significance. For example, the variations between the 

strength of various ceramic materials like roofing tiles 
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(700-2500 psi), ordinary bricks (800 psi), wall tiles 

(2,300 psi), whitewares (10,000-12,000 psi), stoneware 

(14,000 psi), and bone china (14,000-20,000 psi) (Gordon 

1984:44; Ryan and Radford 1987:202; Singer and Singer 

1963:243) are indeed behaviorally significant, but not the 

differences of less than a hundred pounds per square inch 

determined in this experimental study for the surface 

treatments tested, excluding the differences determined for 

corrugation as a forming method. 

It is most unlikely that the slight differences in the 

measured transverse strength of samples subjected to 

different surface treatments would have been detected by 

traditional potters. If no significant differences are 

found with the bending test, it is doubtful that 

behaviorally relevant tests will modify these conclusions, 

like the determination of impact resistance which only 

allows one to define large differences in relative strength 

Experimentation concerning the strength of other 

surface treatments might lead to further insights into the 

effects of the variable tested. Although two pilot studies 

(Appendix C) were carried out before the study reported 

here, which included treatments of smudging, lead-glazing, 

and tin-glazing, it was impossible to control the main 

sources of variability to calculate accurately the flexural 

strength of these treatments. Another topic of interest is 

the use of different aplastic materials in different 
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proportions and particle sizes. A study of tempering 

materials may help to explore the probability of finding a 

significant increase in strength of low-fired bodies 

employing different coatings. 

Under normal conditions, abrasion produces use-wear 

traces acting as surface defects and degrading strength. 

Even if potters manipulate surfaces during the production 

process to promote durability of the finished products, 

during the use-life of vessels, surface features may be 

continuously modified with an increase in the surface flaw 

populations, thereby decreasing strength. Our conclusion is 

that the experimental results do not support the hypothesis 

that potters employed such surface treatments to enhance 

strength. Surface treatments might have greater effects on 

other techno-functional performance characteristics, like 

permeability and evaporative cooling effectiveness (e.g., 

Schiffer 1989, in press). With the available evidence 

provided by experimental studies in arcnaeology, the 

possibility that surface manipulations may be of greater 

importance in the ideo-functional or socio-functional 

realms cannot be completely discarded. 



APPENDIX A 

MODULI OF RUPTURE 

Table 2 

Fine-tempered specimens. Group i: Finger-smoothed 

specimen b d Load MOK 
(in) (in) (lb) (psi ) 

1 1 . 21 0 . 26 40 597 . 38 
2 1 . 1 7 0 . 30 53 713 . 10 
3 1 . 18 0 . 28 39 597 . 27 
4 1 . 17 0 . 30 37 497 . 82 
5 1 . 20 0 . 29 39 547 . 51 
6 1 . 2 i 0 . 30 47 611 . 43 
7 1 . 17 0 . 31 44 554 . 40 
8 1 . 15 0 , .31 54 692 . 26 
9 1 . 17 0 , . 29 54 777 . 51 
10 1 . 20 0 . . 30 45 590 . 32 
11 1 . 19 0 , . 29 41 580 . 39 
12 1 , . 21 0 , , 30 43 559 .41 
13 1 . 20 0 . . 29 45 631 . 74 
14 1 , . 21 0 . , 31 43 523 , , 90 
15 1 . . 24 0 . , 31 45 535 , . 02 
16 1 , , 20 0 . 30 56 734 . , 63 
17 1 . . 16 0 . 31 53 673 . . 60 
16 1 , , 22 0 . 29 54 745 , . 65 
19 1 . . 23 0 . 30 44 563 , , 10 
20 1 . , 16 0 . 31 48 610 . , 04 
21 1 . . 16 0 . 29 42 609 . . 96 
22 1 . i 8 0 . 29 46 656 . 70 
23 1 . 20 0 . 28 44 662 . , 57 
24 1 . 17 0 . 29 38 547 . 12 
25 1 . 19 0 . 29 50 707 . 79 



T a b l e  3  

F i n e - t e m p e r e d  s p e c i m e n s .  G r o u p  2 :  B u r n i s h e d  

specimen b d Load NOR 
(In) (in) (lb) (psi) 

1 1 . 23 0 .31 47 563 . 31 
2 1 . 24 0 . 28 46 670 . 36 
3 1 . 23 0 .31 40 479 . 43 
4 1 . 23 0 . 30 45 575 . 93 
5 1 . 19 0 . 29 48 679. 51 
6 1 . 18 0 . 30 51 680 . 37 
7 1 . 18 0 . 29 43 613 . 88 
8 1 . 16 0 . 28 51 794 . 50 
9 1 . 18 0 .31 45 562 . 22 
10 1 . 21 0 . 27 56 899 . 45 
11 1 . 20 0 . 30 49 642 . 78 
12 1 . 22 0 . 29 52 718 . 02 
13 1 . 19 0 .31 42 520 . 33 
14 1 . 18 0 . 28 42 643 . 21 
15 1 . 21 0 .31 50 609 . 17 
16 1 . 16 0 . 28 43 669 . 86 
17 1 . 18 0 .31 42 524 . 74 
18 1 . 21 0 . 31 56 682 . 31 
19 1 . 19 0 .31 54 668 . 99 
20 1 . 19 0 .31 47 582 . 24 
21 1 . 18 0 . 27 44 724 . 64 
22 1 . 16 0 . 27 49 820. 92 
23 1 . 19 0 . 27 40 653 . 25 
24 1 . 19 0 . 27 54 881 . 89 
25 1 . 19 0 . 27 46 751 . 23 
26 1 . 20 0 . 28 51 768 . 02 
27 1 . 18 0 . 28 44 673 . 80 



T a b l e  4  

F 1  n e - t e m p e r e d  s p e c i m e n s .  G r o u p  3 :  T e x t u r e d  

specinen b d Load NOR 
(In) (In) (lb) (psl) 

1 1 . 18 0.30 50 667.00 
2 1 . 25 0. 28 39 563.83 
3 1 . 21 0 . 30 50 650.46 
4 1 . 26 0 . 30 52 649 . 65 
5 1 . 23 0 . 30 59 755 . 10 
6 1 . 25 0 . 30 38 478.53 
7 1 . 17 0 . 30 53 713.10 
8 1 . 24 0 . 30 53 672.85 
9 1 . 24 0 . 29 40 543.42 
10 1 . 23 0 . 29 50 684.77 
11 1 . 25 0 . 30 66 831.16 
12 1 , . 19 0 . 30 50 661.39 
13 1 . . 18 0 . 30 51 680.37 
14 1 , , 23 0 . 30 56 716.71 
15 1 , . 16 0 . 30 51 692 . 10 
16 1 . . 23 0 . 29 54 739.59 
17 1 , , 55 0 . 30 40 547.54 
18 1 . , 24 0.31 47 558.77 
19 1 . 17 0. 30 56 753.47 
20 1 . 26 0 . 30 49 612.17 
21 1 . 25 0 . 30 56 705.24 
22 1 . 18 0 . 30 48 640.35 
23 1 . 19 0. 29 64 905.98 
24 1 . 14 0 . 29 47 694.50 
25 1 . 12 0 . 29 46 691.88 
26 1 . 18 0 . 28 50 765.68 



T a b l e  5  

F i n e - t e m p e r e d  s p e c i m e n s .  G r o u p  4 :  S l i p p e d / b u r n i s h e d  

peclaen b d Load NOR 
(In) (In) (lb) (psi ) 

