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1.0 INTRODUCTION 

A multiyear test program was conducted to determine the influence of 

long-term heating on the mechanical properties of concrete similar to 

that used in Hanford nuclear underground storage (UGS) tanks. The 

concrete was fabricated from basalt aggregates and American Society of 

Testing and Materials (ASTM) Designation Cl50 Type II portland cement. 

The following sections describe the background, purpose, and scope of the 

test program. The concrete testing program was conducted for the U.S. 

Department of Energy with funding from Rockwell Hanford Operations 

(Rockwell) Long-Term High-Level Defense Waste Program (AR-05-15-20). 

1.1 BACKGROUND 

This report describes results of a 5-year testing program to deter

mine the effects of long-term exposure to elevated temperatures on the 

mechanical properties of concrete used in constructing Hanford radio

active UGS tanks. Tests were conducted to determine concrete moduli of 

elasticity, Poisson's ratios, splitting tensile strengths, and compres

sive strengths at ambient conditions and after being subjected to 

elevated temperatures for periods of up to 2 3/4 years. Tests were also 

conducted to determine the influences of specimen geometry, steam curing, 

and cyclically varying temperature on these same properties. Related 

test programs were run to measure concrete thermal expansion, thermal 

conductivity, and creep behavior at elevated temperatures. In addition, 

a petrographic examination was made of selected specimens after heating 

and testing. 

Test specimens used in this program were cast at the Construction 

Technology Laboratories of the Portland Cement Association (CTL/PCA), 

using the same mix proportions that were specified for concrete in 

Hanford UGS tanks. Cements, aggregates, and admixtures came from the 

same sources as materials used in Hanford tank construction. The 

objective was to use test specimens that would match, as nearly as 

possible, the compositions and properties of the concretes used in 

Hanford UGS tanks in their ori gi na l, 11 as-cast" condition. 

1-1 
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By using concrete cast and tested under laboratory conditions, it 

was possible to study, in detail, the influences of elevated temperatures 

on selected properties. The effects of specific test temperatures (from 

ambient to 450°F), differing 1 engths of high-temperature exposure, 

steam curing, and eye 1 i ca lly varying temperatures were studied. Test 

variables also included concrete mix proportions, age, specimen geometry, 

and length of curing prior to heating. 

Data from this test program were intended to provide the base 1 i ne 

information needed to characterize the mechanical behavior of Hanford 

concrete in situ when exposed to elevated temperatures for prolonged 

periods of time. However, only data from tests conducted on concrete 

cast at CTL/PCA are presented. No results of tests on concrete core 

materials from Hanford UGS tanks have been included in this report. 

1. 2 PURPOSE 

The objective of this testing program was to determine the effects 

of long-term exposure to elevated temperatures on the physical/mechanical 

properties of concrete mixes used in Hanford radioactive UGS tanks. In

formation obtained from this study was needed for the purposes outlined 
be 1 ow. 

• The information was used to determine how much thermally 

induced degradation, if any, can be expected to have occurred 

in the concrete used in existing UGS tanks. Data will also 

help evaluate the adequacy of those tanks for continued waste 

storage. 

• The information was a 1 so used to determine if there is any 

appreciable advantage to altering the temperature of waste 

storage solutions in existing tanks; whether it is desirable to 

use a cooler waste solution, or if a more concentrated, higher 

temperature solution can be contained with no decrease in 

expected tank life. 

1-2 
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• It was used to aid in the selection of optimum solution 

temperatures and tank heating rates for any needed future waste 

tank designs. Data can also be used in the design and evalu

ation of concrete casks currently being proposed for long-term 

retrievable storage of solidified waste. 

In addition, at the inception of the testing program, there was no 

published literature available on the long-term effects of elevated 

temperatures on concrete mechani ca 1 properties. Th is program has 

provided data that are generally applicable to the use of concrete at 

elevated temperatures for prolonged periods of time. 

1.3 SCOPE 

Information obtained from the test program related to the effects of 

prolonged exposure at elevated temperatures on physical/mechanical 

properties of concrete mixes used in constructing Hanford UGS tanks. 

Properties of major importance in evaluating the integrity of present 

tanks and designing future tanks are modulus of elasticity, Poisson's 

ratio, splitting tensile strength, and compressive strength. Variables 

that were considered as possibly affecting these properties are described 

in the following sections. 

1.3.1 Mix Designs and Materials 

Two concrete mix designs with nominal design compressive strengths 

of 3,000 psi and 4,500 psi were used in Hanford UGS tank construction. 

These mix designs are shown in Table 1-1. Test specimens in the present 

program were cast at CTL/PCA, using the same proportions as specified for 

tank construction. The raw materials used were identified as having come 

from the same sources as those used for tank construction; sand and 

gravel from the Hanford batch plant, and ASTM Designation Cl50 Type II 

portland cement from Lonestar Industries, Seattle, Washington. 

1-3 
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TABLE 1-1. Hanford Concrete Mix Designs. 

Quantity (lb/yd3) 
Batch Ingredients 3,000 psi Mix (3K) 4,500 psi Mix (4.5K) 

Portland Cement, Type II 493 653 

Aggregate 2,096 1,880 

Sand 1,213 1,240 

Water 271 286 

Darex, 2% Solution 3 oz 4.50 oz 

Air (Percent by volume) 5 5 

Water:Cement Ratio 0.54 0.43 

Those test specimens cast using the Hanford mix design for 3,000 psi 
concrete are identified in this report with the prefix 3K; those cast 
using the mix design for 4,500 psi concrete with the prefix 4.5K. A 

total of 16 batches of 3K conctete and 13 batches of 4. 5K concrete were 
cast at CTL/PCA between April 1975 and October 1977. Detailed information 

on each batch may be found in Tables A-1 through A-29 in Appendix A. 

Test specimens for strength and elastic property determinations were 
normally 6- by 12-in. cylinders. However, to determine if size of 
specimens influenced results, tests were also conducted on 3- by 6-in. 
cylinders, and 3-in. cubes cored and cut from 6- by 12-in. cylinders. 
Depending on its volume, each batch produced between 15 and 30 concrete 
test cylinders. One day after casting, cylinders were demolded and 

marked with a code that identified its mix design, batch number, and 

cylinder number. For example, 3K7-24 identifies the 24th cylinder from 

the seventh batch of concrete cast, using the mix design for 3,000 psi 

Hanford concrete. This code numbering system is used to reference all 
weight, dimension, and properties data in the appendices for each 
concrete cylinder tested in this program. 
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1.3.2 Curing 

Concrete cylinders used for properties tests were continuously 

stored in a 100% relative humidity (RH) fog room, maintained at 70°F, 

until heated or tested. The minimum moist cure received prior to heating 
was 30 days. Most specimens used for high temperature tests were mo i st 

cured for 200 to 300 days prior to heating. 

Cylinders that were tested in the unheated condition were moist 

cured for as long as 4 1/4 years. Test specimens used for nondestructive 
determination of elastic properties with the sonic method were 
continuously cured in the fog room and tested in the moist condition. 

The effects of steam curing on Hanford concrete mechanical prop

erties were also investigated using cylinders from a single batch of 

3K concrete. Details of the accelerated curing regime used are described 

in the Test Descriptions section of this report. 

1.3.3 Physical Properties 

A number of physical properties were considered as potentially 
influencing Hanford concrete integrity at elevated temperatures, 
inc 1 udi ng concrete density, therm a 1 expansion, and therm a 1 conductivity. 
Concrete undergoes several physical and chemical changes when heated that 
are known to affect its mechanical behavior. 

When heated above 212°F, unsea 1 ed concrete wi 11 1 ose its i nterna 1 

free moisture, causing loss in weight and shrinkage that can induce 
cracking. At higher temperatures, chemically combined water within the 

cement paste is released, causing further weight and volumetric losses. 

In the region of 1,000° to l,100°F, the mineral quartz undergoes 
a phase transformation from the a to S form that causes a discontinuous 
2.4% volume increase in the crystal lattice. (l) Concrete containing 

large quantities of quartz-bearing aggregates have been found to suffer 
large strength losses in this temperature range. At temperatures of 

about l,300°F, calcium carbonate in calcareous aggregates begins to 

decompose to ca 1 ci um oxide and carbon dioxide, with accompanying 
shrinkage.(2) 
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These thermally induced changes in concrete physical and chemical 

properties also affect mechanical behavior. For this reason, tests were 

conducted to determine the influence of temperature on Hanford concrete 

thermal expansion and thermal properties, including conductivity, 

diffusivity, and specific heat. 

In addition, petrographic and fractographic analyses were conducted 

on heated test specimens to determine the extent of any changes in 

concrete physical/chemical composition, soundness, and paste-aggregate 

bond strength caused by exposure to high temperatures. 

It was reasonable to assume that examination of the mi crostructure 

of the concrete would aid in identification of damage mechanisms. 

Correlation of damage mechanisms to microstructural changes would 

strongly support the extrapolation of data to longer times by 

establishing specific chemical/structural changes in the concrete. This 

could identify whether the rate of a specific reaction causing damage was 

decreasing to a stable level with time or if it was continuously 

degrading the concrete. 

1.3.4 Mechanical Properties 

In the past, most research into the effects of elevated temperatures 

on the mechanical properties of concrete has focused on the type of 

exposure experienced during a fire. This usually involved tests of 

relatively short duration, typically 1 to 6 hours, where temperatures 

exceeded l,000°F. 

The use of concrete for structural applications in nuc 1 ear power 

plants, where temperatures on the order of 500°F would be experienced 

for prolonged periods, has prompted research into the effects of such 

conditions on concrete mechanical properties.( 3, 4, 5) Those studies, 

reported in the literature, involved a wide range of testing techniques, 

specimen sizes and curing conditions, temperatures, rates of heating, 

durations of exposure, and other experimental variables. 

Unfortunately, the diversity of test procedures often makes it 

difficult to compare results of different test programs and apply these 

data to the Hanford concrete mixes in situ. For example, because mass 
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concrete in a nuclear power plant is essentially sealed to prevent 

moisture loss on heating, much research has concentrated on investigating 

the effects of elevated temperatures on sealed concrete. However, the 

moisture in concrete in Hanford UGS tanks is not effectively sealed in, 

but is free to diffuse into the surrounding soil or atmosphere. 

Consequently, data obtained from elevated temperatures tests on sealed 

concrete will generally not be applicable to Hanford UGS tank concrete. 

Furthermore, tests described in the 1 iterature covered concrete exposed 

to elevated temperatures for, at most, a period of four months. 

For those and other reasons, it v,as felt that a separate investiga

tion °l'/aS necessary to determine the effects of prolonged exposure to 

elevated temperatures on the mechanical properties of unsealed Hanford 

concrete mixes. To characterize the effects of e 1 evated temperatures on 

concrete integrity, the following properties were studied: 

• Modulus of elasticity 

• Poisson's ratio 

• Splitting tensile strength 

• Compressive strength. 

In addition, test programs were carried out to determine the effects 

of cyclically varying temperatures on these properties. Also, in an 

effort to relate data obtained from this study to those of other investi

gators, one test series was conducted to determine the variation in 

measured properties values caused by using specimens of different 

geometries. One test series also examined the long-term creep on Hanford 

concrete mixes at elevated temperatures. 

In the fo 11 owing sect i ans, a brief surm,ary is given f ram pub 1 is hed 

data on the influence of elevated temperatures on selected concrete 

properties. These short-term data are useful for two reasons. First, 

they give some indication of those concrete properties which are 

relatively more sensitive to temperature and can be anticipated to be 

seriously affected by long-term heat exposure. Second, these short-term 

data can serve as a basis by which influences of 1 ength of e 1 evated 

temperature exposure can be measured. 
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1.3.4.1 Modulus of Elasticity. Typical results of moduli tests on 

unsealed concrete exposed to elevated temperatures for relatively short 
time periods are shown in Figure 1-1.( 6) For carbonate and light
weight aggregate concrete, moduli values are seen to dPcrease smoothly 
from ambient to l,200°F. The same is true for si liceous aggregate 
concrete from room temperature to about 900°F. Above this temperature, 
the modulus of elasticity drops off more sharply than carbonate or 
lightweight aggregate concrete. This di scontinuity is believed to be 
caused by the alpha to beta phase transformation in the quartz-rich 

siliceous aggregate, with its accompanying disruptive volume increase. 

At 450°F, the elasticity modulus of concrete averages only about 

70% of values measured with unheated concrete. 
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FIGURE 1-1. Modulus of Elasticity of Concrete at High Temperatures. 
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1.3.4.2 Poisson's Ratio. Several investigators have examined the in
fluence of elevated temperatures on Poisson's ratio of concrete. (7,8) 
In one study, there were indications that the magnitude of Poisson's 
ratio decreases with increasing temperature. However, results from all 
published test results contain large scatter. Overall, no general t rend 

of the effect of temperature on Poisson's ratio of concrete has heen 

establ ished. 

1.3.4.3 Compressive Strength. Abrams has shown that strength reduct ions 

due to heat exposure are influenced by the presence, or absence, of 
applied stresses on the concrete during heating, and on the t ype of 
aggregates used in the concrete. (6) This can be seen in Figures 1-2, 

1-3, and 1-4. Here, tests were conducted on concrete with three types of 
aggregates: carbonate, siliceous, and lightweight aggregate concrete. 

Three test methods were employed to test each concrete type. 
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FIGURE 1-2. Compressive Strength of Carbonat e Aggregate 
Concrete at High Temperatures and After Cooling. 
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FIGURE 1-3. Compressive Strength of Siliceous Aggregate 
Concrete at High Temperatures and After Cooling. 
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Those curves labeled II unstressed" were heated to test temperature 

with no external load applied. Those curves identified as "Stressed to 

0.4 f I c" were heated with an externally applied load equal to 40% of 
the concrete I s room temperature strength. In both cases, compressive 
strength tests were carried out at the elevated test temperature. Those 

curves marked "Unstressed Residual" were heated with no load applied, 
cooled to ambient, stored 6 days at 75% RH, and then tested in 

compression at room temperature. 

The significant points are outlined below. 

t Concrete made from different aggregates have different strength 

1 ass trends on heating. In par ti cu 1 ar, strength of siliceous 

aggregate concrete decreases more rapidly above 800°F than 

does carbonate or lightweight aggregate concrete. 

• The presence of externally applied 1 oads during heating tends 

to improve measured compressive strength at elevated 

temperatures, regardless of the type of aggregate used in the 

concrete. 

• The worst case from a strength standpoint is when concrete is 

in the "unstressed residual" condition; i.e., room temperature 

testing after heating. 

The above tests were conducted on unsea 1 ed concrete cylinders. On 

heating, moisture present within the concrete was free to evaporate to 
the surroundings. However, investigations by Lankard, et al, have shown 

that strength and elastic properties suffer relatively greater losses 

than described above when the concrete is sea 1 ed to prevent moisture 

loss.(3) From this it is clear that the movement of internal moisture 

is another factor affecting concrete mechanical behavior at high tem

peratures. 

Further data on the mechanical behavior of concrete at elevated 

temperatures have 
others.(9,10,11,12) 

been reported by Zoldners, Malhotra, and 

However, the above data can be considered 

representative of most information published in this field. 
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1.3.4.4 Splitting Tensile Strength. Compared to compressive strength 

behavior, the influence of elevated temperatures on concrete tensile 

strength has received relatively little attention. Two reasons may 

account for this. First, at ambient conditions, the tensile strength is 

much lower than compressive strength of concrete, typically only about 

10% of f' . In design of concrete structures, tensile stresses are 
C 

assumed primarily by the steel reinforcement, not the concrete. For this 

reason, magnitude of compressive strength is considered as a more 

important design criterion than the tensile strength. 

Also, because of its brittleness and relatively low resistance to 

tensile stress, it is difficult to determine concrete tensile strength 

directly by using a simple uniaxial tensile test method of the type 

co1T1Tion ly used for testing meta 1 s, p 1 as ti cs, etc. The two most common 

methods for measuring concrete's resistance to tensil~ forces are the 

flexure test, as described in ASTM Method of Test C293, and the sp 1 it 

cylinder test, as described in ASTM Method of Test C496. (l3,l4) 

In the split cylinder test, a compressive load is applied in a plane 

normal to the test cylinder's longitudinal axis. This produces corre

sponding tensile stresses in a direction perpendicular to the plane of 

the applied load. This is shown schematically in Figure l-5(a). Because 

concrete I s tensile strength is much 1 ower than its compressive strength, 

the cylinder fractures in tension, usually in the manner shown in 

Figure 1-5(b). The strength determined by this method is called the 

splitting tensile strength. 

Some investigations into the effects of elevated temperatures on 

concrete tensile strength have been conducted using both test 

methods. (l 5,l6) A number of variables have been examined in these 

studies. From 

The 1 andersson 

Figure 1-6. 

these, the 

are typ i ca 1. 

strength-temperature 

These results are 

relations reported 

shown graphically 

by 

in 

When these data are compared to the compressive strength data for 

siliceous aggregate concrete of Abrams, it can be seen th at the 1 ass 

trends are very similar. 
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FIGURE 1-5. Split Cylinder Test. 
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FIGURE 1-6. Split Tensile Strength From Thelandersson Data. 

1.3.4.5 Creep. Time dependent deformation of concrete under load is 

referred to as creep. It is a phenomenon conman to engineering 

materials, particularly at elevated temperatures. In the specific case 

of high service temperatures encountered in nuclear power plants, much 

experimental and analytical work has been conducted on concrete creep 
behavior.(12,17,18,19) Characterization of concrete creep behavior at 

elevated temperatures was considered as an important goal for analysis of 

long-term structural performance. 

This has led to a number of sophisticated mathematical models of 

concrete creep behavior based on a fairly large amount of experimental 

data. Generally, trends indicate that the magnitude of creep strain 

increases with increased service temperature. This can be seen in the 

curves shown in Figure 1-7, from data reported by Schneider.( 12 ) 
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Further tests by Cruz,( 20) Gillen,( 21 ) Anderberg and Thelanders

son, (22 ) and others have shown that creep at elevated tempPratures is 

influenced by a number of factors, including concrete strength, type of 

aggregate, rate of heating, and migration of moisture within the concrete. 

The purpose of examining high temperature creep in the current 

program was to provide sufficient data for determining if the behavior of 

Hanford concrete can be adequately modeled by existing mathematical 

expressions. It was not intended to be a detailed examination of the 

time dependent deformation of Hanford concrete, subject to a large number 

of test variables. 

1.3.4.6. Thermal Cycling. In actual service, the Hanford UGS tanks are 

subjected to repeated exposure to elevated temperatures. Each time 

wastes are placed in a tank, temperatures increase, then gradually cool. 

Thus, the temperature in a tank is a cyclically varying -function of time. 

However, strength and properties data in this program were deter

mined primarily from concrete at constant elevated temperatures. There

fore, it was necessary to determine if cyclically varying temperatures 

would produce more deleterious effects on concrete properties than 

exposure to constant high temperatures. 

Effects of eye l i ca lly varying elevated temperatures on strength and 

elastic properties of concrete have been studied by a number of investi

gators. (4,ls, 23 ) Published test data indicate that at least four 

factors strongly influence the degree of deterioration of concrete 
mechanical properties under repeated temperature variations above 

ambient. These are outlined below. 

• Maximum Temperature Applied. Temperatures above 400°F in 

• 

particular may result in considerable strength loss . This is 

probably due to microcracking caused by volume changes as the 

cement matrix dehydrates. 

Rate of Heating and Cooling. Rapid heating and cooling tends 

to aggravate strength loss. This is true of most engineering 

materials. 
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• Presence of Moisture. Sealed concrete with no loss of moisture 

when heated suffers a greater strength reduction than concrete 

that loses moisture during heating. 

• Load Applied During Heating. The application of a compressive 
load during all phases of heating tends to reduce strength loss. 

A fifth factor influencing strength and elastic constants is number 

of temperature cycles. Studies have not been undertaken to determine the 
effect of a large number of thermal cycles (greater than 100) on strength 

and elastic properties of concrete. However, past investigations have 
shown that strength losses are usually most severe during the first few 

cycles. Thereafter, unless temperatures are above 400°F, continued 
cycling produces proportionately smaller changes in concrete properties. 

In the present test program, the effect of temperature cycling on 

unsealed 6- by 12-in. Hanford concrete cylinders is examined. Rates of 
heating averaged 140°F per day to a maximum temperature of 350°F. 
Two heat cycle periods, one 14 days and the other 28, were studied for a 
maximum of 18 temperature cycles. In addition, the effects of temper
ature cycling on concrete thermal expansion behavior were also examined. 

1.3.4.7 Size Effects. The fact that tests on similar materials fab

ricated into different specimen geometries yield .different values for 

measured mechanical properties is well recognized. In some cases, 

"correction factors" have been experimentally determined to relate 
results from tests on specimens of varying dimensions to that obtained 
from a standard specimen geometry. 

For example, specifications for testing compressive strength of 
concrete usually require a concrete test cylinder with a length/ 
diameter (L/D) ratio of 2.0. In the case of cored concrete, it is not 

always possible to obtain a specimen with the desired L/D ratio. It has 

been established that concrete cylinders with an L/D ratio less than 2.0 

yield higher compressive strengths than cylinders with an L/0 equal to 

2.0. Through experimental investigation, an empirical relation has been 
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developed to take into account this geometrical effect and to apply a 

correction which will reduce measured values to that obtained with an 

equivalent cylinder with an L/D exactly equal to 2.o.( 24 ) 

However, the general relations between test results obtained from 

specimens of different geometries are not known. Therefore, establishing 

high temperature behavior of concrete through data comparison from 

investigations that use different specimen geometries can be difficult. 

Properties tests were conducted on Hanford concrete specimens of 

differing geometries to determine what influence concrete shape and size 

had on measured properties data. Knowledge of the "size effect" on test 

data will not only help relate results of the present study to other 

published data in this area, but will also provide a means of relating 

results of any future investigation into Hanford concrete high 

temperature properties to data from the current program, 
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2.0 TEST DESCRIPTIONS 

The methods of determining concrete mechanical properties used in 

this study were, in general, derived from the relevant ASTM test 

standards. However, s i nee most tests were conducted at e 1 eva.ted temper

atures, it was necessary to alter equipment and procedures in order to 

maintain the desired test environment. The ASTM standards are referenced 

and changes are described in the following sections. 

2.1 STRENGTH AND ELASTIC PROPERTIES TESTS 

Compressive strength, splitting tensile strength, and elastic prop

erties of Hanford concrete were determined on specimens heated for 

various lengths of time at 250°, 350°, and 450°F, as well as on 

unheated concrete of different ages. 

Specimens used for room temperature tests were continuously moist 

cured in a 100% RH fog room. Prior to testing, cylinders were removed 

from the moist room for measurement of height, diameter, and weight . 

Elastic properties and strength determinations were made on unheated 

cylinders while in the moist condition. 

Test cylinders for elevated temperature tests were subject to the 

following procedures. Height, diameter, and weigh't of test cylinders 

were measured prior to being placed in the oven for heating. This infor

mation is listed in Table 8-1 in Appendix B. Cylinder lengths and 
diameters are the average of two or three measurements, as required by 
ASTM Designations C39,( 25 ) C215,( 26 ) C469,( 27 ) and C496.(l4 ) 

Specimens tested at e 1 evated temperatures were heated to test tem

peratures at a rate of 70° to 75°F per day. Five temperature changes 

over the 24-hr period were made to obtain the 70° to 75°F temperature 

rise. Required temperature variation limits of ±l5°F at 250°F and 

350°F, and ±20°F at 4S0°F were easily maintained. A conti:iuous 

record of oven temperatures was maintained during the temperature rise 

and soak periods. 
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All specimens were transported from the oven to the test area in a 

well insulated container. Tests were performed as quickly as possible to 

prevent heat loss. Specimens not tested to destruction were returned to 

the oven in the insulated container. 

2.1.1 Modulus of Elasticity and Poisson's Ratio Tests 

Elastic constants of test cylinders were obtained using a dynamic 

and static method. A description of each method follows. 

2.1.1.1 Sonic (Dynamic) Method. Moduli of elasticity and Poisson's 

ratios were obtained on specimens cured in the moist room at 70°F by 

following the general provisions given in ASTM Designation C215.( 26 ) 
The equipment consisted of a variable frequency audiooscillator, ampli

fiers, a driver unit, a pickup unit, and meter type and cathode ray 

oscilloscope indicators. Specimens were supported at the quarter 

points. The driving force was applied normal to the specimen surface 

near one end. Fundamental, transverse, and torsional frequencies were 

obtained. The driving force also was applied normal to the surface 

midway between the ends of the specimen. The fundamental transfer 

frequency can be obtained by driving the specimen by one end. Frequency 

determination required about 1 min. The test equipment with a test 

cylinder in place is shown in Figure 2-1. 

2.1.1.2 Static Method. The provisions of ASTM Designation C469( 2?) 

were followed in determining the elastic constants by this method. A 

compressometer, fitted with differential transformers, was used to 

measure 1 ong itudi na 1 and lateral strains. During elevated temperature 

tests, the transformers were protected with asbestos heat shields. A 

differential transformer was also used to indicate load. Outputs from 

the differential transformers were recorded on an X-Y-Y recorder. Thus, 

the stress longitudinal strain and stress lateral strain curves were 

obtained simultaneously during each loading of the specimens. Loading 

surfaces of the specimens used for determining the elastic constants were 
leveled. 
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FIGURE 2-1. Sonic Test Method for Determining 
Elastic Constants. 

Specimens were loaded three or four times fo r the determ i nation of 

elastic constants. The first loading was a seating loading, and the 

information obtained from it was not used. Elastic constants we re 

ca 1 cu 1 ated for subsequent loadings and averaged. Specimens were usua lly 

loaded to 40 or 50% of ultimate strength for obtaining elastic const ants 
data. Typical stress/strain curves obtained during a loading are shown in 

Figure 2-2. Fitting the specimen with the compressometer, ba l anc i ng the 

electrical circuits, and loading the specimen required from 10 to 15 min . A 

test cylinder sub j ected to the static load t est for elastic con stants 

determination is shown in Figure 2-3. 

A smaller version of the compressometer described above was used for 

testing 3- by 6-in. cylinders and 3-in. cubes. Test procedures used f or 
smaller specimens were identical to those used for testing 6- by 12- in . 

cylinders. 
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2.1.2 Compressive Strength Tests 

Compressive strength at room and elevated temperatures was obtained 

by following the general guideline of ASTM Designation C39.(2 5) Load

ing surfaces of cylinders used to obtain cylinder strength were lapped 

plane and parallel. Elevated temperature strength determinations were 

made on cylinders that were also used for obtaining elastic constants by 
the static method. After the elastic constants were obtained, the 

cylinders were returned to the oven for at least 2 hr before being tested 

for compressive strength. The compressive strength test took about 

5 min. Compressive strengths of 3- by 6-in. cylinders and 3-in. cubes 

were determined using the same test procedures used for 6- by 12-in. 

cylinder strength determinations. 

2.1.3 Splitting Tensile Strength Tests 

To determine splitting tensile strength, the provisions of ASTM 

Designation c495(14) were followed. At each test date, one of the two 

specimens of each mix design tested at elevated temperatures was used for 

determining elastic constants. Test specimens were removed from the fog 

room or oven, marked with diametral lines, positioned in the testing 

machine, and loaded to failure. The 1/8-in. thick plywood bearing-strips 

were not affected by the heat from the test specimens. The time required 

for this test procedure did not exceed 10 min.· Splitting tensile 

strengths of 3- by 6-in. cylinders were determined by using the same 

apparatus and procedures as described above. 

2.2 CREEP TESTS 

Creep tests measure the time-dependent deformation of concrete under 

constant load. In the present study, creep of concrete cylinders was 

measured at 250° and 350°F under a constant load of either 500 or 

1,500 psi. Test apparatus and procedures used were s imilar to those 

describea in ASTM Designation C512, (28 ) modified to enable tests to be 

run at temperatures above ambient. 
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2.2.1 Creep Test Specimens 

Test specimens were six 6- by 12-in. concrete cylinders. Cylinders 
were cast at CTL/PCA in September 1977. 

All specimens tested were selected from a single batch of concrete. 
Cylinders used were designated 4.SKll-14, 4.SKll-15, 4.SKll-17, 
4.SKll-18, 4.SKll-22, and 4.SKll-24. The average compressive strength of 

cylinders moist cured 28 days was 6040 psi. 

Specimens were stored continuous 1 y in a 100% RH fog room at 73°F 

until about 2 days prior to heating. Specimen ends were leveled to 

insure even distribution of compressive loads. 

Brass gage points were affixed to the sides of cylinders at a 
distance of 
Deformation 
gage points. 

approximately 1 in. from each end, as shown in Figure 2-4. 
of cylinders was measured by the re 1 ati ve movement of these 

Gage length for strain measurements was thus 10 in. 

SPECIMEN DIAMETER 
---· 6 in.---

J--
NOTE: 
DEFORMATION OF SPECIMENS IS 
MEASURED BY MOVEMENTS OF A 
PAIR OF

0

GAGE POINTS INITIALLY 
PLACED 10 in. APART ON THE SIDE 
OF THE CYLINDER . 

SPECIMEN LENGTH 
12 in. 

GAGE LENGTH 
10 in. 

FIGURE 2-4. Schematic Diagram of Concrete Specimen 
Indicating Placement of Gage Points. 

2-6 

RCP8106-16 



RH0-C-54 

2.2.2 Creep Test Apparatus and Procedures 

Three creep frames used in testing specimens were of the type 

described in ASTM Designation C512-66T,( 28 ) each with a 5-cylirider 

capacity. Two specimens were tested on each frame; the remaining space 
on each frame was filled with uninstrumented cylinders. 

Specimens were heated by furnaces designed and built in the Fire 
Research Laboratory division of the PCA. The furnaces encircle the creep 
frame, providing a heating zone 3 ft long. Specimens are shown in place 
in the furnaces in Figure 2-5. 

Dup 1 i cate specimens were tested in one of three sets of load and 
temperature conditions; 1,500 psi at 250°F, 500 psi at 350°F, and 
1,500 psi at 350°F. Load was applied to the specimens just prior to 

heating to test temperature. 

Strain readings were taken daily during the first week the specimens 

were under 1 oad. Thereafter, the i nterva 1 of readings was increased to 
weekly, later biweekly, then monthly. 

FIGURE 2-5. Creep Frames. 
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2.3 THERMAL EXPANSION TESTS 

Equipment and test procedures used to determine the thermal expan

sion of concrete specimens are described in the following sections. 

2.3.1 Thermal Expansion Test Specimens 

Dilatometer specimens of Hanford concrete came from 6- by 12-in. 

cylinders, cast at the CTL/PCA in May 1975 and September 1977. Cylinders 

were cast using materials and mix designs similar to those in Hanford 

structures. All cylinders had been conditioned continuously in a fog 

room maintained at 100% RH and 73°F prior to removal and fabrication of 

dilatometer specimens in March 1978. 

Cylinders 3K8-7, 3K9-18, 4.5K8-19, and 4.5K9-10 (cast in 1975), and 

3K14-12 and 4.5Kl2-12 (cast in 1977), were used to obtain dilatometer 

specimens. Cyl i nders were cut into three 4- by 6-in.__ cylindrical sec

tions. Next, 1/2-in. diameter cores were obtained from each cylindrical 

section with a diamond tipped core drill bit. 

Ends of these cores were then cut with a precision saw to a length 

of about 3 in. Finally, core ends were leveled to provide 0.5-in. 

diameter by 3-in. long cylindrical dilatometer specimens. Cores were 

then stored at 50% RH and 73°F until tested in August/September 1978. 

2.3.2 Thermal Expansion Test Apparatus and Procedures 

Equipment and test procedures used to determine the thermal 

expansion of Hanford concrete are described in the following sections. 

2.3.2.1 Thermal Expansion Test Apparatus. Thermal expansion of 0.5- by 

3.0-in. cylinders was measured with a co111T1ercially manufactured dila-

tometer. Th i s equipment consisted of an electric furnace, capab l e of 

heating specimens to l,800°F, and instruments for measuring the 

resulting thermal strains. A schematic of the dilatometer system is 

shown in Figure 2-6. 

· During testing, the specimens were contained in the closed end of a 

fused silica tube that extended into the furnace. The open end of the 

tube was fixed to the support base by a large bracket. 
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Thermally induced movement of the specimens was transferred through 
a fused silica rod attached to an Invar bar that rode on ball bearing 

pulleys. The end of the Invar bar rested against the plunger of a dial 
gage with a 0.0001-in. calibrated sensitivity. Pressure from the light 
spring of the dial gage kept the specimen in contact with the closed end 
of the fused silica tube. 

The core of a linear variable differential 

mounted axially on the outer end of the dial gage 
LVDT housings were mounted on the base support 

strain-measuring apparatus is shown in Figure 
lightly loading the specimen, the dial gage was 
the LVDT. 

transformer (LVDT) was 

plunger. Dial gage and 

of the assembly. The 

2-7. In addition to 
also used to calibrate 

Length change measurements by the LVDT inc l uded a component measure
ment, caused by thermal expansion of the fused silica rod and tube used 
to contain the specimen. 

about 5% of the specimen 
effect. 

Expansion of fused silica components was only 

length changes and data were corrected for this 

A commercial automatic instrument, actuated by one of the chromel

alumel thermocouples mounted inside the s i lica tube, controlled and 

recorded furnace atmosphere temperatures. This instrument was set to 

change temperature at a rate of 10°F/min. 

Thermal expansion of specimens measured by the LVDT and temperature 
measured by a thermocouple were continuously recorded on an X-Y plotter. 
The assembled test equipment is shown in Figure 2-8. 

2.3.2.2 Thermal Expansion Test Procedures. Specimens for thermal ex

pansion testing were selected to avoid those with visible cracks, surface 

flaws, or air voids. Prior to testing, each specimen was weighed and 

measured. Weight and dimensions are listed in Table F-1 in Appendi x F. 

Test specimens were placed in the fused silica tube of the 

dilatometer and the fused silica rod seated against the end of the 
specimen. Temperature was increased with the electric furnace at a rate 
of 10°F/min. to l,600°F. Temperature was then returned to ambient at 
a rate of 10°F/min. Thermal movement and temperature were recorded 
with the X-Y plotter throughout the heat cycle. 

2-10 



RHO-C-54 

j 

FIGURE 2-7. Dilatometer, A Strain Measuring Apparatus. 

1. Invar Bar 2. Dial Gage 

© 
f 

- ' - -

!, ~. 

3. LVDT 

i 

FIGURE 2-8. Dialatometer and Recorders. 

1. Elecric Furnace 4. Invar Bar 
2. Fused Silica Tube 5. Dial Gage and LVDT 
3. Fused Silica Rod 6. Recorder-Controller Instrument 

7. X-Y Recorder 
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After cooling, specimens were weighed to determine weight loss 

resulting from heating. Values are reported in Table F-1 in Appendix F. 

2.4 THERMAL CYCLING TESTS 

The influence of cyclically varying temperatures on the physical/ 

mechanical properties of Hanford concrete was determined in three related 
test programs. Two programs measured the effect of thermal eye ling on 

concrete compressive strength and elastic properties for different 
cycling periods of 14- and 28-day cycles, respectively. A third program 

examined the influence of cyclic temperatures on concrete thermal 
expansion behavior. 

2.4.1 Thermal Cycling Strength and Elastic Properties Tests 

Two testing programs, used to determine effects of thermal cycling 
on concrete compressive strength and elastic properties, are described in 
the following sections. 

2.4.1.1 Thermal Cycling Strength Test Specimens. Cylinders were cast at 

the PCA/CTL during September 1977. Four mix designs, designated Series 
3Kl0, 3Kl4, 4.5K10 and 4.5Kl2, were selected for thermal cycling tests. 

Mix designs for each batch of 6- by 12-in. test cylinders are given in 
Tables A-1 through A-29 in Appendix A. 

Test cylinders were stored in a 100% RH fog room at 73°F for the 

period between casting and initial exposure to elevated temperatures. 
Prior to heating, specimens were removed from the moist room and cylinder 
ends leveled. This was done to assure uniform distribution of load when 
cylinders were tested in compression. 

2.4.1.2 Thermal Cycling Strength Test Temperatures. Two temperature 
cyc l ing regimes were studied. Maximum test temperature and rates of 
heating and cooling were the same for both test series. The major 

difference was the duration of the heating cycle. In the earlier pro

gram, each thermal cycle had a period of 14 days; in the later program, 
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28 days. This was done to determine if lengthening elevated temperature 

exposure during each thermal cycle would cause deterioration of the 
concrete above the changes caused by the number of thermal cycles applied. 

In each thermal cycling program, 24 cylinders were removed from the 

moist room, weighed, and measured. Weights and measurements are given in 

Table G-1 of Appendix G. Series 3Kl4 and 4.5Kl2 cylinders were used in 

the 14 day cycle program, while specimens from Series 3Kl0 and 4.5Kl0 

were used in the 28 day cycle program. Cylinders were then placed in an 

oven, initially at room temperature. Oven temperature was then increased 

at a rate of 14QOF/day until 350°F was reached. In the earlier pro

gram, this temperature was maintained for 10 days; in the later program, 

for 24 days. At that time, oven temperature was reduced at a ra-te of 
14QoF/day until room temperature was reached. The oven was maintained 

at ambient conditions for 24 hours prior to the initiation of the next 
temperature cycle. This procedure was repeated until a maximum of 17 or 

18 cycles had been applied. The temperature cycles for each program are 

shown schematically in Figure 2-9. 

2.4.1.3 Thermal Cycling Strength Test Apparatus and Procedures. At the 

end of selected thermal cycles, two cylinders from Series 3Kl0, 3Kl4, 
4.5Kl0, and 4.5Kl2 were removed from the oven, weighed, and tested to 

determine strength and elastic properties. Tests were conducted after l, 
3, 5, 8, 12 or 13, and 17 or 18 thermal cycles. Tests were conducted at 
ambient conditions within 24 hours after the oven had reached room 
temperature. 

In addition, two unheated cylinders from each batch used in heat 

cycling programs were tested at ambient conditions. Test results from 

these cylinders were used to evaluate the effects of thermal cycling. 

Moduli of elasticity and Poisson's ratios were measured using 

equipment and test procedures similar to those described in ASTM 
Designation C469. ( 27) After elastic properties tests had been 

conducted, the same cylinders were used for determining concrete 
compressive strength, using procedures described in ASTM 

Designation C39.( 25 ) 
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COOL DOWN. 

28-day CYCLE -

100 
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TIME (daysl 

FIGURE 2-9. Temperature Cycles for 14- and 
28- Day Temperature Cycle Programs. 

2.4.2 Cyclic Thermal Expansion Tests 

RCP8106-21 

Changes in the therm a 1 expansion characteristics of Hanford con

cretes caused by repeated exposure to e 1 evated temperatures were a 1 so 
studied in this test program. 

Specimens used in this study were fabricated from 6- by 12-in. 

concrete cylinders 3K8-7, 3K9-18, 4.5K8-9, and 4.5K9-10, cast at CTL/PCA 
in May 1975, and 3Kl4-22 and 4.5Kl2-12, cast in September 1977. Methods 

of specimen preparation and curing were identical to those used for 

dilatometer specimens previously described (see Section 2.3.1). Concrete 

cast in 1975 was tested at an age of approximately 50 months. Specimens 
made from concrete cast in 1977 were tested at an age of about 

22 months. The test equipment used in the cyclic thermal expansion 

program was the same as that described earlier (see Section 2.3.2.1). 
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A total of 8 dilatometer specimens were tested in this program at 

temperatures ranging from ambient to 450°F. Procedures used in eye 1 i c 

thermal expansion tests were as follows: 

A test specimen was positioned in the fused sil i ca tube of t he 

dilatometer ( see Figures 2-6 and 2-8). The fused silica rod was seat ed 

against the end of the specimen. Temperature then was increased with t he 

electric furnace at a rate of lQOF/min. from room temperature to 

approximately 45QOF. Temperature and thermal expansion were recorded 

continuously on the X-Y plotter. 