1 1 .21 0 .31 67 816.30 
2 1 . 17 0 . 32 61 721.32 
3 1 .17 0 .31 58 730.81 
4 1 . 16 0 .31 50 635.43 
5 1 . 20 0 .31 56 688.00 
6 1 . 22 0 .31 55 664.61 
7 1 . 19 0 . 32 42 488 . 32 
8 1 . 17 0 . 32 42 496.67 
9 1 .16 0 . 32 58 691.76 
10 1 . 23 0 . 32 42 472 .44 
11 1 . 19 0 . 32 51 592.95 
12 1 . 15 0 . 30 56 766.57 
13 1 . 20 0 .32 61 703.29 
14 1 .21 0 . 30 44 572.41 
15 1 .17 0 . 29 67 964.66 
16 1 . 20 0.31 41 503.68 
17 1 . 23 0 . 30 69 883.06 
18 1 . 20 0 . 33 54 585.44 
19 1 . 17 0 . 30 53 713.10 
20 1 . 22 0 . 33 46 490.52 
21 1 .21 0 .31 52 633.55 
22 1 . 12 0 . 30 39 548.16 
23 1 .12 0 . 30 43 604.36 
24 1 . 19 0 . 29 49 693.65 
25 1 .17 0 . 30 42 565.10 
26 1 .19 0 . 30 48 634.97 
27 1 .17 0 . 30 46 618.90 
28 1 .18 0 . 30 43 573.63 
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T a b l e  6  

F i n e - t e m p e r e d  s p e c l n e n s .  G r o u p  5 :  E x t e n s i v e l y  d e f o r n e d  

>eclmen b 
(in) 

d 
(In) 

Load 
(lb) 

MOR 
(psl ) 

1 1 . 23 0 .37 43 361.79 
2 1 . 23 0 . 30 45 575.93 
3 1 . 24 0 .34 40 395.34 
4 1 .16 0 . 36 52 490.04 
5 1 . 18 0 . 34 44 456.97 
6 1 .16 0 . 30 33 447.84 
7 1 . 16 0 .47 97 536.30 
8 1 . 19 0 .49 129 639.65 
9 1 . 15 0 .37 60 539.94 
10 1 . 17 0 . 39 66 525.44 
11 1 . 15 0 .43 102 679.61 
12 1 . 20 0 .43 84 536.35 
13 1 .19 0 .31 44 545.08 
14 1 . 21 0 .31 43 523.90 
15 1 . 13 0 .35 58 593.61 
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T a b l e  7  

F i n e - t e m p e r e d  s p e c i m e n s .  G r o u p  6 :  H o r i z o n t a l  c o i l i n g  

pecimen b d Load NOR 
(in) (in) (lb) (psi ) 

1 1 . 14 0 . 28 14 221.93 
2 1.17 0 . 28 15 231.66 
3 1 . 15 0 . 27 13 219.72 
4 1.18 0 . 27 19 312.94 
5 1 . 24 0 . 28 12 174.87 
6 1 . 14 0 . 28 27 427.97 
7 1 . 18 0 . 26 28 497.32 
8 1.16 0 . 27 16 268.08 
9 1 . 16 0 . 28 18 280.39 
10 1 . 22 0 . 28 19 281.45 
11 1 . 14 0 . 25 19 377.82 
12 1.18 0 . 28 18 275.64 
13 1 . 09 0 . 26 19 365.34 
14 1.21 0 . 25 22 412.16 
15 1.17 0 . 28 24 370.66 
16 1.13 0 25 13 260.81 
17 1 . 10 0 25 15 309.09 
18 1.19 0 27 13 212.33 
19 1.17 0 27 19 315.62 
20 1.19 0 27 21 342.94 
21 1 . 24 0 27 26 407.48 
22 1.17 0 .27 18 298.97 
23 1 . 14 0 27 18 306.84 
24 1 . 15 0 26 15 273.35 
25 1 .15 0 26 23 419.15 
26 1 . 18 0 28 18 275.64 



T a b l e  8  

F i n e - t e m p e r e d  s p e c i m e n s .  G r o u p  7 :  V e r t i c a l  c o i l i n g  

specimen b d Load MOR 
(in) (in) (lb) (psi) 

1 1.13 0 . 26 32 593.48 
2 1 .16 0 . 27 31 519.37 
3 1 . 17 0 . 24 31 651.71 
4 1.19 0 . 27 38 620.57 
5 1 . 14 0 . 26 37 680.21 
6 1 . 20 0 . 30 53 695.28 
7 1 . 20 0 . 27 56 906.95 
8 1.13 0 . 29 41 611.21 
9 1 . 22 0 . 27 41 653.09 
10 1 .14 0 . 26 35 643.43 
11 1 . 23 0 . 26 48 817.88 
12 1.17 0 . 25 42 813.74 
13 1.17 0 . 28 43 664 . 14 
14 1.19 0 . 28 46 698.53 
15 1 . 15 0 .27 38 642.15 
16 1.13 0 . 29 36 536.71 
17 1 . 20 0 . 26 42 733.54 
18 1.16 0 . 27 38 636.62 
19 1.19 0 . 29 37 523.79 
20 1.17 0 . 28 42 648.71 
21 1 . 14 0 . 26 42 772.15 
22 1.19 0 . 29 40 566.25 



T a b l e  9  

P i n e - t e n p e r e d  s p e c i n e n s .  G r o u p  8 :  R e s i n  c o a t i n g  

speclnen b d Load MOR 
(in) (in) (lb) (psi) 

1 1 . 15 0 . 29 45 659.20 
2 1 . 15 0 . 29 41 600.58 
3 1 . 14 0 . 30 43 593.76 
4 1 . 18 0 . 29 44 628.14 
5 1 . 16 0 . 29 42 609.96 
6 1 . 10 0 . 29 39 597.29 
7 1 . 20 0 . 29 39 547.51 
8 1 . 17 0 . 29 38 547.12 
9 1 . 20 0 . 29 34 477 .31 
10 1 . 18 0. 29 48 685.27 
11 1 . 13 0 . 29 35 521.77 
12 1 . 15 0 . 29 40 585.95 
13 1 . 17 0 . 29 43 619. 12 
14 1 . 20 0 . 30 36 472.27 
15 1 . 20 0 . 29 51 715.96 
16 1 . 20 0 . 30 45 590.32 
17 1 . 17 0.29 41 590.31 
18 1 . 18 0 . 29 46 656.70 
19 1 . 18 0 . 29 40 571.05 
20 1 . 16 0.29 51 740.65 
21 1 . 19 0 . 29 40 566.25 
22 1 . 19 0 . 29 33 467.18 
23 1 . 16 0.29 33 479.26 
24 1 . 20 0.29 44 617.67 
25 1 . 14 0 . 29 42 620.66 
26 1 . 21 0 . 29 58 807.48 
27 1 . 21 0.29 39 542.99 
28 1 . 15 0 . 30 52 711.79 
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T a b l e  1 0  

C o a r s e - t e m p e r e d  s p e c i n e n s .  G r o u p  1 :  F i n g e r - s m o o t h e d  

leclaen b d Load MOR 
(in) (in) (lb) (psi ) 