When 45•°F was reached, the specimen was cooled to ambient 

temperature, again at a rate of lQOF/min. The time/temperature curve 

is shown in Figure 2-10. The heating-cooling cycle then was repeated 3 
or 4 times, and thermal strain behavior of the specimen was recorded 

during the heating portion of each cycle. Thus, the maximum number of 
cycles was 5. This was the largest number of temperature cycles that 

could be completed during one working day . 
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FIGURE 2-10 . Cyclic Time/Temperature Curve. 
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2.5 STEAM CURING TESTS 

Due to the relatively long time required to produce mature test 
specimens for strength and elastic properties tests, the possibility of 
accelerating strength development by steam curing was investigated. 
Specimens and test procedures used in this study are described below. 

One group of 24 cylinders was selected to determine the affect of 

steam curing on the acceleration of strength development of Hanford 
concrete. These cylinders were cast at CTL/PCA on October 17, 1977, from 

a single batch of concrete using the mix design for 3,000 psi Hanford 
concrete. This batch was identified as 3Kl6. Mix proportions for this 
batch may be found in Table A-16 in Appendix A. 

Eighteen cylinders were steam cured for varying times, following the 
American Concrete Institute's (ACI) proposed guidelines for atmospheric 
pressure steam curing of concrete.(29) The remaining 6 cylinders were 

conditioned in the 100% RH fog room at 73°F to provide comparison 
specimens. 

According to ACI, steam curing procedures may vary, depending on the 
time allotted for each of the following operations: 

• Presteaming period 

• Temperature rise period 
• Maximum temperature period. 

Presteaming period is the time between casting the concrete and the 
beginning of heating to desired curing temperature. The ACI reco11111ends 

that heating of concrete should not begin sooner than 1 to 7 hr after 

casting. Other investigators(30) suggest that longer presteaming times 

may increase long-term strength. 

The temperature rise period is the time required to reach the 

maximum cure temperature from ambient conditions. The ACI reco11111endation 
is that the rate of heating should not exceed 20°F/hr. 
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Maximum temperature period is the time concrete is exposed to the 

highest curing temperature. Generally, this time is 24 hr or less, but 

is increased to as much as 3 days for some applications. Curing beyond 

three days is not recorrmended for economic reasons. Maximum temperature 

is usually i n the range of 130° to l80°F. Higher temperatures are 

not recommended. Maximum temperatures should not exceed 150°F if steam 

curing exceeds 24 hr. For longer curing times, a maximum temperature of 

1300F may yield higher strengths at later ages than curing at 160°F 

for the same length of time. 

Based on these recommendations, the curing and testing program 

outlined below was selected. 

• Twenty-four 6- by 12-in. cylinders v✓ere cast into metal molds 

and covered with close-fitting lids. 

• Five hr after casting, 18 cylinders (still inside molds) were 

placed in a steam box and heated to 137°F at a rate of 

200F/hr. The remaining 6 cylinders were stripped from molds 

after one day and placed in a fog room maintained at 100% RH 

and 73°F. 

• After 24, 48 , and 72 hr of st eam cur i ng, 6 cylinders were 

removed from the steam box. Three cylinders were tested in 

compression after cooling, and three were pl aced in the fog 

room to cure normally for testing at 28 days. 

• Cylinders that had not been steam cured were tested in com-

pression at 1, 3, and 28 days. Two specimens were tested on 

each date. 

All specimens were tested in compression at room temperature, us i ng 

equipment and procedures described i n ASTM Designation C39. (25 ) 

2.6 THERMAL PROPERTIES TEST S 

The influence of elevated temperatures on the thermal properties of 

Hanford concrete was studied in tests on two specimens of concrete cast 

at CTL/PCA. In these tests, specific heat, thermal conductivity, and 
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thermal diffusivity were measured from 79° to l,175°F. Testing was 

conducted by personnel of the Research Section, Division of Building 

Research of the National Research Council in Ottawa, Canada. 

2.6.1 Thermal Properties Test Specimen 

Two specimens were obtained from 6- by 12- in. cylinders cast at 

CTL/PCA in September 1977. Specimens obtained from these cylinders were 

identified as 3Kl4-20 and 4.5K12-4. Mix designs for these specimens may 

be found in Tables A-14 and A-28 in Appendix A. 

All test specimens were dried at 105°c (221°F) to constant 

weight prior to testing. 

2.6.2 Thermal Properties Test Apparatus and Procedures 

Test methods used permitted the determination of specific heat, 

thermal conductivity, and thermal diffusivity by using pulsed or rapid 

application of heat to the specimen. By monitoring temperature response 

at various specimen locations and by assuming linear heat flow in a 

localized area, thermal properties were determined, using curve fitting 

techniques. 

These methods are suited for measurement of thermal properties of 

materials such as concrete, that undergo rapid physico-chemical changes 

on heating. These variable state methods were developed at the Fire 

Section, Division of Building Research of the National Research Council 

i n Ottawa, Canada. 

A detailed description of the test methods may be found in a paper 

by Harmathy.(31) A copy of this paper has been included in Appendix I. 

2.7 PETROGRAPHIC ANALYSIS 

Test cylinders representing specified time and temperature combin

ations were removed from the ovens. After a few hours of cooling at room 

temperature, a 1-in. thick slice was cut transversely, us i ng a water

cooled saw. A small block, cut from the interior of the slice with an 
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air-cooled saw, was planed, dried at 122°F, and mounted on a standard 

petrographic slide with epoxy adhesive. The section was ground to 10 to 
20 microns thickness and protected with cover glass, loose mounted in 

epoxy. The thin sections were labeled and were numerically coded so that 

they could be described without prior bias as to duration of storage and 

temperature. 

Birefringence is the numerical difference between the maximum and 

minimum indices of refraction of an anistropic crystalline solid and is 
related to the crystal thickness (thin section thickness) by the 

following equation: 

where 

\8 
t = 180/B 

\ is the wavelength of transmitted light, in millimicrons (540) 

8 is the analyzer rotation on the microscope, in degrees 

Bis the birefringence of the crystal solid 

tis the thickness, in microns. 

Assuming a quartz birefringence of 0.009, thickness of the concrete 

thin section was determined by averaging several measurements of on 6 

to 8 grains of quartz. Using this calculated val~e of thickness, the 

average birefringence of calcuim hydroxide in the same thin section was 

determined by examination of 8 to 10 crystals in the portland cement 

paste of the concrete. More information on the petrographic and 

fractographic analyses is given in Appendix J. 
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3.0 SUMMARIZED RESULTS 

In the following sections, data from physical and mechanical prop

erties tests on Hanford concrete mixes at room and elevated temperatures 

are presented. Each section covers one aspect of properties testing. 

Normally, data are shown in graphical form, accompan i ed by a br i ef 

description of material behavior as a function of significant test 

variables. 

For convenience, data are also given in tabular form in Appendices A 

through J. Where more detailed descriptions of test methods and results 

were required, such as for thermal properties tests or petrographic 

analyses, they have been included in the relevant appendices. 

3.1 STRENGTH AND ELASTIC PROPERTIES 

The strength and elastic properties test program consisted of sev

eral consecutive test series that measured the effects of elevated tem

peratures on concrete mechanical properties for varying periods of time. 

The first phase of this work, begun in 1975, studied, in detail, the 

mechanical behavior of concrete mixes heated for up to 35 days. Later 

phases examined the behavior of concrete heated for up to 2 3/4 years. 

The test program inc 1 uded measurement of co'mpress i ve strengths, 

splitting tensile strengths, moduli of elasticity, and Poisson's rat i os 

of Hanford concrete mixes. Determination of concrete strengths was made 
using static methods. Concrete elastic properties were determined us i ng 

static and dynamic (sonic) methods. Tests were conducted on unheated 

concrete and on specimens heated for varying periods of time at 250°, 

350°, and 450°F. 

3.1.1 Modulus of Elasticity 

Results of tests to determine the influence of age, mix des i gn, and 

elevated temperatures on the elastic moduli of Hanford concrete mixes are 

described in the following two sections. 
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3.1.1.1 Elastic Modulus - Static Method. Modulus of elasticity data at 

room temperatur~, determined by the static method for 3K and 4.5K mixes, 
are given in Table B-2 in Appendix Band plotted as a function of age in 
Figure 3-1. 
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FIGURE 3-1. Modulus of Elasticity for Moist Cured Cylinders 
Using the Static Method. 

The static moduli of elasticity of the moist-cured concretes 
generally increased with age. Higher values of static modulis were 
obtained for the 4.5K mix at room temperature. The increase in modulus 
of elasticity did not differ appreciably for either mix. 

Modulus of elasticity values, obtained from 

heated at 250°, 350°, and 450°F for per i ods 
926 days, are given in Table B-2 in Appendix B and 
3-2, 3-3, and 3-4. Generally, the modulus of 

concrete mixes decreased as the heating time 

tests of cylinders 

ranging from 3 to 
are shown in Figures 
elasticity for both 

increased. At all 
temperatures, the rate of decrease in modulus was greatest between 3 and 
about 150 days. Lower values of the modulus of elasticity were generally 
obtained for the 3K mix rather than for the 4.5K mix at all three 
temperatures. However, the data are not as clearly defined at 450°F. 
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FIGURE 3-2. Modulus of Elasticity for Cylinders at 250°F, 
Using the Static Method. 
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FIGURE 3-3. Modulus of Elasticity for Cylinders at 350°F, 
Using the Static Method. 
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FIGURE 3-4. Modulus of Elasticity for Cylinders At 4500F, 
Using the Static Method. 

Temperature has a very significant effect on the elastic moduli of 

the concretes. At 250°F, values of the elastic modulus dropped from an 

average initial value of 4.3 million psi for unheated concrete to about 

3.8 million psi. After 926 days, the a.verage modulus for both mixes was 

about 3 million psi. After three days of heating at 350°F, the initial 

modulus value of 4.3 million psi was reduced to 3.5 million psi. After 

926 days of heating, the modulus values were about 2.5 million psi. The 

moduli of concrete mixes, after only three days of heating at 450°F, 

were significantly lower than unheated concrete, decreasing from 4.3 to 

2. 5 million psi. At the end of about 922 days of heating at 450°F, 

modulus values for both concrete mixes were about 1.5 million psi. 

3.1.1.2 Elastic Modulus - Sonic Method. Values of modulus of elasticity 

of Hanford mixes, determined by the sonic method at room temperature, are 
given in Table C-l in Appendix C, and shown as a function of age in 

Figure 3-5. For both mix designs, sonic moduli increase with length of 

moist cure period. The largest increases occurred between 30 and 
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FIGURE 3-5. Modulus of Elasticity for Moist Cured 
Cylinders, Using the Sonic Method. 
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200 days. Over the next 1,000 days, however, the increases in moduli 

were quite small. Higher values of the sonic modulus were obtained for 

the 4.5K mix at room temperature. The increases in moduli did not differ 

appreciably for either mix. 

All of the sonic modulus values were determined from tests of the 

same cylinders for each mix. Consequently, in-batch and batch-to-batch 

variations of the test specimens did not affect the sonic modulus age 

relationships of the two concrete mixes. Comparison of these data with 

those obtained from static test methods shows that sonic modulus values 

were larger than their statically determined counterparts at all ages. 

In addition to room temperature tests, moduli of elasticity were 

determined sonically on concrete cylinders heated frcrn ambient to 

450°F. Values for sonically determined elastic constants are given in 

Table C-2 in Appendix C. These data are compared to sonic room tem

perature and statically determined ambient and elevated temperature 

moduli in Figures 3-6 and 3-7. The magnitude of modulus of elasticity of 

concrete decreases very rapidly on initial heating, as shown in the 
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figures. This 1 oss is equally severe for concrete of different ages, as 

shown in Figures 3-6 and 3-7. Higher temperatures produced larger 
reductions in modulus values. Comparison of static and sonic modulus 

values in Figures 3-6 and 3-7 shows good agreement at both ambient and 
elevated temperatures. 

3.1.2 Poisson's Ratio 

Poisson's ratio data on Hanford concrete mixes determined from 
static and sonic tests are described in the following two sections. 

3.1.2.1 Poisson's Ratio - Static Method. Information on Poisson's 

ratio, obtained by the static test method at 73°F for both mixes over a 
period of 1,204 days, is shown in Figure 3-8 and in Table B-2 in Appendix 
B. Poisson's ratio values appear to increase somewhat with age. 

Generally, higher values were obtained for the 4.5K mix than for the 3K 

mix. For the 3K mix, static values ranged from 0.15 to 0.17. The range 

of values for the 4.5K mix was from 0.16 to 0.19. 
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FIGURE 3-8. Poisson's Ratio for Moist Cured 
Cylinders, Using the Static Method. 
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Data for Poisson's ratio determined by the static method at tem

peratures of 2500, 3500, and 4500F, respectively, are shown in 

Figures 3-9, 3-10, and 3-11 and Table B-2 in Appendix B. Poisson's ratio 

data were very erratic. The largest fluctuation in the data occurred at 

4500F. There are numerous crossovers in the Poisson's ratio curves for 

the 3K and 4.5K mixes at all three temperatures. However, notwith

standing these variations, the high temperature values for Poisson's 

ratio varied between 0.10 and 0.14. In general, age and temperature did 

not have a large effect on the values of Poisson's ratio obtained at the 

various test dates. 

3.1.2.2 Poisson's Ratio - Sonic Method. Poisson's ratios of Hanford 

concrete mixes, determined by the sonic method at 73°F, are shown in 

Table C-1 of Appendix C, and plotted as a function of age in Figure 3-12. 

Poisson's ratio determined by the sonic method remained relatively con

stant for both mixes. With the exception of the da t a obtained at 

240 days, Poisson's ratios for the 3K mix varied from 0.21 to 0.25. For 

the 4.5K mix, values of Poisson's ratio determined sonically ranged from 

0.20 to 0.27. Generally, higher values were obtained for the 4.5K mix. 

Comparison with static Poisson's ratio data shows that the sonically 

determined values were larger at all ages. 

Poisson's ratios, sonically determined from concrete mixes heated to 

350° and 450°F, are shown in Figures 3-13 and 3-14 and tabulated in 

Table C-2 of Appendix C. As with elastic modulus, Poisson's ratio values 
decreased rapidly with increasing temperature. Also, length of moist 

curing prior to heating did not appear to significantly affect the amount 

of loss in Poisson's ratio values. 

Comparison with static values, also plotted in Figures 3-13 and 

3-14, showed fairly good correlation between Poisson's ratios determined 

from both test methods. 

3.1.3 Compressive Strength 

Compressive strengths of the two concrete mixes determined at 73°F 

on moist cured cylinders are shown in Figure 3-15 and given in Table B-2 

in Appendix B. Generally, compressive strength increased with age. The 

greatest increase was between 30 and 200 days. Beyond this point, the 

increase was much smaller. 
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FIGURE 3-15. Compressive Strength of Moist Cured Cylinders. 

This type of strength increase is norm a 1 for these concrete mixes. 

A representative age/strength relationship for moist cured concrete, 

expressed as a percentage of that obtained at 28 day.s, is shown in Figure 

3-16. This curve represents results of many tests obtained over a period 

of years at the PCA. It can be seen that the most rapid increase in 

strength occurs during the first 180 days of the period. Beyond that 

point, strength increases at a much slower rate. 

Compressive strength test data for the 3K and 4.5K mixes, heated at 

250°, 350°, and 450°F for about 920 days, are shown in 

Figures 3-17, 3-18, and 3-19. These data are also given in Table B-2 in 

Appendi x B. For the most part, the compressive strength data are very 

erratic. For the 3K mix, strength decreased with increasing aqe at all 

three temperatures, with the exception of the data at 450°F between 

100 and 400 days of exposure to heat. Generally, the compress i ve 

strength of the 4.5K concrete decreased with increasing time at elevated 

temperatures . This trend is most pronounced at 450°F. 
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Strength decreased also with increasing temperature. The decrease 

was most pronounced at 450 °F. The lowest strength values obtained were 

those after about 920 days at 450°F. It is interesting to note that 

even after over 900 days exposure at 450°F, the compressive strengths 

of both mixes barely decreased below the specification levels of 3,000 

and 4,500 psi. 

Reasons for the fluctuations in some of the test data, particularly 

the compressive strength data, are not clearly defined. Some variations 

in test results are probably due to testing at elevated temperatures. 

Usually, test results obtained at elevated temperatures show more scatter 

than those obtained at room temperature. 

The greatest difficulty in analyzing the data probably results from 

batch-to-batch and in-batch variations in the original strength of the 

specimens. Tests were made on two cylinders from each batch of the 3K 

and 4.5K mixes after 879 days of moist curing to determine the room 

temperature strengths. 

For the 3K mix, strengths varied from about 4,200 to 6,200 psi; for 

the 4. K mix, vari ati ans in strength were from about 5,100 psi to around 

7,200 psi. In-batch variations ranged from about 200 psi to 1,300 psi. 

Undoubtedly, these variations in strength affected the test results. It 

is possible that these variations in strength are ma~king the indicated 

downward trend of compressive strength with increasing time of exposure 

to elevated temperatures. For example, if the 3-day strengths were de

termined on cylinders having compressive strength at the lower range of 

initial strengths, and the 900-day strengths were determined on cylinders 

having initially high compressive strengths, the effect of exposure time 

and temperature on the compressive strengths would be difficult to 

evaluate. 

3.1.4 Splitting Tensile Strength 

Splitting tensile strength information on moist cured cylinders of 

both mixes, over a period of 1,204 days, is shown in Figure 3-20 and 

Table B-3 in Appendix 8. For both mixes, the splitting tensile strength 

increased rapidly up to about 190 days of age. Beyond that point, 
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strength decreased to about 350 days, and either leveled off or increased 

from that point on. The rapid increase followed by a decrease during the 
first 400 days of moisture cure at room temperature is not easily 

explained. Generally, it would be expected that the splitting tensile 

strength would increase with age during the moist cur i ng peri ad. It is 
possible that the in-batch and batch-to-batch variations of the test 
cylinders affected the test results. Notwithstanding the irregularities 
in the data, the 1,204 day strength values are higher by over 100 psi 
than the values obtained at 30 days. 

The effect of heat soaking the specimens at temperatures of 250°F, 
35QOF, and 450°F for over 900 days is shown in Figures 3-21, 3-22, 

and 3-23. Although there were some crossovers in the data, generally the 

tensile splitting strengths of the mixes decreased with increased t1me at 

elevated temperatures. Generally, the splitting tensile strengths 

decreased with temperature. The greatest decrease was obtained at the 

450°F level. For the 3K mix, the splitting tensile strength was 
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FIGURE 3-21. Splitting Tensile Strength of Cylinders at 2SOOF. 
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FIGURE 3-23. Splitting Tensile Strength of Cylinders at 450°F. 

295 psi after 920 days in the oven. This compared with an initial value 

prior to heating of about 4fi0 psi. Splitting tensile strength of the 

4.5K mix dropped from an initial value of 540 psi 'to a final value of 

352 psi. 

3.1.5 Size Effects 

In order to determine influence of specimen size effects on elevated 

temperature properties tests of Hanford concrete mixes, a test program 

was conducted to determine mechanical properties of 3- by 5-in. and 6- by 

12-in. concrete cylinders and 3-in. cubes. Test specimens were 6- by 

12-in. concrete cylinders cast at CTL/PCA in May 1~75, and 3- by 6-in. 

cylinders and 3-in. cubes cored or cut from 6- by 12-in. cylinders. 

After cutting, 3- by 6-in. cylinders and 3 in. cubes were cured at 

50% RH until heated or tested. A list of weights and dimensions of test 

specimens is given in Tables 0-1, 0-2, and 0-3 in Appendix 0. 
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Moduli of elasticity, Poisson's ratios, and compressive strengths or 

splitting tensile strengths were determined from 6- by 12-in. or 3- by 

6-in. cylinders. Elastic properties and compressive strengths only were 

determined from 3-in. concrete cubes. Tests were conducted at room tem

perature and on specimens heated at 250°F for 30 days. Test apparatus 

and procedures used for 3- by 6-in. cylinders and 3-in. cubes were 

similar to those used in testing 6- by 12-in. concrete cylinder prop

erties. Results of properties tests are listed in Tables 0-4 through 0-8 

and Appendix D. 

A comparison of strengths and elastic properties determined that 

using different specimen geometries shows varying degrees of agreement. 

The room temperature moduli of elasticity was about 4.0 million psi for 

the 3- by 6-in. cylinders and 3-in. cubes. After 30 days of heating at 

250°F, modulus of elasticity values for the 3- by 6-in. cylinders 

dropped to under 2.8 million psi, while the 3-in. cubes values increased 

to over 4.2 million psi. A similar trend was observed for Poisson's 

ratios for these same specimens. 

The effect of specimen geometry on measurement of compressive 

strength is illustrated in Figure 3-24. Specimens strengths of three 

different geometries are compared at room temperature and after 30 days 

at 250°F. 

Neville has shown that, for cast specimens at room temperature, 

smaller specimen geometries yield higher measured strengths.( 32 ) This 

was only partially true for cored specimens at 70° and 2S0°F in this 

study. 

Strengths of 3-in. cube specimens were larger than those of 6- by 

12-in. cylinders at room and elevated temperatures. However, 3- by 6-in. 

cylinders had strengths lower than cubes and larger cylinders at both 

test temperatures. Cyl i ndri cal specimens suffered a lass in strength on 

heating. However, cube specimens showed an increase in strength on 

heating from 70° to 250°F. 
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FIGURE 3-24. Comparison of Compressive Strength Versus Specimen 
Geometry for Concrete at Room Temperature and After 30 Days at 250°F. 

Overall, the cube specimens indicated trends in strength and elastic 
properties contrary to both sets of cylindrical specimens. Also, within 

a given series, there appeared to be larger property variations measured 
between cube specimens than between cylinders. No simple explanation for 

these differing results is apparent. 

3.2 CREEP BEHAVIOR 

The six 6- by 12 - in . cylinders used in elevated temperature creep 

tests were initially heated during November 1978. Measurements of length 
changes were taken at different times during the following 21 months. On 

September 11, 1980, furnaces on a 11 three creep frames were turned off. 
On the following day, after specimens had cooled to room temperature, 

loads were remo ved and final length readings taken. 
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Strain readings are given in tabular form in Table E-1 in Appendix 

E, and plotted graphically i n Figures 3-25, 3-26, and 3-27. Individual 

strain measurements are shown as discrete points in the graphs. Average 

strains of cylinders, subjected to the same tests conditions, have been 

plotted as a solid line. 

Influence of test temperature on creep of concrete cylinders can be 

seen in Figures 3-25 and 3-27. Comparison of results of specimens loaded 

to 1,500 psi shows that creep of concrete at 350°F was approximately 

twice as great as concrete heated to only 250°F over equivalent 

intervals of time. 

Influence of static test load on creep can be seen by comparing 

results shown in Figures 3-26 and 3-27 . Test temperature for both sets 

of cylinders was 350°F. However, specimens in Frame No. 2 were loaded 

to 500 ps i , while in Frame No. 3, the test load was 1,500 psi. Creep of 

specimens at 1,500 psi was approximately a factor of 2 greater than t hat 

of specimens loaded to only 500 psi . 
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Restraining effect of static load on thermal expansion of concrete 

can al so be seen in Figures 3-25, 3-26 and 3-27. Si nee specimens in 
Frame Nos. 2 and 3 were heated to the same test temperature, free thermal 

expansion of both sets of cylinders should have been similar. Using an 

average value of coefficient of thermal expansion determined for Hanford 

concretes subject to only a single heating (see Table F-2 in Appendi x F), 

free expansion of cylinders heated to 250° and 350°F should have been 

of the order of 550 and 850 millionths, respectively. Under a load of 

1,500 psi, specimens heated to 250°F expanded an average of 

415 millionths. At 500 psi, specimens heated to 350°F expanded 

740 mi 11 ionths. For specimens at 1,500 psi, heating at 350°F resulted 

in an average expension of only 530 millionths. 

The development of creep strains in specimens at each test condition 

are compared in Figures 3-28. Here the effects of elastic strain and 

thermal expansion have been removed, and only strains measured after one 

day of heating are plotted versus log10 (time). 
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A linear regression analysis showed that creep data were adequately 
modeled by an expression of the form: 

where 

ECR is creep strain, in millionths, 
t is time at test temperature, in days. 

Calculated values for K and Eo are given in Tab le 3-1. Magnitude 
of the constant, E0, varied with load and temperature. However, values 
for the coefficient K did not appear to be strongly dependent on test 
conditions. 

These trends are in general agreement with creep behavior reported 
in the literature.( 32 , 33 ) 

TABLE 3-1. Calculated Values of K, E0, and R. 

* * ** Test Conditions K E R 0 

1,500 psi/2500F 276 .1 182 .1 0.967 

500 psi/3500F 255.6 214.5 0.979 

1,500 psi/3500F 286. 9 718.6 0.976 

*Calculated from best-fit of Equation: 

ECR = K log10(t) + e:o to creep data. 
**R, correlation coefficient, a measure of 

the closeness of model expression fit to data. 
R may vary from ±1. If R = 0, there is no cor
relation; if R = ±1, there is a perfect fit. 

3.3 THERMAL EXPANSION 

Concrete cylinders were cast at CTL/PCA in 1975 and 1977 using mate
rials and mix designs simialar to those used in construction of Hanford 

factilties. Thermal expansion of specimens fabricated from these 
cylinders are described below. 
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Thermal expansion of specimens fabricated from concrete cast at 

CTL/PCA in May 1975 is shown as a function of temperature in Fig
ure 3-29. Thermal expansion for each of the four specimens increased 

approximately linearly with temperature from 73° to l,0oo°F. 

At about l,0OQ0F, slopes of the expansion versus temperature 

curves increased rapidly for all specimens. The most probable explana
tion for this change is volumetric expansion of aggregate resulting from 

the inversion of quartz from the alpha to beta form.( 1, 9) Temperature 

for this transition is usually reported as l,063°F. The relatively 

large increases in expansion near this temperature indicate the presence 
of quartz in significant quantities in the aggregate. 

No increase in thermal strain was observed for three of the four 

specimens from l,250°F to maximum test temperature. 
the expansion versus temperature curve has been 
investigators for siliceous aggregates.(2,9) 

This plateau in 
reported by other 

Therm a 1 strain at maximum temperature ranged from a 1 ow of about 
4,000 millionths to a high of approximately 6,700 millionths for these 
specimens. Expansion of concrete from specimens 3K8-7 and 3K9-18, was 
1 arger on average than that of specimens 4. 5K8-19 and 4. 5K9-10. Average 

thermal strain for 4.5K-specimens was approximately 840 millionths at 

400°F, and 5,180 millionths at 1,400°F. 

Thermal expansion of specimens, fabricated from concrete and cast at 
CTL/PCA in September 1977, is plotted against temperature in Figure 3-30. 
Concrete therm a 1 expansion curves f o 11 owed trends observed in expansion 
of concrete cast in 1975. Thermal expansion of concrete cast in 1977 

was, on average, slightly greater than concrete cast in 1975 in the tem

perature range from 73° to 400°F. Average thermal strain at 400°F 

was approximately 1,040 millionths. Between 400° and l,000°F, ther

mal strains for concrete of both ages were approximately equal. 
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At 1,0oo°F, the slope of expansion curves of concrete specimens 

cast in 1977 increased more rapidly than was observed with older spec i 

mens. The flattened portion of the expansion curve seen with older 

specimens above l,170°F is also present in plots of test results of the 

younger concrete. However, for younger specimens this post-quartz in

version plateau appears to begin at a temperature of approximate ly 

l,080°F. This is lower than observed for older specimens. In Test 

No. 6, the specimen contracted at temperatures above 1,260°F. 

Average thermal strain of younger specimens at l,400°F was 

approximately 4,600 millionths. As with older concrete, average strains 

of 3K concrete cast in 1977 were greater than 4.5K concrete over most of 

the test temperature range. 

Thermal strain behavior is described completely only by curves such 

as those in Figures 3-29 and 3-30. However, average coefficients of 

expansion are useful for calculations and comparison purposes. Average 

coefficients, ii, of test specimens calculated from a linear regression 

analysis of thermal strains in the range from 73° to 1,ooo°F are 

listed in Table F-2 in Appendix F. 

The mean value of (l for the eight test specimens was 3.29 X 
10-6 /OF. This value is somewhat lower than that found in normal 

structural concretes, which are usually in the range from 5 to 10 X 
10-6;0F. 

3.4 THERMAL CYCLING RESPONSE 

Results of tests to determine the influence of cyclically varying 

elevated temperatures on Hanford concrete mechanical properties and 

thermal expansion behavior are described below. 

3.4.1 Thermal Cycling Effects on Mechanical Properties 

Tests were conducted to determine the compressive strengths, modul i 

of elasticity, and Poisson ' s ratios of unheated Hanford concrete 

cylinders and specimens subjected to 1, 3, 5, 8, 12 or 13, and 17 or 18 

thermal cycles. Temperatures varied from ambient to 3S0°F during 

cycling. The length of each thermal cycle was 14 days for one test 
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series and 28 days for the second test program. All tests were conducted 

at ambient temperature. Results from strength and elastic properties 

tests are given in tabular form in Tables G-1 and G-2 in Appendix G. 

3.4.1.1 Compressive Strength. The affect of heat cycling on compressive 

strength of concrete, subjected to 28 day thermal cycles, is shown in 

Figure 3-31. Strengths decreased linearly with number of exposures for 

the first 5 thermal cycles. Compressive strengths of both Series 3Kl0 

and 4.5Kl0 specimens subjected to 5 heat cycles were about 15% lower than 

for unheated concrete. Additional thermal cycling produced relatively 

sma 11 er decreases in strength. The 1 argest strength 1 ass measured was 

20% for Series 3Kl0 specimens subjected to 18 temperature cycles. 

Also plotted in Figure 3-31 are test results from the 14-day cycle 

test program. Comparison of data from both heat cycle programs shows 

that strength losses were more immediate for specimens subjected to the 

longer thermal cycles. However, it should be noted that total time of 

exposure to maximum elevated temperatures per cycle is more than twice as 

long (24 versus 10 days) for the 28-day temperature cycle regime as for 

the 14-day cycle program. When data from both test series are compared 

on the basis of time of exposure to 350°F, as in Figure 3-32, differ

ences in strength-loss trends are reduced. 

3.4.1.2 Modulus of Elasticity. Influence of thermal cycling on the 

modulus of elasticity of Hanford concrete cylinders is shown in 

Figure 3-33. The decrease in magnitude of elastic moduli of cylinders 

subjected to only one 28-day temperature cycle amounted to over 40% of 

the value of unheated specimens. Additional thermal cycles produced a 

gradual additional loss in stiffness of both Series 3Kl0 and 4.5Kl0 

specimens. The greatest loss, 50% in moduli values, was measured with 

specimens from Series 3Kl0 subjected to 18 twenty-eight day thermal 

cycles. 

Comparison of these data with results of modu 1 i tests on 14-day 

cycled cylinders, also plotted in Figure 3-34, shows more severe losses 

for the longer cycle tests. Moreover, these differences remain large 
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when results from both testing programs are plotted versus time of 

exposure to the 350°F maximum test temperature. This trend, shown in 

Figure 3-34, is contrary to that observed for compressive strength data. 

Due to equipment malfunction at time of test, data for calculating 

modulus of elasticity and Poisson's ratio were not obtained for 

3 cylinders subjected to 18 twenty-eight day thermal cycles. 

3.4.1.3 Poisson's Ratio. The effect of temperature cycling on Poisson's 

ratio is shown in Figure 3-35. Measured values after one 28-day thermal 

cycle were approximately 35% lower than for unheated cylinders. Con-

tinued thermal cycling produced some increase from this minumum. For 

example, after 5 thermal cycles, Poisson's ratio of specimens averaged 

83% of initial ambient temperature values. 

Also shown in Figure 3-35 are values of Poisson's ratio obtained 

from the 14-day temperature cycle program. Data from this test series 

follow trends similar to those of the 28-day cycle tests. However, the 

minimum occurs later, after 3 cycles, and overall reductions are not as 

great as those observed in the current program. 

In Figure 3-36, data from both test programs are plotted as a 

function of length of exposure to the maximum test temperature. Data 

from both cycle tests correlate fairly well. However, loss trends are 

still less severe for the shorter heat cycle program. 

3.4.2 Thermal Cycling Effects on Thermal Expansion 

Eight dilatometer specimens, fabricated frcxn concrete cast at 

CTL/PCA in 1975 and 1977, were used to study the influence of cyclically 

varying temperatures on concrete thermal expansion behavior. Specimens 

were repeatedly heated and coo 1 ed between room temperature and 450°F at 

a rate of about 10°F/min. Specimen temperatures and thermally induced 

strains were continuously measured for a maximum of 5 thermal cycles. 

Therma 1 exp ans i ans of specimens, made from concrete cylinders cast 

in May 1975, are shown as a function of temperature in Figures 3-37 
through 3-40. In each case, the thermal strain/temperature relationship 
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was approximately linear during the first temperature cycle. Thermal 

strain of these specimens averaged 800 millionths at maximum test 

temperature. 

After cooling to room temperature, all specimens exhibited a net 

length loss of approximately 1,500 millionths of an inch. Repeated 

heating did not produce any additional contraction. The shortening of 

the test specimen after the first temperature cycle is attributed to 

permanent shrinkage caused by loss of free water, and possibly some 

chemically combined water, from the cement paste matrix.( 3, 9) 

On the second heat cycle, thermal expansion again was approximately 

a linear function of temperature. However, the slope of the strain/ 

temperature curve was steeper in all cases than that produced by the 

initial heating cycle. Thermal strains of specimens at maximum temper

ature on the second heat cycle were similar to that observed during the 

initial heat cycle. No additional changes in strain behavior were noted 

when specimens were heated beyond two thermal cycles. Strain/temperature 

curves were very similar to those produced during the second heat cycle. 

Thermal strain versus temperature curves of specimens cored from 

concrete cylinders cast at CTL/PCA in September 1977 are shown in 

Figures 3-41 through 3-44. As with older specimens, there was an 

approximately linear relationship between stra in and .temperature during 

the initial heating for the younger concrete. However, slopes of the 

strain temperature curves were somewhat steeper than those observed with 

older concrete. Average strain values of 1,050 millionths were measured 

at maximum test temperature for the concrete cast in 1977. 

A net length loss on cooling of about 300 millionths was measured on 

the younger specimens. Reheating produced steeper sloped strain versus 

temperature curves than observed with the initial heat cyc l e. However, 

thermal strains at maximum test temperature were essentially the same as 

those observed during the initial heat cycle. 
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The strain versus temperature curves of specimens heated from the 

third to fifth cycle had characteristics similar those produced during 

the second thermal cycle. Heating beyond two thermal cycles produced 

some additional permanent shrinkage when 3 of the 4 specimens cast in 

1977 were cooled to room temperature. The effect was rather sma 11, 

however, amounting only to about 30 millionths in the worst case. 

The curves in Figures 3-37 through 3-44 show the thermal strain 

behavior of test specimens in detail. However, average values for the 

coefficient of thermal expansion, a, are useful for calculations and 

comparison purposes. Therefore, test data from each of the 8 tests shown 

in these figures were used to calculate values for the coefficient of 

thermal expansion of the concrete, based on the formula: 

where 

ETH is the thermal strain, millionths 
a is the coefficient of thermal expansion, in millionths/°F 

T is the temperature, in °F. 

Coefficients were determined from best fit of a s.traight line to the 

thermal strain versus temperature curves. 

Two values for a were determined for each test. The first, a
0

, is 

the value of the coefficient of thermal expansion calculated from results 

of the i ni ti al heating of the specimen. The second, a., is the average 

coefficient of thermal expansion determined from thermal strain versus 

temperature curves produced during heat eye l es 2 through 4 or 5. Thus, 

a.a is a measure of the thermal expansion of the concrete in the 
as-cured condition, while a. represents the response of concrete 

previously subjected to one or more thermal cycles. Both values are 
reported in Table G-3 in Appendix G for each test. 
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In most cases, values obtained for the coefficient ci:. for different 

specimens were in reasonable agreement. Variations that do occur are 

believed to be attributa~le to differing volumes of aggregate from 

specimen to specimen. Also, it should be noted that free moisture would 
not be present within concrete previously heated above 212°F. The 

coefficient, ex, was determined from tests on concrete that previously 

had been heated once or more to 450°F, and thus had free pore water 

removed. Therefore, oc essentially was a measure of the thermal 

expansion of dried concrete. 

3.5 STEAM CURING 

Results of compressive strength tests on steam cured and companion 

moist cured concrete cylinders are given in Table H-1 in Appendix H, and 

plotted as a function of time in Figure 3-45. 
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FIGURE 3-45. Steam Curing of Hanford Cylinders. 
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Early strength of steam cured cylinders increased with length of 

steam curing t irne. However, strength deve 1 opment after steam cur i ng was 

slower than that of moist cured concrete. Cylinders wit h the lon ges t 

steam exposure had the lowest strength development after steam cur ing. 

The 28-day compressive strength of steam cured cy li nders averaged 

about 5,200 psi, regardless of length of curing. For comp ar iso n, 

strengths of moist cured cyl i nders aver aged 5,860 psi at 28 days. 

3.6 THERMAL PROPERTIES 

Results of tests to determine the influence of elevated temperatures 

on thermal properties of Hanford concrete mixes are given in t he 

following sections. Tests were conducted to measure therma l diffu s ivity, 

thermal conduct i vity, and specific heat of concrete from 79° to 

l,175°F. Test specimens were fabricated from two 6- by 12- i n. concrete 

cylinders cast at CTL/PCA in September 1977. Results of each test ar e 

given in tabular form in Table I-1 of Appendix I. 

3.6.1 Thermal Diffusivity 

Therma l diffusivity, K , measures the rat e at which t emperatu r e 

changes may take place with in a materia l. Di ffusivity i s re l ated to 

specific heat, c, and thermal conductivity, k, by th~ following equati on: 

where 

K = ! 
cp 

Pis the material density. 

Neville states that typical va lues for diffus i vity of norma l we ight 

concrete ranges from 0.02 to 0.06 ft 2/ hr, depend i ng upon t he type of 

aggregate incorporated into t he concrete. (32 ) He further state s that 

bas a 1t rock aggregates, of the type used in Hanford concretes, produce 

1 ower than average va 1 ues for concrete di ffusivit y t han co nc rete 

incorporating other normal wei ght mineral aggregates. 
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Examination of Figures 3-46 and 3-47 shows this to be true. Dif
fusivity of Hanford concrete cast at CTL/PCA varied from a maximum of 
0.0322 ft 2/hr at room temperature to a minimum of about 0.015 ft 2/hr 

at 1,175°F. 

3.6.2 Thermal Conductivity 

Thermal conductivity, k, is a measure of the rate at which heat will 

flow down temperature gradient in a material. For concrete, thermal 
conductivity is strongly dependent on aggregate mineral composition. As 

with diffusivity, thermal conductivity of concrete made with basalt 
aggregate tends to have 1 ower va 1 ues than concrete fabricated from most 
other natural mineral aggregates.( 32 ) 

The presence of moisture inside concrete also has a major influence 

on measured values of thermal conductivity. Lower moisture content 
reduces conductivity in concrete because air has a lower thermal 

conductivity than water. However, moisture' content of concrete can vary 

greatly, making it difficult to state a 11 typical 11 value for concrete 

thermal conductivity. Neville quotes a representative value for concrete 
with a density of 140 lb/ft 3 to be about 1.1 Btu/ft·hr-°F. (32 ) 

Examination of Figures 3-48 and 3-49 shows that Hanford concretes do 
exhibit smaller values for thermal conductivity than the stated typical 
value. Samples from concrete cast at CTL/PCA had room temperature values 
of approximately 0.81 and 0.95 Btu/ft• hr• °F. Heating specimens of 
concrete cast at CTL/PCA tended to reduce thermal conductivity below 
ambient temperature values. 

3.6.3 Specific Heat 

Specific heat, c, is a measure of the hPat capacity of a mater i al. 

For concrete, c is reported to be little influenced by the mineralogy of 

the aggregates, but does increase with increased free moisture within the 
concrete mass. Typical values for concrete made with normal weight 
aggregates range from 0.2 to 0.28 Btu/lb-°F.( 32 ) 
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FIGURE 3-46. Thermal Diffusivity of 4.5K Hanford Concrete. 
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FIGURE 3-49. Thermal Conductivity of 3K Hanford Concrete . 
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In Figures 3-50 and 3-51, it can be seen that specific heat of 

Hanford concretes had room temperature values near the lower limit of the 

stated range. Heating specimens produced an increase in values of 

specific heat. Near the max i mum test temperature, both specimens had 

values of c approximately 0.30 Btu/lb °F. 