1 1 . 13 0.30 18 250.74 
2 1 . 18 0 . 27 20 329.39 
3 1 .21 0 . 29 26 361.98 
4 1 . 19 0 . 27 23 375.61 
5 1 . 14 0 . 29 28 413.77 
6 1 . 27 0 .27 22 336.67 
7 1 . 25 0 . 30 29 365.20 
8 1 . 06 0 . 29 18 286.05 
9 1 . 18 0 . 29 29 414.00 
10 1 . 18 0 . 27 23 378.80 
11 1 . 16 0 . 27 23 385.33 
12 1 .16 0 . 29 24 348.42 
13 1 .17 0.30 24 322.89 
14 1 . 19 0 . 30 19 251.35 
15 1 . 16 0 . 27 27 452.32 
16 1 . 20 0 . 28 27 406.57 
17 1 . 16 0 . 30 22 298.56 
18 1 . 29 0 . 29 28 365.66 
19 1 . 14 0 . 30 20 276.17 
20 1 . 23 0 . 28 24 352.58 
21 1 . 27 0.30 27 334.65 
22 1 .18 0 . 30 21 280.13 
23 1 . 17 0 . 30 21 282.53 
24 1 . 19 0 . 30 25 330.72 
25 1 . 20 0 . 29 29 407.10 
26 1 . 16 0 .27 21 351.80 
27 1 . 17 0 .27 19 315.62 



T a b l e  1 1  

C o a r s e - t e a p e r e d  s p e c i n e n s .  G r o u p  2 :  B u r n i s h e d  

speciaen b d Load NOR 
(in) (in) (lb) (psi) 

1 1 . 18 0 . 29 31 442.57 
2 1 . 19 0 . 28 24 364.43 
3 1 . 18 0 .28 32 490.04 
4 1 . 18 0 . 29 23 328.35 
5 1 . 19 0 . 28 32 485.93 
6 1 . 20 0 . 28 31 466.84 
7 1 . 20 0 . 28 31 466.84 
8 1 . 21 0 . 29 34 473.36 
9 1 . 19 0 . 29 33 467.18 
10 1 . 19 0 . 29 31 438.85 
11 1 . 18 0 . 29 32 456.83 
12 1 . 16 0 . 28 25 389.47 
13 1 . 17 0 . 28 23 355.23 
14 1 . 25 0 . 29 33 444.76 
15 1 . 16 0 . 29 30 435.65 
16 1 . 21 0 . 29 31 431.60 
17 1 . 20 0 . 29 31 435.20 
18 1 . 18 0 . 28 30 459.40 
19 1 . 13 0 . 29 30 447.21 
20 1 . 19 0 . 29 29 410.53 
21 1 . 22 0 . 29 27 372.80 
22 1 . 20 0 . 29 31 435.20 
23 1 . 23 0. 29 29 397.17 
24 1 . 18 0 . 29 31 442.57 
25 1 . 17 0 . 28 30 463.33 



T a b l e  1 2  

C o a r s e - t e m p e r e d  s p e c i m e n s .  G r o u p  3 :  T e x t u r e d  

specimen b d Load MOR 
(in) (in) (lb) (psi) 

1 1 . 13 0 . 30 26 362.19 
2 1.19 0 . 29 22 311.45 
3 1 . 20 0 .30 23 301.71 
4 1 .21 0 .30 27 351.24 
5 1 .22 0 . 30 22 283.88 
6 1 . 20 0 . 30 25 327.96 
7 1 . 22 0 . 29 32 441.85 
8 1 . 20 0 . 30 23 301.71 
9 1 .22 0 . 29 32 441.85 
10 1 . 25 0 . 28 31 448.16 
11 1.18 0 . 30 22 293.50 
12 1 .16 0 . 29 20 290.45 
13 1 . 20 0 . 29 28 393 . 08 
14 1 . 22 0 . 30 32 412.89 
15 1 . 24 0 .30 25 317.38 
16 1 . 20 0 . 30 24 314.81 
17 1.17 0 . 30 21 282.53 
18 1 . 20 0 . 29 23 322.88 
19 1 .21 0 .30 21 273.19 
20 1 . 22 0 .30 33 425.82 
21 1.21 0 . 30 34 442 . 33 
22 1 . 20 0 . 30 25 327.96 
23 1 . 20 0 . 30 34 446.02 
24 1 . 24 0 . 30 33 418.95 
25 1 .17 0 . 30 33 444.02 
26 1.15 0 . 29 26 380.86 



T a b l e  1 3  

C o a r s e - t e m p e r e d  s p e c l a e n s .  G r o u p  4 :  S l i p p e d / b u r n i s h e d  

speclaen b d Load NOR 
(In) (In) (lb) (psl ) 

1 1 .17 0 .30 28 376.73 
2 1 .18 0 . 30 29 386.86 
3 1 . 19 0 . 29 27 382.20 
4 1 . 23 0 . 30 27 345.53 
5 1 . 25 0 .31 29 342.02 
6 1 . 22 0 . 30 32 412.89 
7 1 .12 0 . 30 31 435.71 
8 1 . 17 0 . 31 33 415.83 
9 1 . 20 0 . 30 32 419.77 
10 1 . 23 0 . 30 21 268.74 
11 1 . 16 0 . 30 24 325.67 
12 1 .17 0 .31 32 403.20 
13 1 . 20 0 . 32 28 322.83 
14 1 . 25 0 . 31 29 342.02 
15 1 . 20 0 . 30 30 393.52 
16 1 . 26 0 . 30 31 387.30 
17 1 .22 0 . 30 39 503.23 
18 1 . 19 0 .31 29 359.26 
19 1 . 18 0 . 29 27 385.44 
20 1 . 18 0 . 30 28 373.54 
21 1 . 15 0 . 30 31 424.35 
22 1 . 17 0 . 29 30 431.92 
23 1 . 19 0 . 30 37 489.45 
24 1 . 25 0 . 30 38 478.53 
25 1 . 22 0 .31 31 374.61 
26 1 . 19 0 . 32 32 372.04 
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T a b l e  1 4  

C o a r s e - t e m p e r e d  s p e c i m e n s .  G r o u p  5 :  E x t e n s i v e l y  d e f o r m e d  

aecimen b 
(In) 

d 
(In) 

Load 
(lb) 

MOR 
(psi ) 

1 1 . 20 0 .35 33 318.06 
2 1 . 22 0 . 37 36 305.39 
3 1 . 16 0 . 39 43 345.28 
4 1 . 08 0 .40 41 336.14 
5 1 . 15 0 . 39 42 340.19 
6 1 .16 0 .37 33 294.42 
7 1 .19 0 . 36 37 339.89 
8 1 . 21 0 . 36 35 316.20 
9 1 . 14 0 . 38 37 318.44 
10 1 . 07 0 . 33 29 352.59 
11 1 . 20 0 . 30 27 354 .17 
12 1 . 25 0 . 31 38 448.16 
13 1 . 22 0 . 29 22 303.79 
14 1 .22 0 .40 49 355.63 
15 1 .21 0 . 39 35 269.42 
16 1 . 13 0 . 35 34 347.99 
17 1 . 19 0 . 39 34 266.13 
18 1 . 20 0 . 39 40 310.49 
19 1 . 23 0 .41 50 342.59 
20 1 .21 0 . 33 21 225.77 



T a b l e  1 5  

C o a r s e - t e n p e r e d  s p e c i m e n s .  G r o u p  6 :  H o r i z o n t a l  c o i l i n g  

pecimen b d Load MOR 
(in) (in) (lb) (psi ) 