3.7 PETROGRAPHIC ANO FRACTOGRAPHIC ANALYSES 

Detailed information concerning the petrographic and fractograph i c 

work is given in Appendix J. A summary of the major findings of these 

analyses follows. 

3.7.1 Petrographic Analysis 

Samp 1 es of 28 cylinders of 1 aboratory prepared concrete, stored at 

various temperatures for different lengths of time, were examined with a 

po 1 ari zed 1 i ght microscope and stereomi croscope to determine the micro

structura 1 effects on the paste and the paste-aggregate bond. An attempt 

was made to discern the progressive changes in mi crocrysta 11 i ne texture 

of the paste as functions of duration and temperature of storage. The 

duration of storage ranged from 3 to 270 days. Temperatures were 250° , 

350°, and 450°F. 

From the test, it was concluded that calcjum hydroxide bire

fri ngenci es showed no c 1 early defined corre 1 ati on with temperature of 

storage. A Students t-Oistribution Test (a stat i stical method) for 

comparing significant differences between the 250° and 350°F data 

when compared with the 450°F data gives a value of 1.28 . This suggests 

the possibility that a real difference exists, but implies the necessity 

for additional data. In terms of storage time, samples stored at 270 

days revealed relatively high birefringencies. A Students t-D i stribut i on 

Test for significant differences in the birefringencies of t he 1- t o 

100-day samples as compared with 150- to 270-day samples results i n a 

value of 1.37. This again suggests a defined relationship and need f or 

additional data. 
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4.0 EVALUATION OF THE TEST PROGRAM 

The purpose of this test program was to obtain sufficient data to 

permit evaluation of Hanford concrete waste tanks exposed to elevated 

temperatures for prolonged periods. To provide this information, 

strength and elastic properties tests were conducted on concrete 

cylinders heated at 250°, 350°, and 450°F for periods of up to 

2 3/4 years. Tests were also conducted to determine the influences of 

elevated temperatures on concrete creep, thermal expansion, thermal 

conductivity, and other physical properties. In addition, petrographic 

and fractograph ic analyses were conducted to determine if degradation in 

mechanical properties caused by heat exposure could be related to 

specific changes in concrete microstructure. 

Influences of e 1 evated temperatures on concrete phys i ca 1 /mechani ca 1 

properties are sumnarized and their relations to concrete integrity are 

described in the following sections. 

4.1 ELASTIC PROPERTIES 

Of all concrete properties examined in this study, modulus of 

elasticity was the most sensitive to elevated temperature exposure. 

Elastic modulus of Hanford concrete was affected by both the magnitude 

and length of exposure to elevated temperatures. 

For example, the average modulus of concrete heated to 250°F for 

only 3 days dropped about 20% from values for unheated concrete. By com

parison test cylinders heated at 350°F for 4 days or 450°F for 6 days 

lost approximately 27 and 38%, respectively. After about 900 days heat

ing, concrete at 250°, 350°, and 450°F had modulus values that were 

approximately 37, 48, and 70% below that measured for unheated concrete. 

Lankard, et al, have compared results of a number of investigators 

studying effects of elevated temperatures on the modulus of elasticity of 

various concretes. (3 ) In Figure 4-1, the range of values reported by 

Lankard has been plotted with those · obtained from the present study. 
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Results of studies on concrete high temperature elastic behavior more 

recent than those examined by Lankard also fall within those limits. 

Modulus values obtained from Hanford concrete subjected to less than 

7 days heating are near the lower bound of the range reported by 

Lankard. Elastic moduli of Hanford concrete heated at 250°, 350°, 

and 450°F for more than 900 days, however, falls wholely outside this 

range. 

This result would seem to confirm that long-term exposure to 

elevated temperatures does produce losses in concrete stiffness larger 

than those determined from relatively short-term tests. Th is difference 

is most noticeable at 450°F, where short-term test results indicated 

moduli losses on the order of 35%. Long-term tests, however, show 

cumulative losses almost twice as large as this. 

When modulus of elasticity is considered as 3 function of heating 

time (see Figures 3-2, 3-3, and 3-4), three types of behavior can be 

seen. During early heating, from about 3 to 30 days, modulus values 

decreased rapidly. The rate and magnitude of loss depended on heating 

temperature; higher temperatures produced steeper loss rates. 

For heating times beyond 200 days, modulus losses were smaller and 

fairly linear with respect to time. Again, largest loss rates occurred 

for concrete at 450°F. At intermediate times, ·approximately 30 to 

200 days, modulus loss rates decreased smoothly from the steep losses of 

the earlier heating period to the roughly linear loss behavior beyond 

200 days heating. 

Poisson's ratio of heated concrete exhibited no well defined 

relationships with respect to time or temperature. 

were very erratic (see Figures 3-9, 3-10, and 

Poisson's ratio data 

3-11). For heated 

concrete, Poisson's ratios varied from 0.10 to 0.14, compared to values 

of 0.15 to 0.20 for mature, unheated concrete. Most of this reduction 

occurred during initial heating. No systematic changes were observed in 

the data with additional exposure to elevated temperatures. 
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4.2 COMPRESSIVE STRENGTH 

Compressive strength data for heated concrete, ( see Figures 3-17, 

3-18, and 3-19), exhibit noticeable scatter that make accurate assessment 

of temperature effects difficult. However, for most cases, strength 

decreased with increasing length of exposure to elevated temperatures, 

and also decreased with increasing temperatures. 

For example, just prior to heating, the average compressive strength 

of 6- by 12-in. test cylinders was 5,955 psi, well above the minimum 
design strengths of 4,500 and 3,000 psi. After 3 days heating, speci
mens at 250°F had strengths averaging 5,435 psi, a 9% decrease from 
va 1 ues of unheated concrete. For concrete heated 4 days to 350°F or 
6 days to 450°F, strengths averaged 5,730 and 5,260, respectively, 
representing losses of 4 and 12 1/2% from the unheated control concrete. 

Note that these modest reductions are in sharp contrast to the large 

early losses observed in concrete elastic moduli. 

Concrete heated for extended times showed greater strength 

reductions. The magnitude of the additional losses depended upon the 
test temperature. This can be seen from the results of tests conducted 

on specimens heated for approximately 900 days. Average compressive 
strengths of cylinders heated at 250°, 350°, and 450°F were 
5,225 psi (-12%), 4,580 psi (-23%), and 3,930 psi (-~4%), respectively, 
where the percentages in parentheses are the changes from values measured 
for unheated concrete. 

It should be noted that concrete strengths remained above 

specification levels for the 3K mix design at all three test temperatures 
throughout the study period. Concrete made from the 4.5K mix design also 

remained above the specified strength level at 250° and 350°F, and 
fell only slightly below requirements after 590 days at 450°F. After 

915 days of heating, compressive strengths of 4.5K concrete averaged less 
than 10% below the minimum design strength. 

A comparison of these test data to those reported in Lankard's 
survey for unsealed concrete( 3) is shown in Figure 4-2. Unlike moduli 

of elasticity, compressive strength values for Hanford concrete heated 
for extended times remained within the Lankard survey range. 
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However, average strength 1 ass percentage of Hanford concrete heated at 

450°F was at the lower limit of this range. The strength 

loss/temperature trend for Hanford concrete heated for extended times 

would seem to indicate that at temperatures above 450°F, strength 

losses would exceed those reported by Lankard. 

4.3 SPLITTING TENSILE STRENGTH 

From the curves in Figures 3-21, 3-22, and 3-23, it can be seen that 

splitting tensile strength of Hanford concrete decreased with length and 

degree of exposure to elevated temperatures in a manner similar to that 

observed in compressive strength data. The combined average strength of 

unheated concrete cylinders was 582 psi. Three days of heating to 

250°F reduced strengths to an average of about 530 psi. Four days of 

heating to 350°F reduced strengths by a similar amount, approximately a 

9% reduction from unheated values. Heating 6- by 12-in. cylinders for 

6 days to 450°F reduced strengths to an average of only 433 psi, a 26% 

reduction. 

Concrete specimens heated for extended periods had losses from two 

to three times greater than the values quoted above. Cylinders heated 

for approximately 900 days at 250°, 350°, and 450°F had strengths 

reduced by an average of 28, 30, and 44% respectively .. 

Relatively few studies have been made of the effects of temperature 

on concrete tensile strength using either the flexural or split cylinder 

method. In Figure 4-3 the range of strength va 1 ues determined by both 

methods reported in Lankard 1 s survey( 3) is shown as a function of 

temperature. Several more recent studies, most notably by 

Thelandersson,( 16 ) have also produced data that fall within those 

limits. 

Sp 1 itti ng tensile strength data from Hanford concrete, subjected to 

short and extended periods of heating, are also plotted in Figure 4-3. 

Data from concrete subjected to short-term heating fall near the middle 

of Lankard I s range of strengths. However, concrete exposed to extended 

periods of heating had strengths somewhat below the lower limit of this 

range. 
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A comparison of Figures 4-2 and 4-3 shows that the tensile strength 

of Hanford concrete was somewhat more susceptible to degradation due to 
heat exposure than was compressive strength. As exp 1 a i ned ear 1 i er, the 

ratio of splitting tensile strength fst, t o compressive strength, fc 
is about 0.1 for normal concrete. For Hanford concrete, the ratio was 

fst/fc = 582 psi/5,955 psi = 0.098, very close to the accepted normal 
va 1 ue. Comparing tens i 1 e to compressive strengths of Hanford concrete 
heated for equivalent times and temperatures, the greater relative 
reduction in tensile strength on heating is shown quantitatively in Table 

4-1. Strength ratios of concrete heated for extended times were lower 

than those for short-term heating of 250° and 350°F, and were equal 

at 450°F. 

TABLE 4-1 - Ratio of Splitting Tensile Strength 
and Compressive Strength of Hanford Concrete. 

Splitting Tensile Strength/ 
Temp~rature, Compressive St rength (fst/fc) 

F Heated for Heated for Unheated 3 to 6 days 900 days 

73 0.098 - -
250 - 0.098 0.080 
350 - 0.092 0.088 
450 - 0.082 0.082 

4.4 CREEP 

In Section 3.2, it was shown that creep strain data from tests on 

Hanford concrete at 250° and 3S0°F could be accurately modeled by a 

relatively simple logarithmic expression, Ecr = K log10 (t) + E
0 

where K and E
0 

are constants dependent on load, temperature, and 
material variables. This equation has been found to satisfactorily model 

concrete creep behavior at elevated temperatures by a number of 

investigators.( 19 , 33 ) 
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For example, Marechal measured creep strains of a quartzite 

aggregate concrete at temperatures from 20° to 400°c ( 68° to 

752°F) and found that his data fit the l ogarthmi c model over the whole 

temperature range. Maree ha l's data for concrete loaded to about 1,450 

psi are shown in Figure 4-4. Unfortunately, the compressive strength of 

the concrete was not given. Therefore, it is not possible to determine 

the magnitude of the applied load relative to the material strength and 

make a direct comparison to creep data in the current study. 

More important, however, is the creep behavior of concrete at tem

peratures below 105°c (221°F), shown in Figure 4-4. Instead of 

looking at creep strain, examine the rate of creep strain by differenti

ating the equation £er= K log10 (t) + £
0 

with respect to time: 

rate of creep = 
d Ecr 

dt = K/t. 

By plotting K/t versus temperature for some arbitrary fixed time t, the 

creep rate is shown to have a strong local maximum in the neighborhood of 

5o0c (~l20°F) (see Figure 4-5). This maximum produces larger strains 

than found at temperatures comparable to those used in the current study 

of Hanford concrete. 

The migration of moisture within the hardened concrete is the suspect

ed cause of the large creep strains in this temperature region. Many mech

anisms have been proposed to explain this phenomenon.( 3 ) However, there 

is no general agreement on the exact nature of the processes involved. 

This behavior suggests that creep strain of Hanford concrete may be 

greater at temperatures in the range from ambient to 150°F than at 

temperatures examined in the present program. Further study is needed to 

determine the significance of creep behavior of Hanford concrete at these 

lower temperatures. 

4.5 THERMAL EXPANSION 

Typical quoted values for coefficient of thermal expansion, a, of 

normal weight concrete are on the order of 5 x 10-6 to I. o x 10-5/°F. 

The mean value of a for Hanford concrete measured in this study was 
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about 3.3 x 10-6;°F. By itself, a lower oc value means that, at a 

given temperature, thermally induced stresses and strains should be 

smaller than that of a concrete with a more typical value of a., and for 

that reason is a desirable property for high temperature applications. 

However, if steel reinforcement is present within the concrete, i t 

is necessary to have a good match in thermal expansion behavior between 

concrete and steel. Poor matching will produce different rates of 

expansion on heating that may result in bond breaking at the 

concrete/steel interface and may even cause rupture of the concrete. 

Normally, this is not a serious problem in reinforced concrete 
• 

structures because the expansion behavior of most concrete mixes is 

similar to that of structural steel at moderate temperature levels, as 

shown in Figure 4-6. By comparison, expansion of Hanford concrete, also 

shown in Figure 4-6, is about half that of steel. This difference may 

indicate a potential for disruption of the concrete/steel bond at 

e 1 evated temperatures. Further study of the bonding characteristics of 

Hanford concrete to steel is needed to determine if this is, in fact, a 

serious problem. 

4.6 THERMAL CYCLING 

The purpose of the thermal cycling program was to determine if 

cyclically varying temperatures had addit i onal deleterious effects on 

mechanical properties of Hanford concret e above that observed with 

sustained exposure to constant elevated temperatures. Hanford concrete 

mechanical properties, particularly modulus of elasticity, were 

susceptible to degradation, proportional to increasing period and number 

of thermal cycles from ambient to 350°F ( see Figures 3-33 and 3-38). 

When compared to data in Figures 3-1 through 3-19, however, it can 

be seen that thermally cycled concrete suffered relatively less material 

properties degradation, than did concrete held at constant temperature 

for an equivalent length of time. Reductions in concrete strength and 
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elastic properties for the heat cycled condition approached, but never 

exceeded losses observed at constant temperature. Therefore, in the case 

of unsealed concrete heated with no external load applied, constant 

exposure to 350°F was a more severe environment than was cyclically 

varying temperatures between ambient and 350°F. 

Thermal cycling also produced changes in the thermal expansion 

behavior of Hanford concrete. When concrete specimens were repeatedly 

heated from ambient to about 450°F, two distinct types of expansion 

behavior were observed. The initial heat cycle produced thermal strains 

with a linear coefficient of thermal expansion, a
0 

that averaged 2.74 x 

10-6/0F. On cooling, all specimens exhibited a net length loss. 
This permanent length change is caused by the loss of internal moisture 

on heating and resultant volumetric shrinkage. 

The second heat cycle produced thermal strains with a coefficient of 

expansion that averaged about 3. 9 x 10-6 ;°F, an increase of approxi

mately 40% from that measured with the first cycle. Additional cycling 

resulted in thermal strain behavior that was essentially identical to 

that observed during the second thermal cycle. 

Two major results obtained from these data, that are important from 

a structural analysis standpoint, are the permanent shrinkage and the 

change in ~ values caused by initial heating. Shrinkage is important 

because it produces internal tensile stresses within the concrete. These 

internal stresses can cause cracking, even in the absence of an 

externally applied load. 

Changes in the linear coefficient of thermal expansion must be 

considered if thermal stresses and strains within a structure in service 

are to be accurately determined. Any stress analysis of structures in 

operation should use the a value, given in Table G-3, Appendix G, for 

concrete subjected to prior heating rather than the value determined from 

concrete with no previous heating. Since a is greater than ii, the 
0 

use of a in thermal stress analysis would yield calculated strain and 
0 

stress values much smaller than may actually occur in a heated structure. 
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4.7 STEAM CURING 
The use of low pressure steam curing was found to produce higher 

early strengths than conventional moist curing for Hanford concrete. 

However, these increases were not maintained with post-steam curing. 

After 28 days, compressive strengths of concrete specimens subjected to 
various periods of steam curing were, in all cases, lower than that of 
moist cured specimens. 

Furthermore, rate of strength increase with time for steam cured 

cylinders during the post-steam cure was much below that of moist cured 

concrete. This indicates that long-term strength of steam cured concrete 

would be measurably lower than that derived with moist curing. For these 

reasons, steam curing does not appear to be a useful tool for producing 

test specimens representative of Hanford concrete cured in situ. 

4.8 THERMAL PROPERTIES 

Tests to determine therm a 1 diffusivity, therma 1 conductivity, and 
specific heat confirmed that values for Hanford concrete were near the 

lower limit of the range of typical concrete values published by other 
investigators. Moreover, thermal properties of Hanford specimens, on 

heating, were different from those measured on subsequent cooling. 

As in the case of thermal expansion tests, heatjng appeared to cause 

a reduction in the magnitude of thermal properties from their initial 

values. Unfortunately, no tests were conducted to determine if these 
reductions were permanent by measuring properties of concrete subjected 
to more than one thermal cycle. Further study of thermal properties 

behavior of concrete exposed to repeated heating will be necessary in 
order to provide data for any analysis of in service structural per

formance of Hanford concrete at elevated temperatures. 

4-15 
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5.0 CONCLUSIONS 

Based on data from the various types of tests conducted in this 
program, a number of conclusions can be made about the long-term effects 
of elevated temperatures on the thermal and mechanical properties of 

Hanford concrete mixes. These are outlined below. 

• The mechanical properties of Hanford concrete were susceptible 

to degradation when concrete was exposed to e 1 evated temper

atures in the range from 250° to 450°F. The amount of 

degradation was dependent on both the length and degree of 
elevated temperature exposure. 

• Heat induced strenqth losses did not reduce Hanford concrete 
mixes' compressive strengths below minimum design levels. 
except for the 4.5K mix heated at 450°F for time spans 
greater than or equal to 590 days. Maximum strength loss for 
the 4.5K mix occurred when concrete was heated for 
approximately 920 days at 450°F, reducinq concrete strenqth 

less than 10% below minimum design level. 

• Relative sensitivity of mechanical properties to deqradation bv 
concrete heat exposure was as follows: 

Most 

modulus of elasticity 
splitting tensile strength 
compressive strength 
Poisson's ratio 

severe properties losses 
subjected to 920 days heatinq 
elasticity of heated concrete 
measured with unheated concrete. 

(most sensitive) 

(least sensitive). 

were measured with concrete 
at 450°F. The modu 1 us of 

was only about 30% of that 

• Long-term tests at elevated temperatures produced properties 

losses that were more severe than those measured with short 
term tests of heated concrete. Moreover, at maximum test 
temperature, 450°F, losses did not appear to approach 
limiting values even after more than 2 1/2 years heating. 
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• Creep behavior of Hanford concrete mixes at elevated 

temperatures was found to be adequately modeled by a 

logarithmic expression of the form: 

Where K and E O are constants that varied with temperature and 
load. 

• Thermal expansion of Hanford concrete mixes was on 1 y about one 

half that genera l ly reported for normal weight structural 

concrete. The diff ere nee in a. va 1 ues between Hanford concrete 

and stee 1 may cause 1 arge i nterna 1 stresses in concrete near 

steel reinforcement in a heated structure. 

, Cyclically varying temperatures produced smaller changes in 

concrete mechanical properties than equivalent exposure to 

fixed maximum temperature. In general, magnitude of properties 

1 asses increased with increasing number and 1 ength of temper

ature cycles. 

, Effects of temperature cycl i ng on Hanford concrete thermal 

expansion behavior were mixed. Application of one thermal 

eye 1 e produced a permanent increase in con½rete coefficient of 

therm a 1 expansion, a. • Further eye 1 i ng, however, produced no 

additional changes_ in concrete thermal strain behavior. 

, Measured values of the thermal properties of Hanford concrete 

mixes; diffusivity, conductiv i ty, and specific heat were lower 

than those typically quoted for normal structural concrete. 

This is thought to be due to the thermal properties of the 

aggregates used in Hanford concrete mixes. Application of heat 

appears to further reduce these values. 
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6.0 RECOMMENDATIONS 

In Section 4 of this report, it was indicated that analysis of some 

aspects of the test data raised questions about the high temperature 

performance of Hanford concrete mixes. To determine if these potent i al 

problems areas actually have adverse effects on concrete performance i n 

service, it is reconvnended that the additional investiqations outlined 

below be conducted. 

6.1 STRENGTH BEHAVIOR BEYOND 2 1/2 YEARS HEATING 

Concrete mixes at 450°F continued losing strength at an appre

ciable rate after more than 2 1/2 years of heatinq. There was no 11 limit 

strength 11 apparent from analysis of the trends of this data. Considerinq 

that the service life of a structure may be more than 25 years, detailed 

knowledqe of anticipated strength losses is essential for adequate 

design. · Additional elevated temperature testing over a period of 5 to 

10 years would be needed to provide this information. 

6.2 CONCRETE/STEEL BOND STRENGTH 

The large difference in a. values between Hanford concrete mixes and 

steel could conceivably produce disruption of the concrete/steel bond in 

a reinforced structure, subjected to heating. The extent to which this 

is a problem could be determined by bond strength tests described i n ASTM 

Designation C234. 

Tests should be conducted on steel reinforced specimens while at 

elevated temperatures and also at ambient conditions on specimens sub

jected to pr i or heating. Companion tests on unheated specimens would 

give baseline data for evaluation of the degree of bond disruption. if it 

occurs. 

6.3 HEAT INDUCED CHANGES IN CONCRETE THERMAL PROPERTIES 

The thermal properties of Hanford concrete mixes (k, K, c) were 

found to be smaller in magn i tude than those normally attributed to 

concrete. Heating the concrete appeared to reduce properties values 
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still further. Given their importance for analytical purposes, the 

influence of heat on Hanford concrete thermal properties should be 

studied more closely. In particular, chanqes brouqht about by repeated 

heating in the range from ambient to 450°F should be studied thor

oughly. Tests should include determination of thermal properties values 

of concrete subjected to at least 2 temperature cycles in this temper

ature range, and preferably more. 

Also, thermal properties tests should be conducted on Hanford 

concrete mixes subjected to prior heating at 350° to 450°F for a 

prolonged period to determine if long-term heating produces any addi

tional changes in these properties. 

6.4 CREEP BEHAVIOR AT ELEVATED TEMPERATURES 

Creep tests were conducted on Hanford concrete mixes at 250° and 

350°F in the current study. However, studies by other investigators 

have indicated that creep strains of normal weight concrete may have a 

1 oca 1 maximum in the region 120° to 150°F. Creep of Hanford concrete 

should be investigated in th i s temperature r eqion to determine if large 

strains do, in fact, occur. In addition, creep tests should also be 

conducted at ambient temperature to provide control data against wh i ch 

effects of elevated temperature on creep behavior can ba evaluated. 
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TABLE A-1. Batch Ingredients and Physical Properties 
for Mix No. 3Kl (Date: April 5, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of P l as ti c Con er et e 

Slump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 

Additional Data 
Specimen size: 

Cure: 
Mixer: 
Mix cycle: 

Portland Cement Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex Air Entrained Additive (AEA) 
2-None 

1 
2 
1 
2 
1 
2 

505.0 lb/yd3 
1,262.0 lb/yd3 

0. 0 l b/yd3 
2 , 131. 0 l b / yd 3 

0.00 lb/yd3 
0.36 1b/yd3 
0.00 lb/yd3 

244.0 lb/yd3 

4,144.34 lb/yd3 

2.5 
1. 5 

153.4 

0.48 by wt 

37.1 by wt 

1.67 press 

6- by 12-in. cylinders, 
cast 15 per batch 
continuous moist 
6.0 ft3 tilting drum 
5 min a 11 in 

A-1 

5.38 bags 

29.32 gal/yd3 

5.44 gal/bag 

37. 5 abs vol 

1.81 unit wt 

--------- ~ 
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TABLE A-2. Batch Ingredients and Physical Properties 
for Mix No. 3K2 (Date: April 5, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 

Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content, % 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additional Data 
Specimen size: 

Cure: 
Mixer: 
Mix cycle: 

Portland Cement Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex AEA 
2-None 

1 
2 
1 
2 
1 
2 

507.0 lb/yd3 

1,266.0 lb/yd3 
0.0 lb/yd3 

2 , 13 9 . 0 l b / yd 3 
0.00 lb/yd3 
0.36 lb/yd3 
0.00 lb/yd3 

245.0 lb/yd3 

4,158.09 lb/yd3 

1.0 
1. 9 

154.0 

0.48 by wt 

37.1 by wt 

1. 71 press 

6- by 12-in. cylinders, 
cast 17 per batch 
continuous moist 
6.0 ft3 tilting drum 
5 min a 11 in 

A-2 

5.39 bags/yct3 

29.42 gal/yd3 

5.44 gal/bag 

37.5 abs vol 

1. 78 unit wt 
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TABLE A-3. Batch Ingredients and Physical Properties 
for Mix No. 3K3 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, lb/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 

Additi ona 1 Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex AEA 
2-None 

1 
2 
1 
2 
1 
2 

498.0 lb/yd3 
1,217.0 lb/yd3 

0. 0 1 b/ yd3 
2,102.0 lb/yd3 

0.00 lb/yd3 
0. 20 1 b/yd3 
0.00 lb/yd3 

277. 00 1 b/ yd 3 

4,096.21 lb/yd3 

3.0 
3.8 

151.7 

0.55 by wt 

36.6 by wt 

2. 14 press 

6- by 12-in. cylinders, 
cast 27 in sumrn. 
moist cure 700F 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min all in 

A-3 

5.30 bags 

33.28 gal/yd3 

6.27 gal/yd3 

37.0 abs vol 

2.02 unit wt 
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TABLE A-4. Batch Ingredients and Physical Properties 
for Mix No. 3K4 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Ai r Content,% 
Unit wt, l b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additional Data 
Specimen size: 

Cure: 

Mixer: 
Mi x cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex AEA 
2-None 

1 
2 
1 
2 
1 
2 

490.0 lb/yd3 
1,198.0 lb/yd3 

0.0 lb/yd3 
2,068.0 lb/yd3 

0.00 lb/yd3 
0.29 lb/yd3 
0.00 lb/yd3 

2 4 7 • 0 1 b / yd 3 

4,005.46 lb/yd3 

3.25 
4.9 

148.3 

0.50 by wt 

36.6 by wt 

2.08 press 

6- by 12-in. cylinders, 
cast 30 in surrm. 
moist cure 70°F 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A-4 

5.22 bags/yd3 

29.73 gal/yd3 

5.69 gal/yd3 

37.0 abs vol 

2.19 unit wt 
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TABLE A-5. Batch Ingredients and Physical Properties 
for Mix No. 3K5 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 
S 1 ump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additi ona 1 Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex AEA 
2-None 

1 
2 
1 
2 
1 
2 

494.0 lb/yd3 
1,202.0 lb/yd3 

0.0 lb/yd3 
2 , 083 . 0 1 b / yd 3 

0.00 lb/yd3 
0.34 lb/yd3 
0.00 lb/yd3 

255.0 lb/yd3 

4,037.08 lb/yd3 

3.0 
4.5 

149.5 

0.51 by wt 

36.5 by wt 

2.09 press 

6- by 12-in. cylinders, 
cast 30 in summ. 
moist cure 700F 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min all in 

A-5 

5. 26 bags/yd3 

30.72 gal/yd3 

5.84 gal/yd3 

36.9 abs vol 

2.12 unit wt 
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TABLE A-6. Batch Ingredients and Physical Properties 
for Mix No. 3K6 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content, % 
Unit wt, l b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additi ona 1 Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex AEA 
2-None 

1 
2 
1 
2 
1 
2 

489.0 lb/yd3 
1,179.0 lb/yd3 

0.0 lb/yd3 
2 , 0 71. 0 l b / yd 3 

0.00 lb/yd3 
0. 39 . l b/yd3 
0.00 lb/yd3 

260.0 lb/yd3 

4,001.33 lb/yd3 

3.50 
5.0 

148.1 

0.53 by ~t 

36.2 by wt 

2.18 press 

6- by 12-in. cylinders, 
cast 30 in summ. 
moist cure 700F 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A-6 

5.21 bags/yd3 

31. 2 4 gal / yd 3 

5.99 gal/yd3 

36.6 abs vol 

2.24 unit wt 
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TABLE A-7. Batch Ingredients and Physical Properties 
for Mix No. 3K7 (Date: May 23, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 
Slump in inches 
Air Content,% 
Unit wt, 1 b/f t3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 

Addi ti ona l Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex AEA 
2-None 

1 
2 
1 
2 
1 
2 

484.0 lb/yd3 
1 , 16 9 . 0 l b / yd 3 

0.0 1 b/yd3 
2 , 04 7 . 0 l b / yd 3 

0.00 lb/yd3 
0.38 lb/yd3 
0.00 lb/yd3 

261.0 lb/yd3 

3,962.83 lb/yd3 

3.0 
6.3 

146.7 

0.53 by wt 

36.3 by wt 

2.34 press 

6- by 12-in. cylinders, 
cast 29 in summ. 
moist cure 700F 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min all in 

A-7 

5.15 bags/yd3 

31. 42 gal/ yd3 

6.09 gal/yct3 

36.6 abs vol 

2. 35 unit wt 
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TABLE A-8. Batch Ingredients and Physical Properties 
for Mix No. 3K8 (Date: May 23, 1975). 

Materi a 1 s 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additional Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex AEA 
2-None 

1 
2 
1 
2 
1 
2 

491. 0 1 b/ yd3 
1,183.0 lb/yd3 

0. 0 1 b/yd3 
2,072.0 lb/yd3 

0.00 lb/yd3 
0. 34 . 1 b/yd3 
0.00 lb/yd3 

267.0 lb/yd3 

4,015.08 lb/yd3 

3.25 
4.9 

148.7 

0.54 by wt 

36.3 by wt 

2.21 press 

6- by 12-in. cylinders, 
cast 30 in summ. 
moist cure 700F 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A-8 

5.22 bags/yd3 

3 2 • 13 g a 1 / yd 3 

6.14 gal/yd3 

36.6 abs vol 

2.22 unit wt 
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TABLE A-9. Batch Ingredients and Physical Properties 
for Mix No. 3K9 (Date: May 23, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 
Slump in inches 
Air Content,% 
Unit wt, l b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 

Additi ona 1 Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex AEA 
2-None 

1 
2 
1 
2 
1 
2 

489.0 lb/yd3 
1, 179. 0 lb/ yd 3 

0. 0 lb/ yd3 
2,068.0 lb/yd3 

0.00 lb/yd3 
0.36 lb/yd3 
0 • 00 1 b / yd 3 

263.0 lb/yd3 

4,001.33 lb/yd3 

3.00 
5.0 

148.l 

0.53 b)' wt 

36.3 by wt 

2.20 press 

6- by 12-in. cylinders, 
cast 29 in summ. 
moist cure 70°F 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A-9 

5.21 bags/yd3 

31. 6 5 g a l / yd 3 

6.07 gal/yd3 

36.6 abs vol 

2.24 unit wt 
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TABLE A-10. Batch Ingredients and Physical Properties 
for Mix No. 3Kl0 (Date: Sept. 21, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 
Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Paste/aggregate 
ratio 

Mix ratio, by wt 

Addi ti ona 1 Data 
Specimen size: 
Cure: 
Mixer: 
Mix cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 Nor
mal Strength) 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

513.0 lb/yd3 
1,274.0 1 b/yd3 

0.0 lb/yd3 
2,191.0 lb/yd3 

0.00 lb/yd3 
0.37 lb/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

222.0 lb/yd3 

4,200.0 1 b/ yd 3 

1.1 
2.5 

155.6 

0.43 by wt 

36.8 by wt 

1.62 press 

0.21 by wt 
1:2.48:4.27 

6- by 12-in. cylinders, 
100% RH 
6.0 ft3 tilting drum 
5 min a 11 in 

A-10 

5.46 bags/yd3 

26.68 gal/yd3 

4.89 gal/yd3 

37.1 abs vol 

0.00 unit wt 

0.31 abs vol 
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TABLE A-11. Batch Ingredients and Physical Properties 
for Mix No. 3Kll (Date: Sept. 21, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Tota 1 Weight 
Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, l b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Paste/aggregate 
ratio 
Mix ratio, by wt 

Additional Data 
Specimen size: 
Cure: 
Mixer: 
Mix cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 Nor
mal Strength 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

517.0 lb/yd3 
1,283.0 lb/yd3 

0.0 1 b/yd3 
2,206.0 lb/yd3 

0.00 lb/yd3 
0.37 lb/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

224.0 lb/yd3 

4,230.0 lb/yd3 

2.1 
1.8 

156.7 

0.43 by wt 

36.8 by wt 

1.55 press 

0.21 by wt 
1:2.48:4.27 

6- by 12-in. cylinders, 
700F, 100% RH 
6.0 ft3 tilting drum 
5 min a 11 in 

A-11 

5.50 bags/yd3 

26.87 gal/yd3 

4.89 gal/yd3 

37.1 abs vol 

0.00 unit wt 

0.31 abs vol 
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TABLE A-12. Batch Ingredients and Physical Properties 
for Mix No. 3K12 (Date: Sept. 21, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 
Physical ProQerties 
ot Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Paste/aggregate 
ratio 

Mi x ratio, by wt 

Additiona l Data 
Specimen size: 
Cure : 
Mixer: 
Mi x cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 Nor
mal Strength 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

1 b/yd3 516.0 
1,281.0 lb/yd3 

0.0 1 b/yd3 
2,202.0 lb/yd3 

0.00 lb/yd3 
0.37 lb/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

223.0 lb/yd3 

4,222.0 lb/yd3 

3.0 
2.0 

156.4 

0.43 by wt 

36.8 by wt 

1. 57 press 

0.21 by wt 
1:2.48:4.27 

6- by 12-in. cylinders, 
700F, 100% RH 
6.0 ft3 tilting drum 
5 min a 11 in 

A- 12 

5.49 bags/yd3 

26.82 gal/yd3 

4.89 gal/yd3 

37.1 abs vol 

0.00 unit wt 

0.31 abs vol 
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TABLE A-13. Batch Ingredients and Physical Properties 
for Mix No. 3Kl3 (Date: Sept. 21, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Tota 1 Weight 
Physical Properties 
of Plastic Concrete 
S 1 ump in inches 
Air Content,% 
Unit wt, 1 b/f t3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 
Paste/aggregate 
ratio 

Mix ratio, by wt 

Additional Data 
Specimen size: 
Cure: 
Mixer: 
Mix cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 Nor
mal Strength 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

516 . 0 l b / yd 3 
1,281.0 lb/yd3 

0. 0 lb/ yd3 
2,202.0 lb/yd3 

0.00 lb/yd3 
0.37 lb/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

223.0 lb/yd3 

4 , 2 2 2 . 0 l b / yd 3 

4.0 
2.0 

156.4 

0.43 by wt 

36.8 by wt 

1.57 press 

0.21 by wt 
1:2.48:4.27 

6- by 12-in. cylinders, 
700F, 100% RH 
6.0 ft3 tilting drum 
5 min a 11 in 

A-13 

5.49 bags/yd3 

26.82 gal/yd3 

4.89 gal/yd3 

37.1 abs vol 

0.00 unit wt 

0.31 abs vol 
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TABLE A-14. Batch Ingredients and Physical Properties 
for Mix No. 3Kl4 (Date: Sept. 23, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 
Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, lb/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 
Paste/aggregate 
ratio 

Mix ratio, by wt 

Additional Data 
Specimen size: 
Cure: 
Mixer: 
Mix cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 nor
mal strength 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

513 . 0 1 b / yd 3 
1,269.0 lb/yd3 

0. 0 lb/ yd3 
2,193.0 lb/yd3 

0.00 lb/yd3 
0. 41 1 b/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

228.0 lb/yd3 

4,203.0 lb/yd3 

3.00 
2.2 

155.7 

0.45 by wt 

36.7 by wt 

1.63 press 

0.21 by wt 
1:2.48:4.28 

6- by 12-in. cylinders, 
700F, 100% RH 
6.0 ft3 tilting drum 
5 min a 11 in 

A-14 

5.45 bags/yd3 

27.42 gal/yd3 

5.03 gal/yd3 

37.0 abs vol 

0.00 unit wt 

0.31 abs vol 
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TABLE A-15. Batch Ingredients and Physical Properties 
for Mix No. 3Kl5 (Date: Sept. 23, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 nor
mal strength 
2-None 
3-None 

Fine Aggregate 1 
2 

Coarse Aggregate 1 
2 

Admixture 1 
2 
3 

Water 

Total Weight 
Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, lb/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 
Paste/aggregate 
ratio 

Mix ratio, by wt 

509.0 lb/yd3 
1 , 2 5 9 . 0 l b / yd 3 

0.0 lb/yd3 
2,175.0 lb/yd3 

0.0 lb/yd3 
O. 41 l b/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

227. 0 lb/ yd3 

4 , 16 9 . 0 l b / yd 3 

4.00 
3.0 

154.4 

0.45 by wt 

36.7 by wt 

1. 72 press 

0.21 by wt 
1:2.48:4.28 

Addi ti ona l Data 
Specimen s12e: 
Cure: 

6- by 12-in. cylinders, 
700F, 100% RH 
6.0 ft3 tilting drum 
5 min a 11 in 

Mixer: 
Mix cycle: 

A-15 

5.41 bags/yd3 

27.20 gal/yd3 

5.03 gal/yd3 

37.0 abs vol 

0.00 unit wt 

0.31 abs vol 
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TABLE A-16. Mix Design for Steam-cured Cylinders. 

Batch number 
Date cast 
Type II cement 
Sand 
Larger aggregates 
Water 
Darex AEA* 
Slump 
Unit weight 
Number of cylinders cast 

*AEA at 1/3 normal strength 

A-16 

3Kl6 
October 17, 1977 
119.3 lb 
290. 3 1 b 
501. 6 1 b 
64. 9 1 b 
39 ml 
3.5 in. 

154.4 lb/ft3 
24 
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TABLE A-17. Batch Ingredients and Physical Properties 
for Mix No. 4.5Kl (Date: April 15, 1975). 

Materi a 1 s 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 
Physical Properties 
of Plastic Concrete 
S 1 ump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 

Additi ona 1 Data 
Specimen size: 

Cure: 
Mixer: 
Mix cycle: 

Portland Cement Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 nor
mal strength 
2-None 

1 
2 
1 
2 
1 
2 

671. 0 1 b/yd3 
1,296.0 lb/yd3 

0.0 lb/yd3 
1,921.0 lb/yd3 

0.00 lb/yd3 
0.48 lb/yd3 
0.00 lb/yd3 

260.0 lb/yd3 

4 , 14 9 • 0 1 b / yd 3 

0.5 
2.1 

153.6 

0.38 by .wt 

40.2 by wt 

1. 38 press 

6- by 12-in. cylinders, 
cast 16 per batch. 
continuous moist 
6.0 ft3 tilting drum 
5 min a 11 in 

A-17 

7.14 bags/yd3 

31. 3 0 g a 1 / yd 3 

4.38 gal/yd3 

40. 6 abs VO 1 

1. 41 unit wt 
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TABLE A-18. Batch Ingredients and Physical Properties 
for Mix No. 4.5K2 (Date: April 5, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content, % 
Unit wt, l b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additional Data 
Specimen size: 

Cure: 
Mixer: 
Mix cycle: 

Portland Cement Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 nor
mal strength 
2-None 

1 
2 
1 
2 
1 
2 

6 7 3 • 0 l b / yd 3 
1,300.0 lb/yd3 

0. 0 lb/ yd3 
1,927.0 lb/yd3 

0.00 lb/yd3 
0.48 lb/yd3 
0. 00 l b / yd 3 

261.0 lb/yd3 

4,163.59 lb/yd3 

1.0 
2.1 

154.2 

0.38 by wt 

40.2 by wt 

1. 38 press 

6- by 12-in. cylinders, 
cast 16 per batch. 
continuous moist 
6.0 ft3 tilting drum 
5 min all in 

A-18 

7 .16 bags/ yd3 

31. 40 gal/ yct3 

4.38 gal/yd3 

40.6 abs vol 

1. 39 unit wt 
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TABLE A-19. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-3 (Date: May 22, 1975). 