1 1 . 25 0 . 33 15 156.11 
2 1 . 23 0 . 33 20 211.54 
3 1 . 18 0 . 36 22 203 .82 
4 1 . 22 0 . 34 18 180.81 
5 1 .17 0 . 25 15 290.60 
6 1 . 20 0 . 31 17 208.85 
7 1 . 23 0 . 29 16 219.15 
8 1 .18 0 . 30 14 186.77 
9 1 . 16 0 . 34 20 211.30 
10 1 . 22 0 .27 15 238.93 
11 1.21 0 .31 15 182.75 
12 1 . 24 0. 29 14 190.20 
13 1.21 0 . 32 19 217.26 
14 1 .21 0 . 30 23 299.22 
15 1 . 28 0 . 30 19 233.68 
16 1.21 0 . 32 19 217.26 
17 1 . 15 0 . 34 25 266.44 
18 1 . 22 0 . 30 12 154.83 
19 1 . 25 0 . 28 18 260.20 
20 1.19 0 . 38 20 164.90 
21 1 . 22 0 . 32 14 158.77 
22 1 . 24 0 . 30 14 177.73 
23 1 .18 0 . 34 20 207 .72 
24 1 . 20 0 . 32 14 161.42 
25 1 .23 0 . 32 19 213.73 
26 1.19 0 . 28 14 212.60 
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T a b l e  1 6  

C o a r s e - t e m p e r e d  s p e c i m e n s .  G r o u p  7 :  V e r t i c a l  c o i l i n g  

seciien b 
(in) 

d 
(in) 

Load 
(lb) 

MOR 
(psi ) 

1 1 . 17 0 . 26 20 358.25 
2 1 . 20 0 . 26 20 349.30 
3 1 . 22 0 . 29 38 524.70 
4 1 . 16 0 . 36 31 292 .15 
5 1 .21 0 . 29 29 403.74 
6 1 . 17 0 . 30 29 390.17 
7 1 .21 0 . 27 21 337.27 
8 1 . 14 0 . 35 31 314.50 
9 1 . 19 0 . 27 24 391.93 
10 1 . 18 0 . 30 30 400.19 
11 1 .21 0 . 25 16 299.77 
12 1 .12 0 . 27 17 294.99 
13 1 . 19 0 . 28 19 288.54 
14 1 .18 0 . 26 18 319.68 
15 1 . 11 0 . 29 15 227.63 
16 1 .19 0 . 28 16 242.99 
17 1 . 25 0 . 30 20 251.87 
18 1 .15 0 . 27 15 253.47 
19 1 . 25 0 . 29 23 309.96 
20 1 . 22 0 . 28 16 237.01 
21 1 .17 0 . 29 16 230.39 



T a b l e  1 7  

C o a r s e - t e n p e r e d  s p e c i m e n s .  G r o u p  8 :  R e s i n  c o a t i n g  

pecinen b d Load MOR 
(in) (in) (lb) (psi ) 

1 1. 19 0 . 30 22 291.04 
2 1.13 0 . 29 31 462.15 
3 1.22 0 . 29 18 248.53 
4 1 . 21 0 . 30 30 390.27 
5 1 . 16 0 .31 37 470.24 
6 1.17 0 . 30 31 417.09 
7 1 . 12 0 . 31 24 315.89 
8 1 . 20 0 . 29 34 477.31 
9 1.17 0 . 29 28 403.16 
10 1.17 0 . 30 19 255.65 
11 1 . 24 0 . 29 29 393.97 
12 1 . 20 0 . 29 22 308.86 
13 1 . 20 0 . 29 22 308.86 
14 1 . 20 0 . 30 32 419.77 
15 1 . 07 0 . 31 19 261.80 
16 1 . 23 0 . 29 32 438.26 
17 1 . 18 0 . 31 32 399.79 
18 1 . 23 0 . 30 33 422.36 
19 1 . 22 0 .31 24 290.00 
20 1.17 0 . 30 24 282.53 
21 1 . 19 0 . 31 21 260.15 
22 1 . 23 0 . 29 22 301.32 
23 1 . 16 0 .31 32 406.68 
24 1.11 0 .31 32 425.00 
25 1.17 0 . 30 30 403.61 
26 1.19 0 .31 31 384.05 
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APPENDIX B 

ANALYSIS OF VARIANCE 

Table 18 

One-way analysis of variance of fine-tempered specimens 

Variable B (moduli of rupture) 
By Variable A (surface treatment) 

Analysis of Variance 

Source D.F. 

Between Groups 7 

Within Groups 189 

Total 196 

Sum of 
Squares 

2653936.89 

1663655.95 

4317592.85 

Mean 
Squares 

379133.84 

8802.41 

F F 
Ratio Prob 

43.07 .00 

Standard Standard 
Group Count Mean Deviation Error 95 Pet Conf I nt for 

Mean 
Grp 1 25 620 . 82 75 . 94 15 . 19 589 . 48 To 652 . 17 
Grp 2 27 668 , , 68 104 .81 20 , . 17 627 , . 22 To 710 . 14 
Grp 3 26 675 . . 98 92 . 20 18 , . 08 638 . 74 To 713 . 23 
Grp 4 28 644 . . 77 119 , . 60 22 , . 60 598 , . 40 To 691 . 15 
Grp 5 15 523 . . 19 84 . . 70 21 , , 87 476 . . 28 To 570 . 09 
Grp 6 2 6 313 . , 08 78 , . 13 15 , , 32 281 . . 52 To 344 . 64 
Grp 7 22 664 . . 98 98 . , 13 20 . . 92 621 . . 48 To 708 . 48 
Grp 8 28 600 . , 84 82 . . 92 15 . , 67 568 . . 68 To 632 . 99 
Total 197 592 . , 11 148 . .42 10 . , 57 571 . . 25 To 612 . 96 
Fixed Effects Model 93 . , 82 6 . , 68 578 . , 92 To 605 . 29 

Group Minimum Maximum 

Grp 1 (finger-smoothed) 497 , . 82 777 . .51 
Grp 2 (burnished) 479 . 43 899 . 45 
Grp 3 (textured) 478 . . 53 905 , . 98 
Grp 4 (slipped/burnished) 472 , . 44 964 , . 66 
Grp 5 (extensively deformed) 361 . , 79 679 . .61 
Grp 6 (horizontal coiling) 174 . , 87 497 , . 32 
Grp 7 (vertical coiling) 519 . 37 906 . , 95 
Grp 8 (resin coating) 467 . 18 807 . . 48 
Total 174 . 87 964 . 66 
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T a b l e  1 9  

Tests for homogeneity of variances, fine-tempered specimens 

Cochrans C = Max. Variance/Sum(Variances) = .2063, P = .124 
(Approx.) 