Materi a 1 s 
Cement 
Fine Aggregate 
2-None 

Coarse Aggregate 
2-None 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Tota 1 Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 

Additi ona 1 Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 

1-R 

1-0arex, AEA 
2-None 

1 
2 
1 
2 
1 
2 

652.0 lb/yct3 
1,215.0 lb/yd3 

0. 0 1 b/ yct3 
1,864.0 lb/yd3 

0.00 lb/yd3 
0.59 lb/yd3 
0.00 lb/yct3 

278.00 lb/yct3 

4,010.96 lb/yct3 

3.00 
5.0 

148.5 

0.42 by. wt 

39.4 by wt 

1. 72 press 

6- by 12-in. cylinders, 
cast 28 in summ. 
moist cure 70°F, 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A- 19 

6.94 bags/yd3 

33.38 gal/yd3 

4.80 gal/yd3 

39.8 abs vol 

1. 72 unit wt 
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TABLE A-20. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-4 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content, % 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additional Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, AEA 
2-None 

1 
2 
1 
2 
1 
2 

652.0 lb/yd3 
1,209.0 lb/yd3 

0.0 lb/yd3 
1,860.0 lb/yct3 

0.00 lb/yd3 
0.63 lb/yd3 
0.00 lb/yct3 

289.0 lb/yd3 

4,012.33 lb/yd3 

3.00 
4.6 

148.6 

0.44 by wt 

39.3 by wt 

1. 75 press 

6- by 12-in. cylinders, 
cast 30 in summ. 
moist cure 70°F, 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min all in 

A-20 

6.94 bags/yd3 

34 . 72 g a 1 / yd 3 

5 • 00 g a 1 / yd 3 

39.7 abs vol 

1. 74 unit wt 
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TABLE A-21. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-5 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Tota 1 Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 

Additional Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, AEA 
2-None 

1 
2 
1 
2 
1 
2 

651. 0 1 b/ yd3 
1,192.0 lb/yd3 

0.0 lb/yd3 
1,855.0 1 b/ yd3 

0.00 lb/yd3 
0.63 lb/yd3 
0.00 lb/yd3 

309.0 lb/yd3 

4,009.58 lb/yd3 

4.00 
4.5 

148.5 

0.47 QY wt 

39.1 by wt 

1.85 press 

6- by 12-in. cylinders, 
cast 28 in summ. 
moist cure 70°F, 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A- 21 

6.93 bags/yd3 

37.20 gal/yd3 

5.36 gal/yd3 

39.4 abs vol 

1. 78 unit wt 
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TABLE A-22. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-6 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, l b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additional Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, AEA 
2-None 

1 
2 
1 
2 
1 
2 

640.0 lb/yd3 
1,190.0 lb/yd3 

0. 0 1 b/ yd3 
1,830.0 lb/yd3 

0.00 lb/yd3 
0. 67 l b/yd3 
0.00 lb/yd3 

280.0 lb/yd3 

3,942.21 lb/yd3 

4.50 
5.4 

146.0 

0.43 by wt 

39.4 by wt 

1. 79 press 

6- by 12-in. cylinders, 
cast 30 in summ. 
moist cure 700F, 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A-22 

6.81 bags/yd3 

33.63 gal/yd3 

4.93 gal/yd3 

39.7 abs vol 

1.88 unit wt 
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TABLE A-23. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-7 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 

Additional Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, AEA 
2-None 

1 
2 
1 
2 
1 
2 

643.0 lb/yd3 
1,186.0 lb/ yd3 

0.0 lb/yd3 
1,832.0 lb/yd3 

0.00 lb/yd3 
0.67 lb/yd3 
0.00 lb/yd3 

294.0 lb/yd3 

3,957.33 lb/yd3 

4.50 
5.7 

146.5 

0.45 by. wt 

39.2 by wt 

1.88 press 

6- by 12-in. cylinders, 
cast 29 in summ. 
moist cure 700F, 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A-23 

6.84 bags/yd3 

35.34 gal/yd3 

5.16 gal/yd3 

39.6 abs vol 

1.87 unit wt 
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TABLE A-24. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-8 (Date: May 22, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Tota 1 Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additional Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-0arex, AEA 
2-None 

1 
2 
1 
2 
1 
2 

6 5 2 • 0 1 b / yd 3 
1,207.0 1 b/ yd3 

0.0 lb/yd3 
1,856.0 lb/yd3 

0. 00 1 b / yd 3 
0.68 lb/yd3 
0.00 lb/yd3 

294.0 lb/yd3 

4,010.96 1 b/yd3 

3.0 
4.6 

148.5 

0.45 by wt 

39.4 by wt 

1.78 press 

6- by 12-in. cylinders, 
cast 30 in su!TITI. 
moist cure 700F, 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A-24 

6.93 bags/yd3 

35.33 gal/yd3 

5.09 gal/yd3 

39.7 abs vol 

1. 75 unit wt 
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TABLE A-25. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-9 (Date: May 23, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, lb/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Additional Data 
Specimen size: 

Cure: 

Mixer: 
Mix cycle: 

Lone Star Portland Cement Co Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, AEA 
2-None 

1 
2 
1 
2 
1 
2 

650.0 lb/yd3 
1 , 2 40 • 0 l b / yd 3 

0.0 lb/yd3 
1,862.0 lb/yd3 

0.00 lb/yd3 
0.68 lb/yd3 
0.00 lb/yd3 

239. 0 lb/ yd3 

3,993.08 lb/yd3 

3.50 
5.2 

147.8 

0.36 by wt 

39.9 by wt 

1. 55 press 

6- by 12-in. cylinders, 
cast 29 in summ. 
moist cure 700F, 
100% RH 90 days 
6.0 ft3 tilting drum 
5 min a 11 in 

A-25 

6. 92 bags/yd3 

28.75 gal/yd3 

4.15 gal/yd3 

40. 3 abs vol 

1.69 unit wt 
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TABLE A-26. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-10 (Date: Sept. 21, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, lb/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Paste aggregate 
ratio 

Mix ratio, by wt 

Additional Data 
Specimen size: 
Cure: 
Mixer: 
Mix cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 nor
mal strength 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

675. 0 l b/yd3 
1,286.0 lb/yd3 

0.0 l b/yd3 
1,949.0 lb/yd3 

0.00 lb/yd3 
0.49 lb/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

262.0 lb/yd3 

4,172.0 lb/yd3 

5.4 
2.0 

154.5 

0.39 by wt 

39.7 by wt 

1. 38 press 
0.29 by wt 

1 : 1. 90: 2. 89 

6- by 12-in. cylinders, 
70°F, 100% RH 
6.0 ft tilting drum 
5 min a 11 in 

A-26 

7.19 bags/yd3 

31.48 gal/yd3 

4.38 gal/yd3 

40.1 abs vol 

0.00 unit wt 
0.41 ABS vol 
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TABLE A-27. Batch Ingredients and Physical Properties 
for Mix No. 4.SK-10 (Date: Sept. 23, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Tota 1 Weight 

Physical Properties 
of Plastic Concrete 
S 1 ump in inches 
Air Content,% 
Unit wt, 1 b/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Paste/aggregate 
ratio 

Mix ratio, by wt 

Additional Data 
Specimen size: 
Cure: 
Mixer: 
Mix cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 nor
ma 1 strength 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

6 7 4 • 0 1 b / yd 3 
1,283.0 lb/yd3 

0.0 lb/yd3 
1,945.0 lb/yd3 

0.00 lb/yd3 
0.49 lb/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

262.00 lb/yd3 

4,164.0 lb/yd3 

3.75 
2.2 

154.2 

0.39 by wt 

39.7 by wt 

1. 40 press 
0.29 by wt 

1 : 1. 90: 2. 89 

6- by 12-in. cylinders, 
700F, 100% RH 
6.0 ft3 tilting drum 
5 min all in 

A-27 

7.17 bags/yd3 

31. 42 ga 1 / yd3 

4.38 gal/yd3 

40 .1 abs vol 

0.00 unit wt 
0.41 ABS vol 
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TABLE A-28. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-12 (Date: Sept. 23, 1977). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Tota 1 Weight 

Physical Properties 
of Plastic Concrete 
S 1 ump in inches 
Air Content,% 
Unit wt, lb/ft3 

Batch Analysis 
Water cement rat i o 
% of fine to total 

aggregate 
Voids/cement ratio, 

by absolute vol 
Paste/aggregate 
ratio 

Mix ratio, by wt 

Additional Data 
Specimen size: 
Cure: 
Mixer: 
Mix cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 nor
mal strength 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

669.0 lb/yd3 
1,280.0 lb/yd3 

0. 0 1 b/yd3 
1,940.0 lb/yd3 

0.00 lb/yd3 
0. 71 1 b/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

244.0 lb/yd3 

4,134.0 lb/yd3 

4.8 
3.5 

153.1 

0.36 by wt 

39.7 by wt 

1.43 press 
0.28 by wt 

1: 1. 91: 2. 90 

6- by 12-in. cylinders, 
700F, 100% RH 
6.0 ft3 tilting drum 
5 min a 11 in 

A-28 

7.12 bags/yd3 

29.30 gal/yd3 

4.42 gal/yd3 

40 .1 abs vo 1 

0.00 unit wt 
0. 39 ABS vol 
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TABLE A-29. Batch Ingredients and Physical Properties 
for Mix No. 4.5K-13 (Date: Sept. 23, 1975). 

Materials 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Batch Ingredients 
Cement 
Fine Aggregate 

Coarse Aggregate 

Admixture 

Water 

Total Weight 

Physical Properties 
of Plastic Concrete 

Slump in inches 
Air Content,% 
Unit wt, lb/ft3 

Batch Analysis 
Water cement ratio 
% of fine to total 
aggregate 

Voids/cement ratio, 
by absolute vol 

Paste/aggregate 
ratio 

Mix ratio, by wt 

Additional Data 
Specimen size: 
Cure: 
Mixer: 
Mix cycle: 

Type II 
1-S 
2-None 
1-R 
2-None 
1-Darex, 1/3 nor
mal strength 
2-None 
3-None 

1 
2 
1 
2 
1 
2 
3 

671. 0 lb/ yd3 
1,284.0 lb/yd3 

0.0 lb/yd3 
1,946.0 lb/yd3 

0.00 lb/yd3 
0.71 lb/yd3 
0.00 lb/yd3 
0.00 lb/yd3 

245.0 lb/yd3 

4,146.0 lb/yd3 

3.5 
3.2 

153.6 

0.36 by wt 

39.7 by wt 

1.40 press 
0.28 by wt 

1 : 1. 91 : 2. 90 

6- by 12-in. cylinders, 
700F, 100% RH 
6.0 ft3 tilting drum 
5 min all in 

A-29 

7.14 bags/yd3 

29.39 gal/yd3 

4.12 gal/yd3 

40.1 abs vol 

0.00 unit wt 
0.39 ABS vol 
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APPENDIX B 

SPECIMEN WEIGHT AND DIMENSIONS, AND STRENGTH AND 
ELASTIC PROPERTIES USING THE STATIC METHOD 
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TABLE B-1. Dimensions and Weights of Cylinders 
at Ambient Temperature. 

Specimen Diameter, Height, Weight, 
Number in. in. lb 

3K3-l 6.00 11.99 30.15 
3K3-3 6.02 12.00 30.24 
3K3-5 5.98 11.95 30.32 
3K3-7 5.99 12.15 30.56 
3K3-8 6.01 11.97 30.40 
3K3-9 6.03 12.15 30.40 
3K3-10 6.01 11 . 99 30.31 
3K3-ll 6.01 11.94 30.22 
3K3-12 6.00 12.02 30.29 
3K3-13 6.01 12.15 30.48 
3K3-14 6.01 12 . 05 30.35 
3K3-17 6.02 11. 95 30.21 
3K3-20 6.02 11. 93 30.18 
3K3-23 5.99 11.98 30 . 16 
3K3-25 6.01 11.99 29.33 
3K3-26 6.03 11. 96 30.39 
3K3-27 6.01 12.00 30.00 

3K4-1 6.04 12.00 29.60 
3K4-2 6.04 12 . 11 29.74 
3K4-3 6.05 11 . 98 29 .60 
3K4-4 6.02 12.12 29.75 
3K4-5 6.01 11. 98 29.54 
3K4-7 5. 99 11. 99 29.65 
3K4-8 6.03 11. 96 29.50 
3K4-9 6.02 11.97 29.64 
3K4-10 6.00 12 . 05 29. 71 
3K4-11 6.02 11. 95 29.65 
3K4-14 6.02 11. 98 29.65 
3K4-15 6.00 11.97 29.58 
3K4-16 6.03 11. 96 29.43 
3K4-17 5.99 11. 97 29.55 
3K4-18 6.00 12.12 29.70 
3K4-19 6.03 11. 99 29.51 
3K4-20 6.06 12.00 29.62 
3K4-23 6.06 12.01 29. 66 
3K4-24 6.03 11.99 29.55 
3K4-25 5.98 12 .10 29.65 
3K4-26 6.01 12.05 29. 72 
3k4-27 6.02 12.05 29.93 
3K4-28 5.98 12.06 29.68 
3K4-29 6.01 12.08 29.70 
3K4-30 6.01 12.08 29.63 

B-1 
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TABLE B-1. Dimensions and Weights of Cylinders 
at Ambient Temperature (Continued). 

Specimen Diameter, Height, Weight, 
Number in. in. lb 

3K5-2 6 .04 11.93 29. 59 
3K5-3 6.00 12.01 29.76 
3K5-4 6.02 11. 97 29. 77 
3K5-5 6.03 11.99 29.64 
3K5-7 6. 01 i2 .11 29. 97 
3K5-8 6.01 11. 97 29.86 
3K5-9 6 .00 11. 95 29.81 
3K5-10 
3K5-ll 5.98 11.93 29 .82 
3K5-12 6 .01 12 .11 29.88 
3K5-13 6.02 12 .13 30 .16 
3K5-14 6 .01 11. 97 29. 87 
3K5-17 6.01 12.00 29.94 
3K5-20 5. 99 11. 97 29.84 
3K5-23 5.99 11.96 29.76 
3K5-25 6 .01 12. 00 29. 70 
3K5-27 6.00 12.00 29.74 
3K5-28 6 .01 12. 00 29. 69 

3K6-l 6.03 11. 99 29.59 
3K6-3 6.03 11. 98 29. 50 
3K6-4 6.03 12.12 29.58 
3K6-5 6 .01 12 .00 29.61 
3K6-6 6.01 12.15 29.62 
3K6-8 6.01 11. 99 29. 57 
3K6-10 6.00 12.13 29.95 
3K6-ll 6.02 11.94 29.51 
3K6-14 6.00 11. 98 29.55 
3K6-16 6. 00 12 .10 29. 77 
3K6-17 6.00 11.99 29.53 
3K6-19 6.03 11. 98 29. 66 
3K6-23 6.04 12.00 29.53 
3K6-24 6 .01 12.15 29.64 
3K6-25 6.01 11.97 29.55 
3K6-26 6 .00 12 .10 29. 74 
3K6-27 5.98 12.01 29.64 
3K6-28 5. 99 11. 99 29. 63 
3K6-30 6.02 11.98 29.62 

3K7-1 6 .00 12.01 29 .13 
3K7-2 6.01 11.95 28.94 
3K7-3 6. 08 12.01 29 .11 
3K7-4 6.00 12.07 29.16 
3K7-5 6.03 11. 97 . 28. 95 

B-2 
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TABLE B- 1. Dimensions and Weights of Cylinders 
at Ambient Temperature (Continued). 

Specimen Diameter, Height, Weight, 
Number in. in. lb 

3K7-6 6.00 12.09 29.21 
3K7-7 6.02 12.12 29.41 
3K7-8 6.03 11.97 28.84 
3K7-9 6.07 12.12 29.14 
3K7-10 6.02 11.98 28.99 
3K7-ll 6.02 11 . 96 29.09 
3K7-14 6.00 11. 97 28 . 90 
3K7-17 6.01 11.98 29.07 
3K7-19 6.01 11. 95 29.27 
3K7-20 6.02 12.00 28. 97 
3K7-21 6.00 11.98 29.12 
3K7-22 5.98 12.11 29.04 
3K7-23 6.02 11.99 29.28 
3K7-24 6.04 12.13 29.40 
3K 7-25 6.03 11.99 29.10 
3K7-27 6.03 11. 97 29.04 
3K7-28 6.02 12.13 28.35 

3K8-l 6.01 11.98 29.49 
3K8-3 6.02 11.99 29 . 56 
3K8-4 6.01 12.10 29.48 
3K8-5 6.06 11.98 29.45 
3K8-6 6.00 12.17 29.67 
3K8-8 6.02 11.98 29.55 
3K8-ll 6.01 11.99 29.59 
3K8-13 6.05 12 . 17 29.59 
3K8-14 6.03 11 . 98 29.43 
3K8-15 - - -
3K8-17 6.03 11. 98 29.57 
3K8-18 - - -
3K8- 21 5. 96 11. 97 29.38 
3K8-22 6. 00 12 . 01 29.61 
3K8-23 - - -
3K8-24 6. 00 11.98 29.62 
3K8-25 6.03 12.00 29.51 
3K8- 26 6.00 12.17 29.69 
3K8-28 6.01 12.03 29.67 
3K8- 29 - - -
3K8-30 6.00 11. 97 29.57 

3K9-l 6.01 11.96 29.51 
3K9-2 5.98 12 .10 29.84 
3K9-3 6.05 11.94 29.37 
3K9-5 6.01 11.99 29.56 

B-3 
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TABLE B-1. Dimensions and Weights of Cylinders 
at Ambient Temperature (Continued). 

Specimen Diameter, Height, Weight, 
Number in. in. lb 

3K9-8 5.99 11.99 29.61 
3K9-9 6.04 12.13 29.72 
3K9-10 5.99 12 .11 29. 72 
3K9-ll 6.03 11. 97 29.62 
3K9-12 5.99 12.09 29.76 
3K9-14 6.01 11. 97 29.63 
3K9-17 6.01 11.99 29.64 
3K9-20 6.00 11.96 29.46 
3K9-23 6.03 11.98 29.62 
3K9-25 6.00 11.97 29.54 
3K9-28 6.03 11.98 29.54 
3K9-29 5.99 12.10 29.64 

4.5K3-l 6.01 12.01 29.45 
4.5K3-2 6.02 12.06 29.63 
4.5K3-3 6.00 12.02 29.46 
4.5K3-5 6.00 12.01 29.37 
4.5K3-7 6.02 12 .11 29.75 
4.5K3-8 5.99 11. 97 29.37 
4.5K3-ll 6.01 12.01 29.42 
4.5K3-14 5.98 11.98 29.36 
4.5K3-15 6.03 12 .11 29.57 
4.5K3-17 6.01 12.01 29.43 
4.5K3-18 6.01 12.08 29.57 
4.5K3-19 6.03 11. 99 29.40 
4.5K3-21 6.01 11.99 29.32 
4.5K3-22 6.00 11. 95 29.36 
4.5K3-23 6.02 11.99 29.45 
4.5K3-25 6.05 11.98 29.44 
4.5K3-27 5.98 12.01 29. 31 

4.5K4-1 6.00 11. 97 29.45 
4.5K4-3 6.02 11. 92 29.41 
4.5K4-4 5.98 12.01 29.58 
4.5K4-6 6.05 12 .11 29.64 
4.5K4-7 6.03 11.99 29.63 
4.5K4-8 6.02 11. 95 29.43 
4.5K4-10 6.01 12.15 29.48 
4.5K4-ll 6.07 11. 97 29.44 
4.5K4-12 6.00 12.00 29.52 
4.5K4-13 5.99 12.04 29.60 
4.5K4-14 6.00 11. 97 29. 72 
4.5K4-15 6.02 12.02 29.82 
4.5K4-17 6.03 12.00 29.73 
4.5K4-19 6.05 12 .13 29.70 

B-4 
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TABLE B-1. Dimensions and Weights of Cylinders 
at Ambient Temperature (Continued). 