Bartlett-Box F = 1.258 , P =* .267 
Maximum Variance / Minimum Variance 2.480 

Table 20 

Multiple range test for fine-tempered specimens: Scheff6 
Procedure 

Ranges for the .050 level -

5.37 5.37 5.37 5.37 5.37 5.37 5.37 

The ranges above are table ranges. 
The value actually compared with Mean(J)-Mean(I) is.. 
66.3416 * Range * Sqrt(l/N(I) + 1/N(J)) 

(*) Denotes pairs of groups significantly different at the 
.050 level 

G G G 6 6 G G G  
r r r r r r r r  
p p p p p p p p  

Mean Group 65814723 

313.08 Grp 6 
523.19 Grp 5 * 
600.84 Grp 8 * 
620.82 Grp 1 * 
644.77 Grp 4 * * 
664.98 Grp 7 * * 
668.68 Grp 2 * * 
675.98 Grp 3 * * 
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T a b l e  2 1  

O n e - w a y  a n a l y s i s  o f  v a r i a n c e  o f  c o a r s e - t e m p e r e d  s p e c i m e n s  

Variable B (moduli of rupture) 
By Variable A (surface treatment) 

Analysis of Variance 

Source D.F 

Between Groups 7 

Within Groups 189 

Total 196 

Sum of 
Squares 

761631.19 

606421 .71 

1368052.90 

Mean 
Squares 

F F 
Ratio Prob, 

108804.45 33.91 

3208.58 

.  0 0  

Standard Standard 
Group Count Mean Devi at i on Error 95 Pet Conf Int for 

Mean 
Grp 1 27 343 . 50 52 . 50 10 . 10 322 . 74 To 364.27 
Grp 2 25 432 , . 05 42 . , 27 8 . . 45 414 . 60 To 449.50 
Grp 3 26 359 , . 95 63 . . 14 12 , .38 334 . 45 To 385.45 
Grp 4 26 390 . , 51 52 . . 85 10 , , 36 369 . 16 To 411 . 85 
Grp 5 20 324 , . 54 44 . . 77 10 , , 01 303 . 58 To 345.49 
Grp 6 26 208 . . 71 39 . ,15 7 . 68 192 . 90 To 224.53 
Grp 7 21 319 , . 93 73 . . 97 16 . , 14 286 . 26 To 353.60 
Grp 8 26 363 . 01 73 . 91 14 . 49 333 . 16 To 392.87 

Total 197 343 . . 46 83 . , 55 5 . 95 331 . 72 To 355 . 20 

Fixed Effects Model 

Group 

56 . 64 4 . 04 

Minimum 

335.50 To 351.42 

Maximum 

Grp 1 (finger-smoothed) 250 . 74 452 . 32 
Grp 2 (burni shed) 328 . 35 490 . 04 
Grp 3 (textured) 273 . 19 448 . 16 
Grp 4 (slipped/burnished) 268 . 74 503 . 23 
Grp 5 (extensively deformed) 225 . 77 448 . 16 
Grp 6 (horizontal coiling) 154 .83 299. 22 
Grp 7 (vertical coiling) 227 .63 524 . 70 
Grp 8 (resin coating) 248 . 53 477 . 31 

Total 154.83 524.70 
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Tests for homogeneity of variances, coarse-tempered 
specimens 

Cochrans C = Max. Variance/Sum(Variances) = .2121, P = .088 
(Approx.) 

Bartlett-Box F = 2.739 , P = .008 
Maximum Variance / Minimum Variance 3.571 

Table 23 

Multiple range test for coarse-tempered specimens: Scheff6 
Procedure 

Ranges for the .050 level -

5.37 5.37 5.37 5.37 5.37 5.37 5.37 

The ranges above are table ranges. 
The value actually compared with Mean(J)-Mean(I) is.. 
40.0536 * Range * Sqrt(l/N(I) + 1/N(J)) 

(*) Denotes pairs of groups significantly different at the 
.050 level 

6 G G G G G G G  
r r r r r r r r  
p p p p p p p p  

Mean Group 67513842 

208.71 Grp 6 
319.93 Grp 7 * 
324.54 Grp 5 * 
343.50 Grp 1 * 
359.95 Grp 3 * 
363.01 Grp 8 * 
390.51 Grp 4 * * * 
4 3 2 . 0 5  G r p  2  * • • • # •  
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APPENDIX C 

PILOT EXPERIMENTAL STUDIES 

Two pilot experimental studies were carried out before 

the study reported in the main body of this research. Their 

purpose was to determine the potential sources of 

variability in testing the strength of briquettes fashioned 

under laboratory conditions. 

A moist commercial clay (WC-866, Westwood Co.) was 

employed for the first pilot experiment. This clay has a 

slightly coarse texture, containing 60 mesh sand, and 

firing at cone 5 (1221° C) is recommended to obtain a dark 

brown stoneware body. WC-866 has a maximum shrinkage of 18 

percent, and water absorption of 1.8 percent. Table 24 

presents the element composition of fired unpolished 

samples, determined with SEM. In the experiment, the firing 

temperature was reduced to approximately 919° C, 

controlling it with an Orton standard pyrometric cone Oiu, 

to obtain a body similar to terracotta. Fired specimens 

exhibit quartz aplastic grains up to 150 microns in 

diameter (Figure 13c). 

The effects of five classes of surface manipulations 

on the flexural strength of WC-866 clay specimens were 

analyzed: untreated surfaces as a control group (Group 1), 

burnishing (Group 2), lead-glazing (Group 3), tin-glazing 

(Group 4), and smudging (Group 5). 
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To prepare the glazes, Westwood Co. chemicals were 

used: lead monosilicate (PbO 0 GVSiOg: IP 644), kaolin 

(EOK/Kaolin IP 712), flint (Silica: IP 6042), feldspar 

(Potash feldspar: GP-200 IP 6006), and tin oxide ( S n 0 ̂ : IP 

684). The glazes were formulated by modifying published 

recipes (Green 1979:83, 85). For the lead glaze, lead 

monosilicate (77.3 percent), kaolin (7.8 percent), and 

flint (14.5 percent) were mixed with tap water (2.5:1 

volume). For the tin glaze, lead monosilicate (61 percent), 

feldspar (12 percent), flint (19.5 percent), and tin oxide 

(7 percent; were mixed with tap water (2.5:1 volume;. These 

mixtures were dry-screened to obtain a fine powder, mixed 

with water, and applied with a brush to once-fired 

specimens. The test pieces were dried at room temperature 

for 14 hours before the glost firing at 880° C in a Paragon 

Kiln; the maximum temperature was held for 30 minutes and 

firing conditions were controlled with an urton Coneputer. 

For the smudging treatment, a batch of briquettes was 

reheated at 700° C during 30 minutes in a Neycraft Manual 

Fiber Furnace (JFF 2000). Immediately after soaking, the 

test pieces were removed from the furnace and placed in a 

small aluminum container filled with bran; the container 

was covered to prevent smoke from escaping. After 15 

minutes the specimens were removed from the container. They 

exhibited unevenly smudged surfaces, including the edges. 

A moist commercial clay (EM-210, Westwood Co.) was 
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employed for the second pilot experiment. This modeling 

clay has a fine texture, containing quartz and feldspar, 

with cone 06-04 (999-1060° C) recommended to obtain a 

whiteware body. The maximum shrinkage is 5.5 percent, and 

water absorption is i7 percent. Table 24 presents the 

element composition of fired unpolished samples, determined 

with SEM; Vaz Pinto et al. (1987:130) present limited 

compositional data for EM-210 clay provided by Westwood 

Ceramic Supply, as well as the results of petrographic 

analysis. In the experiment, the firing temperature, 

reduced to 900° C, was controlled with an Orton Coneputer. 

Fired specimens exhibit quartz and feldspar particles less 

than 100 microns in diameter (Figure 13d). 

The effects of eight classes of surface manipulations 

on the flexural strength of EM-210 clay specimens were 

analyzed: untreated surfaces as a control group (Group 1), 

Durnisning (Group 2), texturing (Group 3), 

slipping/burnishing (Group 4), slipping (Group 5), 

texturing/smudging (Group 6), slipping/smudging (Group 7), 

and untreated specimens reheated at 700° C as a second 

control group for the smudging process. 

The slip employed was prepared with EM-210 dried clay 

and distilled water (1 g:i ml proportion); the slipped 

surfaces exhibit quartz and feldspar grains up to 100 

microns in diameter (Figure 14 c, d) . For the smudging 

treatment, each fired slab was reheated at 700° C during 30 
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minutes in a Neycraft Manual Fiber Furnace (JFF 2000). 

Immediately after soaking during 30 minutes, the slab was 

removed from the furnace and covered with bran in a small 

aluminum container; the lid of the container was fit in 

place to prevent smoke from escaping. After 15 minutes the 

slab was removed from the container; it exhibited evenly 

smudged surfaces. After cooling for 24 hours at room 

temperature, test pieces were cut from each slab following 

the same procedures as in the final experiment. Smudged 

specimens exhibit carbon particles up to 100 microns in 

diameter deposited on the surfaces (Figures 14c, d, 15b). 

The fashioning processes are identical to what was 

described for the final experiment (Chapter 3). Besides the 

aforementioned surface manipulations, the only differences 

between the pilot studies and the final experiment are: 

1) Mode of preparation: WC-866 or EM-210 wet clay was 

employed. The clay was remoisten when necessary to obtain 

proper plasticity and it was hand-wedged before fashioning 

the slabs. Consequently, neither humidity nor the presence 

of voids were accurately controlled in the finished 

specimens (Figure 13 c, d); 

2) Drying: slabs were dried 48 hours at room 

temperature and protected with recycled computer paper 

under plaster slabs. Because the paper curled, numerous 

marks were impressed on the dried surfaces. These fissures 

(Figure i3a, b) were not erased by finger-smoothing and 
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they may have acted as stress concentrators, degrading the 

strength of test pieces, especially the control and 

textured groups (Figures 13a, b, 15 a, b). Burnished 

specimens exhibit fewer surface defects (Figure 14a, b); 

3) firing: three slabs were fired at the same time at 

different levels inside the kiln, so there were slight 

variations in firing temperature for each slab. Moreover, 

the temperature was not controlled accurately for WC-866 

test pieces since a pyrometric cone was employed. 

In addition, the laboratory smudging process is 

problematic because of the effects of thermal stresses on 

the specimens, which were reheated at 700° C to obtain 

smudged surfaces. 

To obtain glazed specimens, they had to be refired and 

may have been affected by thermal stresses in this 

process. Besides, the test pieces exhibit a poor glaze/body 

fit, which resulted in various surface defects, including 

crazing (Figure 15c, d) and curling of the body, as well as 

particles up to 500 microns in diameter (Figure 15d) that 

did not melt during the glost firing, probably because of 

the low temperature used. Therefore, the glazed briquettes 

are mechanically weak because of tensile stresses. 

Tables 25-37 present the moduli of rupture calculated 

for specimens fashioned from WC-866 and EM-210 moist 

clays. A further limitation of the second pilot experiment 

using EM-2i0 is that the sample size is relatively small 
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(10 to 12 cases per group). From the univariate analyses of 

variance, an F ratio of 10.13 was obtained for WC-866 

specimens (Table 38), and an F ratio of 17.04 for EM-210 

specimens (Table 41), with a probability of 0.00 for both 

body classes. Because of departures from normality and 

homogeneity of variances (Tables 39, 42), a Scheff6 

multiple range procedure was used to compare the means. 

Results at the 0.05 level may be summarized as follows: 1) 

for WC-866 specimens, burnishing is the only significantly 

different group, being the strongest of the surface 

treatments tested; and 2) for EM-210 specimens the 

slipped/burnished group is significantly stronger than most 

groups including burnishing, but the mean is not 

significantly different from that of the control group. 

Reheated specimens are weaker than those untreated, while 

slipped test pieces are stronger than those 

slipped/smudged, indicating that the thermal stresses 

induced during the smudging process debilitated the 

briquettes employed in the experiment. 

Figure 16 presents a graphic comparison of the moduli 

of rupture values obtained for WC-866 and EM-210 specimens, 

the latter being stronger, since whitewares exhibit higher 

strength than terracottas. 
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Figure 13 

Surface topography (a, b) and cross-section 
untreated WC-866 (a, c) and EM-210 (b, d) 
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Figure 14 

Surface topography of burnished WC-866 (a) specimens, and 
burnished (b), slipped (c), and slipped / smudged (d) EM-210 

specimens 
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Figure 15 

Surface topography of EM-210 textured (a) 
textured/smudged (b) specimens, and WC-866 lead-glazed 

and tin-glazed (d) specimens 
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Figure 16a. Mean MOR values for WC—866 and 
EM—210 specimens. 

WC—866 

EM—210 

WC—866 EM-210 

Finger—Smoothed 479.63 1,935.13 
Burnished 582.40 1,638.31 
Textured 504.57 1,697.77 
Slipped/Burnished 481.98 2,276.85 
Extensive Deform. 513.06 1,738.07 
Horizontal Coiling 1,401.59 
Vertical Coiling 914.22 
Resin Coating 1,472.47 

Figure 16b. Mean MOR values for WC—866 and 
EM-210 specimens. 
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T a b l e  2 4  

Nlcroprobe analysis of the coanercial aoist clays used In 
the pilot experiments. Measurements were Bade of areas 100-

150 alcrons long for 100 seconds 

Eleaent 
(% wt) 

WC-866 
3 ANALYSIS 

EN-210 
3 ANALYSIS 

SI 
average 
range 
Ti 
average 
range 
A1 
average 
range 
Fe 
average 
range 
Mg 
average 
range 
Ca 
average 
range 
Na 
average 
range 
K 
average 
range 
Cu 
average 
range 

61 . 9 
60.3-63.8 

0 . 7 
0.5-0.9 

20 . 8 
20.2-21.9 

1 0 . 8  
10.4-11.1 

0 . 9 
0.4-1.2 

0 . 1 
0-0 . 2 

0 . 3 
0.2-0.6 

4 . 3 
4 . 0-4.6 

0 . 1  
0  .  1 - 0 . 2  

70 . 7 
69.8-71.9 

12.4 
11.9-12.7 

7 . 9 
7.6-8.4 

7 . 3 
7 . 0-7.6 

1 . 7 
1.5-2.2 

Total: 99 . 9 100 
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WC-866 specinens. Group 1: Untreated 

speclaen b d Load NOR 
(In) (In) (lb) (psl) 

1 1 . 18 0 . 30 39 520.29 
2 1 . 22 0 . 29 37 510.91 
3 1 . 17 0 . 29 35 503.93 
4 1 . 24 0 . 29 34 461.91 
5 1 . 23 0 . 32 47 528.65 
6 1 . 22 0 . 30 32 412.89 
7 1 . 27 0 . 29 35 464.25 
8 1 . 23 0 . 29 27 369.77 
9 1 . 22 0 . 30 35 451.59 
10 1 . 26 0 . 29 37 494.69 
11 1 . 19 0 . 30 35 462.98 
12 1 . 18 0 . 29 35 499.66 
13 1 . 20 0 . 29 38 533.44 
14 1 . 24 0 . 29 37 502.67 
15 1 . 15 0 . 29 30 439.43 
16 1 .21 0 . 30 32 416.30 
17 1 . 19 0 . 29 41 580.39 
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WC-866 specimens. Group 2: Burnished 

specimen b d Load NOR 
(in) (in) (lb) (psi) 

1 1 . 22 0 .  29 35 483.27 
2 1 . 17 0 .  29 43 619.12 
3 1 . 24 0 .  29 39 529.85 
4 1 . 22 0 . 29 35 483.27 
5 1 . 16 0 .  29 50 726.15 
6 1 . 26 0 .  28 43 616.70 
7 1 . 14 0 . 28 41 649.89 
8 1 . 20 0 .  29 42 589.62 
9 1 . 21 0 .  29 43 598.66 
10 1 . 16 0 .  29 35 508.27 
11 1 . 17 0 .  29 47 676.70 
12 1 . 17 0 .  29 38 547.12 
13 1 . 25 0 .  29 41 552.53 
14 1 . 22 0 .  29 42 579.96 
15 1 . 24 0 .  29 41 556.99 
16 1 . 20 0 .  30 42 550.97 
17 1 . 20 0 .  29 45 631 . 74 
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WC-866 specimens. Group 3: Lead-glazed 

specimen b d Load NOR 
(in) (in) (lb) (psi) 

1 1 .21 0 . 30 39 507.39 
2 1.15 0 . 30 38 520 . 14 
3 1.17 0 . 32 41 484.82 
4 1 . 20 0.31 38 466.83 
5 1 . 19 0 . 30 41 542.34 
6 1 . 23 0 . 30 42 537.53 
7 1 . 24 0 . 30 44 558.56 
8 1 . 24 0 . 29 35 475.48 
9 1 . 09 0 . 30 34 491.03 
10 1 . 22 0 .31 39 471.29 
11 1 . 26 0 . 30 41 512.21 
12 1.12 0 . 30 35 491.91 
13 1 .23 0 . 30 43 550.32 
14 1.21 0 . 30 36 468.36 
15 1 . 22 0 . 30 38 490.30 
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WC-866 specimens. Group 4: Tin-glazed 

specimen b d Load NOR 
(in) (in) (lb) (psi) 

1 1 . 28 0.31 42 483 . 75 
2 1 . 25 0 . 30 43 541.51 
3 1 . 20 0 . 32 38 438.11 
4 1.18 0 . 33 45 496.14 
5 1 . 26 0 . 32 42 461.19 
6 1.17 0 .31 43 541.81 
7 1 . 18 0 . 32 40 469.00 
8 1 . 26 0 .31 42 491.43 
9 1 . 22 0 . 32 41 464.95 
10 1.14 0 . 32 43 521.86 
11 1 . 20 0.32 52 599.53 
12 1.15 0 . 32 38 457.16 
13 1 . 19 0 . 32 34 395.30 
14 1 . 24 0 . 32 37 412.83 
15 1 . 16 0 . 32 37 441.30 
16 1 . 20 0 . 32 43 495 . 77 
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WC-866 speclMens. Group 5: Smudged 

>ecimen b d Load NOR 
(in) (in) (lb) (psi ) 

1 1 . 22 0 , . 30 39 503.23 
2 1 . 25 0 , . 29 38 512.10 
3 1 . 26 0 . . 30 35 437.26 
4 1 . 24 0 . , 30 40 507 . 80 
5 1 . 15 0 . , 30 35 479.08 
6 1 . 23 0 . , 30 44 563.10 
7 1 . 19 0 . . 29 44 622.86 
8 1 . 20 0 . 30 42 550.97 
9 1 . 26 0 . . 30 33 412.30 
10 1 . 22 0 . 30 42 541.94 

Table 30 

EM-210 specimens. Group 1: Untreated 

specimen b d Load MOR 
(in) (in) (lb) (psi) 

1 1.17 0 . 29 130 1871.80 
2 1 .27 0 . 28 163 2319.32 
3 1 . 18 0 . 28 145 2220.58 
4 1 . 23 0 . 28 134 1968.69 
5 1 .17 0 . 28 109 1683.51 
6 1.17 0 . 28 106 1637.18 
7 1 . 18 0 . 28 98 1500.78 
8 1 .16 0 . 29 173 2512.40 
9 1.11 0 . 29 115 1745.29 
10 1 . 22 0 . 29 137 1891.73 
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EM- 210 specimens. Group 2: Burnished 

specimen b d Load MOR 
(in) (in) (lb) (psi) 

1 1 .17 0 . 29 117 1684 . 60 
2 1 . 25 0 . 29 159 2142 . 83 
3 1 .18 0 . 29 89 1270 . 58 
4 1 . 22 0 . 29 117 1615 . 56 
5 1 . 15 0 . 29 89 1303 . 73 
6 1 . 20 0 . 29 135 1895 . 16 
7 1 .21 0 . 29 108 1503 . 62 
8 1 .19 0 . 29 114 1613 . 82 
9 1 .21 0 . 29 151 2102 . 28 
10 1 . 12 0 . 30 89 1250 . 89 

Table 32 

EM-210 specimens. Group 3: Textured 

specimen b d Load MOR 
(in) (in) (lb) (psi) 

1 1.18 0 . 29 126 1798.81 
2 1.21 0 . 28 113 1687.63 
3 1 . 16 0 . 28 99 1542.27 
4 1 . 22 0 . 29 100 1380.82 
5 1.21 0 . 28 113 1687.63 
6 1.19 0 . 28 106 1609.66 
7 1 . 20 0 . 28 100 1505.90 
8 1.19 0 . 28 112 1700.77 
9 1 . 15 0 . 28 119 1869.95 
10 1 . 18 0 . 29 136 1941.59 
11 1 . 18 0 . 28 133 2036.82 
12 1 .15 0 . 29 110 1611.38 
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EN- 210 specimens. Group 4: Slipped/burnished 

specimen b d Load NOR 
(in) (in) (lb) (psi) 

1 1 . 20 0 . 29 181 2540 . 92 
2 1 . 22 0 . 30 150 1935 .47 
3 1 .21 0 . 29 230 3202 . 16 
4 1 . 25 0 . 29 163 2196 . 72 
5 1 . 18 0 . 30 132 1760 . 92 
6 1 . 22 0 . 30 115 1483 . 83 
7 1 . 26 0 . 30 169 2111 . 38 
8 1 . 16 0 . 30 165 2239 . 13 
9 1 . 20 0 . 29 193 2709 . 42 
10 1 . 23 0 . 29 189 2588 . 53 

Table 34 

EN-210 specimens. Group 5: Slipped 

specimen b d Load NOR 
(in) (in) (lb) (psi) 

1 1 . 26 0 . 30 136 1699.12 
2 1 . 20 0 . 31 176 2162.24 
3 1.19 0 .31 133 1647.71 
4 1 . 20 0 . 30 145 1902.13 
5 1 . 20 0 . 30 151 1980.83 
6 1 . 20 0 . 30 132 1731.57 
7 1.14 0 . 30 121 1670.81 
8 1 . 19 0 . 30 99 1309.62 
9 1 . 22 0.30 135 1741.89 
10 1 . 20 0 . 30 117 1534.81 
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EM- 210 specimens, Group 6: Textured/smudged 

specimen b d Load NOR 
(in) (in) (lb) (psi) 

1 1 . 17 0 . 29 102 1468.64 
2 1.14 0 . 30 82 1132.31 
3 1 . 14 0 . 29 129 1906.25 
4 1.21 0 . 29 104 1447.90 
5 1 . 18 0 . 29 105 1499.02 
6 1.15 0 . 29 89 1303.73 
7 1 . 20 0 . 29 71 996.73 
8 1 . 22 0 . 29 83 1146.08 
9 1.19 0 . 29 108 1528.89 
10 1 . 20 0 . 29 113 1586.36 

Table 36 

EM-210 specimens. Group 7: Slipped/smudged 

specimen b d Load MOR 
(in) (in) (lb) (psi) 

1 1 . 24 0 . 30 94 1193.32 
2 1 . 25 0 .31 62 731.24 
3 1 . 18 0 . 30 68 907.16 
4 1.17 0 .31 66 831.62 
5 1 . 25 0 . 30 82 1032.67 
6 1 . 24 0 . 30 85 1079.08 
7 1 . 14 0 . 30 77 1063.25 
8 1 .15 0.30 39 533.86 
9 1 .17 0.29 58 835.09 
10 1 . 23 0 . 31 78 934.87 
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EM-210 specimens. Group 8: Untreated and reheated at 700° C 

ipeciaen b d Load MOR 
(In) (In) (lb) (psl) 

1 1 . 22 0 . 29 152 2098.84 
2 1 . 10 0 . 28 78 1281.37 
3 1 . 20 0 . 28 81 1219.76 
4 1 . 20 0 . 28 118 1776.94 
5 1 . 26 0 . 28 83 1190.37 
6 1 .21 0 . 28 104 1553 .17 
7 1 . 23 0 . 28 99 1454.50 
8 1 . 20 0 . 28 89 1340.24 
9 1 . 21 0 . 28 72 1075.28 
10 1 . 24 0 . 28 119 1734.23 
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One-way analysis of variance of WC-866 specimens 

Variable B (modulus of rupture) 
By Variable A (surface treatment) 

Analysis of Variance 

Source 

Between Groups 

D.F. 
Sum of 

Squares 

117271.08 

Mean 
Squares 

29317.77 

Ratio Prob. 

10.13 .00 

Within Groups 70 202532 .01 2893.31 

Total 74 319803 . 09 

Standard Standard 
Group Count Mean Deviation Error 95 Pet Conf Int for 

Mean 
Grp 1 17 479.63 52 . 20 12 . 66 452.79 To 506.47 
Grp 2 17 582.40 66 . 65 16.16 548.13 To 616.67 
Grp 3 15 504.57 31 . 00 8 . 00 487.40 To 521.74 
Grp 4 16 481.98 51 . 90 12.97 454.32 To 509.63 
Grp 5 10 513.06 61 .47 19 .44 469.09 To 557.04 

Total 75 512.87 65 . 74 7 . 59 497.75 To 528.00 

Fixed Effects Node 1 53 . 79 6.21 500.48 To 525.26 

Group Minimum Maximum 

Grp 1 (untreated) 
Grp 2 (burnished) 
Grp 3 (lead-glazed) 
Grp 4 (tin-glazed) 
Grp 5 (smudged) 

369.77 
483.27 
466.83 
395.30 
412.30 

580.39 
726.15 
558.56 
599.53 
622.86 

Total 369.77 726.15 
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Tests for homogeneity of variances, WC-866 specimens 

Cochrans C = Max. Variance/Sum(Variances) = .3043, P = .356 
(Approx.) 

Bartlett-Box F = 1.992 , P = .093 
Maximum Variance / Minimum Variance 4.622 

Table 40 

Multiple range test for WC-866 specimens: Scheff6 Procedure 

Ranges for the .050 level -

4.47 4.47 4.47 4.47 

The ranges above are table ranges. 
The value actually conpared with Mean(J)-Mean(I) is.. 
38.0349 * Range * Sqrt(l/N(I) + 1/N(J)) 

(*) Denotes pairs of groups significantly different at the 
.050 level 

6 G 6 6 6 
r r r r r 
p p p p p 

Mean Group 14 3 5 2 

479.63 Grp 1 
481.98 Grp 4 
504.57 Grp 3 
513.06 Grp 5 
582.40 Grp 2 * « * * 
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One-way analysis of variance of EM-210 specimens 

Variable B (aodulus of rupture) 
By Variable A (surface treataent) 

Analysis of Variance 

Source D.F. 

Between Groups 7 

Within Groups 74 

Total 81 

Sua of 
Squares 

Mean 
Squares 

F F 
Ratio Prob, 

11178280.49 1596897.21 17.04 .00 

6934742.65 93712.74 

18113023.15 

Standard Standard 
Group Count Mean Deviation Error 95 Pet Conf Int for 

Mean 
Grp 1 10 1935 . 13 324 , . 23 102 . 53 1703 . 19 To 2167.07 
Grp 2 10 1638 . 31 325 . 65 102 . 98 1405 . 35 To 1871.26 
Grp 3 12 1697 . 77 188 . 57 54 . 44 1577 . 96 To 1817.58 
Grp 4 10 2276 . 85 500 , . 78 158 . 36 1918 . 61 To 2635.08 
Grp 5 10 1738 . 07 236 , . 86 74 . 90 1568 . 63 To 1907.51 
Grp 6 10 1401 . 59 265 . , 09 83 . 83 1211 . 96 To 1591.22 
Grp 7 10 914 . 22 192 . . 36 60 . 83 776 .61 To 1051.82 
Grp 8 10 1472 . 47 318 . 96 100 . 86 1244 . 30 To 1700.64 

Total 82 1635 . 85 472 . 88 52 . 22 1531 . 94 To 1739.75 

Fixed Effects Model 

Group 

306.12 33.81 1568.49 To 1703.21 

Miniaua Maximum 

Grp 1 (untreated) 1500 . 78 2512 . 40 
Grp 2 (burnished) 1250 . 89 2142 . 83 
Grp 3 (textured) 1380 . 82 2036 . 82 
Grp 4 (slipped/burnished) 1483 . 83 3202 . 16 
Grp 5 (siipped) 1309 . 62 2162 . 24 
Grp 6 (textured/smudged) 996 . 73 1906. 25 
Grp 7 (slipped/saudged) 533. 86 1193. 32 
Grp 8 (reheated at 700 C) 1075 . 28 2098. 84 

Total 533.86 3202 . 16 
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T a b l e  4 2  

Tests for hoaogeneity of variances, EM-210 specimens 

Tests for Hoaogeneity of Variances 
Cochrans C = Max. Var i ance/Sum (Var i ances) = .3288, P «= .014 

(Approx.) 
Bartlett-Box F = 1.991 , P = .052 
Maximum Variance / Minimum Variance 7.052 

Table 43 

Multiple range test for WC-866 specimens: ScheffA Procedure 

Ranges for the .050 level -

5.47 5.47 5.47 5.47 5.47 5.47 5.47 

The ranges above are table ranges. 
The value actually compared with Mean(J)-Mean(I) is.. 
216.4633 * Range * Sqrt(l/N(I) + 1/N(J)) 

(*) Denotes pairs of groups significantly different at the 
.050 level 

G G G G G G G 6  
r r r r r r r r  
p p p p p p p p  

Mean Group 76823514 

914.22 Grp 7 
1401.59 Grp 6 
1472.47 Grp 8 * 
1638.31 Grp 2 * 
1697.77 Grp 3 * 
1738.07 Grp 5 * 
1935.13 Grp 1 * * 
2276.85 Grp 4 **•**• 
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