Specimen Diameter, Height, Weight, 
Number in. in. lb 

4.5K4-20 6.02 11. 96 29.58 
4.5K4-21 6.01 11. 95 29.64 
4.5K4-23 6.04 11.93 29.57 
4.5K4-24 6.02 12.02 29.74 
4.5K4-26 6.00 12.08 29.66 
4.5K4-28 6.01 12.06 29.50 
4.5K4-29 5.95 12.09 29.62 
4.5K4-30 5.99 12.09 29.73 

4.5K5-l 5.99 11. 92 29.47 
4.5K5-2 5.99 11.96 29.60 
4.5K5-3 6.01 11.98 29.60 
4.5K5-5 5.99 12.00 29.66 
4.5K5-6 6.00 12.14 29.80 
4.5K5-7 6.00 11. 96 29.47 
4.5K5-8 5.98 12.02 29.62 
4.5K5-9 5.98 11.99 29.41 
4.5K5-10 5.96 12.12 29.65 
4. 5K5-ll 6.00 11.99 29.43 
4.5K5-13 6.02 12.06 29.69 
4.5K5-14 6 .03 11. 97 29.46 
4.5K5-16 6.03 11.93 29.45 
4.5K5-20 5.98 12.01 29.30 
4.5K5-23 5.99 11. 95 29.25 
4.5K5-25 6.04 12.00 29.53 
4.5K5-27 6.02 12.14 29.67 
4.5K5-28 6.00 12.14 29.80 

4.5K6-2 6.01 12.09 29.35 
4.5K6-3 6.01 11.96 29.12 
4.5K6-6 6.00 11. 97 29.14 
4.5K6-7 6.03 12 .11 29.21 
4.5K6-8 6.02 11.99 29.09 
4.5K6-ll 6.03 12.02 29.23 
4.5K6-12 6.01 11. 95 29.28 
4.5K6-14 6.01 11.99 29.17 
4.5K6-17 6.03 12.02 29.30 
4.5K6-18 6.02 11. 97 29.23 
4.5K6-19 6.02 12.14 29.43 
4.5K6-20 6.00 12.00 29.30 
4.5K6-23 6.03 11.98 29.25 
4.5K6-24 6.04 12.07 29.48 
4.5K6-25 6.03 11. 94 29.12 
4.5K6-26 6.00 12.00 29.25 
4.5K6-27 6.04 11. 97 29.16 

B-5 
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TABLE B-1. Dimensions and Weights of Cylinders 
at Ambient Temperature (Continued) . 

Specimen Diameter, Height, Weight, 
Number in. in. lb 

4.5K6-28 6. 02 11.99 29.29 
4.5K6-29 6.01 12.12 29.39 

4.5K7-l 5. 94 11.97 29.01 
4.5K7-2 6.01 12.09 29.37 
4. 5K7-3 5. 96 11.98 29 .11 
4.5K7-4 6.01 12.01 29.05 
4.5K7-5 5.99 12.09 29 . 24 
4.5K7-8 5.98 11. 97 28.97 
4.5K7-9 6.05 12 . 13 29.35 
4. 5K7-10 6.03 11. 98 29.16 
4.5K7-12 6. 02 12 . 12 29.25 
4.5K7-15 6.01 12.00 29.06 
4.5K7-17 6.02 11. 95 29.07 
4.5K7-18 5. 99 11 . 97 29.05 
4.5K7-19 6. 01 12.12 29.21 
4.5K7-20 6.02 11 . 96 28.98 
4.5K7-21 5. 99 11 . 96 28.99 
4.5K7-22 5. 98 11. 99 28.95 
4.5K7-23 6.02 11.98 29.10 
4.5K7-24 6.03 11. 97 29.09 
4.5K7-25 6.02 11.98 29 . 19 
4.5K7- 27 5.98 11.99 29.01 
4. 5K7-28 6.01 12.13 29.36 
4.5K7-29 6.02 12.13 29.19 

4.5K8-l 6.07 11 . 98 29.50 
4.5K8-2 - - -
4.5K8-3 - 12.01 29.55 
4.5K8-5 - - -
4.5K8-6 6.01 11. 97 29.42 
4.5K8-8 5.99 11. 97 29.53 
4. 5K8-10 6.02 11 . 93 29.43 
4. 5K8-ll 6.02 11. 96 29.46 
4.5K8-12 6.02 12.16 29. 72 
4.5K8-13 
4.5K8- 14 6.03 12.00 29.66 
4. 5K8-15 6. 02 12.12 29 . 60 
4.5K8-16 6.01 11. 95 29.41 
4.5K8-17 6.03 11. 96 29.70 
4.5K8-18 6.03 12.13 29.75 
4.5K8-20 - - -
4.SKS- 22 6.02 11. 96 29 .46 
4.SKS- 23 5. 96 11. 97 29.48 

B-6 
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TABLE 8-1. Dimensions and Weights of Cylinders 
at Ambient Temperature (Continued). 

Specimen Diameter, Height, Weight, 
Number in. in. lb 

4.5K8-24 - - -
4.5K8-25 6.00 12.00 29.51 
4.5K8-26 6.02 12.16 29. 71 
4.5K8-27 6.00 11.98 29.50 
4.5K8-28 6.00 11.97 29.43 
4.5K8-29 6.01 11.99 29.54 
4.5K8-30 6.01 12.00 29.66 

4.5K9-1 6.01 11. 94 29.29 
4.5K9-2 6.02 12.14 29.46 
4.5K9-3 6.05 11. 97 29.40 
4.5K9-5 5.99 11.98 29.46 
4.5K9-8 6.03 12.03 29.54 
4.5K9-ll 5.98 11.99 29.38 
4.5K9-14 6.05 11.94 29.34 
4.5K9-15 6.02 12.15 29.60 
4.5K9-17 6.00 11.99 29.49 
4.5K9-24 6.01 12 .17 29.68 
4.5K9-25 6.04 11.98 29.31 
4.5K9-29 6.03 12 .13 29.65 

B-7 
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co 

Specimen 
Number 

3K2-6 
3Kl-5 
3Kl-7 
3Kl-3 
3K2-2 
4.5Kl-7 
4.5K2-7 
4.5Kl-5 
4.5K2-3 
3Kl-2 
3K2-l 
4.5Kl-8 
4.5K2-2 
3Kl-4 
4.5K2 - 15 
3K2-12 
3K2-5 
3K2-13 
4.5Kl-9 
4.5Kl-15 

TABLE B-2. Canpressive Strength and Elastic Properties of Specimens 
at Room and Elevated Temperatures Using the Static Method. 

Date of Age at Days in Temperaturb Compressive Modulus of 

Test Test, Days Fog Room* at Test, F Strength, Elasticity, 
psi psi 

5-5-75 30 30 70 6,195 5.39 
5-9-75 34 34 70 5,120 3.97 
5-9-75 34 34 70 5,480 4.33 
5-9-75 34 30 350 6,150 3.46 
5-9-75 34 30 350 6,180 3.92 
5-5-75 30 30 70 7,030 5.99 
5-9-75 34 34 70 7,380 5.28 
5-9-75 34 30 350 7,610 3.91 
5-7-75 34 30 350 7,990 4.35 
6-13-75 69 30 350 6,300 3.28 
6-13-75 69 30 350 6,590 3.50 
6-13-75 69 30 350 7,550 3.66 
6-13-75 69 30 350 7,815 3.65 
6-15-75 71 71 70 6,100 5.40 
6-15-75 71 71 70 7,605 6.40 
6-17-75 73 65 450 6,210 2.64 
6-19-75 75 71 350 6,950 4.03 
6-19-75 75 71 350 6,530 4.23 
6-19-75 75 71 350 7,800 4.57 
6-19-75 75 71 350 8,130 4. 71 

Poisson's 
Ratio 

0.21 
0.18 
0.21 
0.14 
0.17 
0.20 
0.19 
0.16 
0.12 
0.16 
0.13 
0.14 
0.12 
0.22 
0.24 
0.14 
0.14 
0.13 
0.16 
0.16 

*Specimens in fog room at 100% RH and 70°F. Specimens tested at 350°F and 450°F removed from fog 
room at 30 days and heated in oven at 75°F/day to test temperature. 
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Specimen Date of 
Number Test 

3K4-28 6-21-75 
3K4-30 6-21-75 
4.5K4-28 6-21-75 
4.5K4-30 6-21-75 
3K9-l 12-2-75 
3K9-3 12-2-75 
4.5K9-l 12-2-75 
4.5K9-3 12-2-75 
3K6-25 1-19-76 
4. 5K6-25 1-19-76 
3K6-28 5-17-76 
4.5K6-28 5-17-76 
3K5-28 3-31-77 
3K8-28 3-31-77 
4.5K5-9 3-31-77 
4.5K8-29 3-31-77 
3K4-9 11-18-77 
3K4-15 11-18-77 
4. 5K4-7 11-18-77 
4.5K4-12 11-18-77 
3K8-15 9-6-78 
3K8-18 9-6-78 
3K8-29 9-6-78 
4.5K8-5 9-6-78 
4.5K8-20 9-6-78 
4.5K8-24 9-6-78 

TABLE B-2. Compressive Strength and Elastic Properties of Using 
the Static Method at Roan and Elevated Temperatures (Continued). 

Age at Time in Time in Temperature Weight Compressive Modulus of 
Test, Fog Ro001,* Oven~ at ~est, at Test, Strength, Elasticity, 
Days Daysl Days F lb psi million psi 

30 30 0 70 29.62 4,430 4.48 
30 30 0 70 29.49 4,250 4.05 
30 30 0 70 29.37 5,160 4.32 
30 30 0 70 29.68 5,510 4.58 

194 194 0 70 29.51 5,570 4.65 
194 194 0 70 29.37 5,480 4.76 
194 194 0 70 29.29 6,450 5.00 
194 194 0 70 29.40 6,320 5.02 
240 240 0 70 29.55 5,680 4.87 
240 240 0 70 29.12 6,530 5.03 
361 361 0 70 29.64 5,410 4.38 
361 361 0 70 29.31 6,790 4.46 
679 679 0 70 29. 71 5,860 5.06 
679 679 0 70 29.68 _3 4.92 
679 679 0 70 29.43 6,640 5.64 
679 679 0 70 29.56 - 5.44 
880 880 0 70 29.64 5,750 4.61 
880 880 0 70 29.58 - 4.83 
880 880 0 70 29.63 5,950 5. 71 
880 880 . o 70 29.53 - 5.39 

1,204 1,204 0 70 6,070 4.98 
1,204 1,204 0 70 - 5.21 
1,204 1,204 0 70 6,150 5.06 
1,204 1,204 0 70 - 5.65 
1,204 1,204 0 70 7,725 5.48 
1,204 1,204 0 70 8,120 5.79 

1specimens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 
3Designates that specimen was used for splitting tensile test after elastic constants were 

Poisson's 
Ratio 

0.15 
0.15 
0.15 
0.16 
0.16 
0.16 
0.16 
0.18 
0.17 
0.16 
0.17 
0.17 
0.15 
0.16 
0.18 
0.18 
0.15 
0.17 
0.18 
0.17 
0.16 
0.18 
0.16 
0.19 
0.20 
0.19 

determined. 
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Specimen Date of 
Number Test 

3K3-l 12-4-75 
3K3-5 12-4-75 
3K3-3 12-4-75 
4.5K3-3 12-4-75 
4. 5K3-5 12-4-75 
4.5K3-l 12-4-75 
3K8-3 12-11-75 
3K8-5 12-11-75 
3K8-l 12-11-75 
4.5K8-l 12-11-75 
4. 5K8-6 12-11-75 
4. 5K8-3 12-11-75 
3K7-l I 12-31-75 
3K7-5 12-31-75 
3K7-3 12-31-75 
4.5K7-3 12-31-75 
4.5K7-4 12-31-75 
4.5K7-l 12-31-75 
3K4-1 2-19-76 
3K4-3 2-19-76 
3K4-5 2-19 - 76 
4.5K4-3 2- 19-76 
4. 5K4-4 2-19-76 
4.5K4-l 2-19-76 
3K5-3 4-29-76 
3K5-5 4-29-76 

TABLE B-2. Compressive Strength and Elastic Properties of Using 
the Static Method at Room and Elevated Temperatures (Continued). 

Age at Time in Time in Temperature Weight Compressi ve Modulus of 
Test, Fog Roan,* Oven, at 6es t, at Test, Strength, Elasticity, 
Days Daysl Days 2 F lb psi million psi 

196 193 3 250 29.15 5,600 3.82 
196 193 3 250 29. 34 5,590 4.03 
196 193 3 250 29.23 _3 3.80 
196 193 3 250 28.58 5,320 3. 82 
196 193 3 250 28.54 5,230 4.04 
196 193 3 250 28.70 - 3.91 
203 193 10 250 27.81 5,665 3.66 
203 193 10 250 27.74 i 5, 420 3. 71 
203 193 10 250 27.74 I - 3. 71 I 

203 193 10 250 27.79 I 6,920 4.36 
203 193 10 250 27. 72 6,780 4.04 
203 193 10 250 27.94 _3 4.11 
223 193 30 250 27.33 5,295 3.02 
223 193 30 250 27.16 5,250 3.04 
223 193 30 250 27.29 - 3.14 
223 193 30 250 27 . 32 6,055 3. 31 
223 193 30 250 27. 24 5,930 3. 42 
223 I 193 30 250 27 . 22 - 4.06 
273 i 193 80 250 27 . 72 5,170 3 .13 I 
273 I 193 80 250 27.75 5,160 3.05 I 273 i 193 80 250 27.67 - 3.24 
273 I 193 80 250 27.61 6,290 3.40 
273 193 80 250 27.80 6,020 3.42 I 

273 I 193 80 250 27 . 59 3.34 -
343 193 150 250 27.95 5,710 3. 15 
343 193 150 250 27.82 5,510 3.09 

1specimens in fog room at 100% RH and 70°F. 
2spec imens tested at 250°, 350°, and 450°F heated in oven at 75°F /day to test temperature. 
3Designates that specimen was used for splitting tensi l e test after elast i c constants were 

Poisson ' s 
Ratio 

0.14 
0.13 
0.13 
0. 12 
0. 14 
0.12 
0. 15 
0.14 
0. 11 
0.14 
0.14 
0. 14 
0.12 
0. 13 
0 . 15 
0.15 
0. 14 
0. 19 
0.15 
0.13 
0.13 
0.12 
0.15 
0.12 
0 . 11 
0.12 

determined. 
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Specimen Date of 
Number Test 

3.K5-2 4-29-76 
4.5K5-3 4- 29-76 
4. 5K5-5 4-29-76 
4.5K5-1 4-29-76 
3K6-3 8-27-76 
3K6-5 8-27-76 
3K6-l 8-27-76 
4.5K6-3 8-27-76 
4.5K6-6 8-27-76 
4.5K6-8 8-27-76 
3K9-14 4-1-77 
3K9-20 4-1-77 
3K9- 17 4-1-77 
4.5K8-25 4-1-77 
4.5K8-28 4-1-77 
4. 5K8-l6 4-1-77 
3K9- 25 9-29-77 
3K9-28 9-29-77 
3K9-23 9-29-77 
4. 5K8-10 9-29-77 
4.5K8-27 9-29 -77 
4.5K8-22 9-29-77 
3K8-21 9-1-78 
3K8-25 9-1-78 
3K8-30 9-1-78 

TAB LE B- 2. Compressive Strength and Elastic Properties of Using 
the Static Method at Room and Elevated Temperatures (C ontinued). 

Age at Time in Time in Temperature Weight Compress i ve Modulus of 
Test, Fog Room,* Oven, at ~est, at Test, Str ength, El asticity, 
Days Daysl Day s2 F l b psi million psi 

343 193 150 250 27.84 _3 3. 13 
343 193 150 250 27. 72 6,160 3. 41 
343 193 150 250 27.76 6, 180 3.18 
343 193 150 250 27.64 - 3. 12 
463 193 270 250 27 . 71 5,250 3.09 
463 193 270 250 27.84 5, 080 3.00 
463 193 270 250 27.80 - 2.84 
463 193 270 250 27 .11 6,020 3.16 
463 193 270 ' 250 27 . 14 5,990 3.07 i 
463 193 270 ! 250 27.04 - 3. 68 
679 283 396 250 27. 77 5,190 3. 17 
679 283 I 396 250 27.59 4, 990 3.08 
679 283 396 250 27.78 - 3.15 
679 283 396 250 27.64 6,470 3.36 
679 283 396 250 27.49 7,020 3.48 
679 283 396 250 27.50 - 3. 41 
861 283 578 250 27.69 5,300 3.07 
861 283 578 250 27.68 5,080 3.03 
861 283 578 250 27.76 - 2.99 
861 283 578 250 27.54 6,620 3.32 
861 283 518 250 27.64 6,425 3.21 
861 283 578 250 27.57 - 3.21 

1,198 276 922 250 4,530 2.43 
1,198 276 922 250 4,625 2.60 
1,198 276 922 250 - 2. 71 

1specimens in fog room at 100% RH and 70°F. 
2specimens test ed at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 

Poisson's 
Ratio 

0.12 
0.14 
0. 11 
0 .12 
0. 14 
0 . 12 
0. 14 
0. 12 
0.13 
0. 14 
0. 13 
0.13 
0. 13 
0.13 
0.12 
0. 11 
0.14 
0. 14 
0.18 
0. 12 
0. 12 
0 . 12 
0.11 
0.13 
0.14 

3Designates that specimen was used for splitting tensile test after elastic constants were determined. 

;:o 
:c 
0 
I 

n 
I 

Ul 
~ 



co 
I 

....... 
N 

Specimen Date of 
Number Test 

4.5K9-5 9-1-78 
4.5K9-8 9-1-78 
4.5K9-25 9-1-78 
3K3-8 12-5-75 
3K3-14 12-5-75 
3K3-11 12-5-75 
4.5K3-8 12-5-75 
4.5K3-14 12-5-75 
4. 5K3-ll 12-5-75 
3K4-8 12-11-75 
3K4-ll 12-11-75 
3K4-14 12-11-75 
4.5K4-8 12-11-75 
4.5K4-ll 12-11- 75 
4.5K4-14 12-11-75 
3K5-ll 12-31-75 
3K5-14 12-31-75 
3K5-8 12-31- 75 
4.5K5-8 12-31-75 
4.5K5-ll 12-31-75 
4.5K5-14 12-31-75 
3K6-ll 2-19-76 
3K6-14 2-19-76 
3K6-8 2-19-76 
4. 5K6-11 2-19-76 

TABLE B-2. Compressive Strength and Elastic Properties of Using 
the Static Method at Room and Elevated Temperatures (Continued). 

Age at Time in Time in Temperature Weight Compressive Modulus of 
Test, Fog Room,* Oven~ at ~est, at Test, Strength, Elasticity, 
Days Daysl Days F lb psi million psi 

1,198 270 928 250 _3 4.01 
1,198 270 928 250 5,855 3.29 
1,198 270 928 250 5,890 3.37 

197 193 4 350 28.64 6,100 3.47 
197 193 4 350 28.53 5,780 3.38 
197 193 4 350 28. 37 - 3.53 
197 193 4 350 27.63 5,600 4.04 
197 193 4 350 27.65 5,430 3.33 
197 193 4 350 27.55 - 3.46 
203 193 10 350 27.53 5,150 2.69 
203 193 10 I 350 27.58 4,740 2.62 
203 193 10 350 27. 71 - 2.73 
203 193 10 350 27.50 6,520 3.09 
203 193 10 350 27.50 6,330 3.40 
203 193 10 350 27.80 - 3.04 
223 193 30 350 27.90 5,480 2. 72 
223 193 30 350 27. 93 5,540 2.59 
223 193 30 350 27.94 - 2.74 
223 193 30 350 27.65 5,280 2.75 
223 193 30 350 27.45 5,675 2. 77 
223 193 30 350 27.43 - 2.94 
273 193 80 350 27. 54 4,780 2.56 
273 193 80 350 27.56 4,810 2.38 
273 193 80 350 27.61 - 2.51 
273 193 80 350 27.19 5,430 2.74 

1specimens in fog room at 100% RH and 70°F. 
2
specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 

3
Designates that specimen was used for splitting tensile test after elastic constants were 

Poisson's 
Ratio 

0.14 
0.13 
0.13 
0.12 
0.09 
0.10 
0.17 
0.14 
0.12 
0.10 
0.12 
0.14 
0.11 
0.10 
0.09 
0.14 
0.11 
0.12 
0.13 
0.13 
0.13 
0.10 
0.11 
0.13 
0.14 

determined. 
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Specimen Date of 
Number Test 

4.5K6-14 2-19-76 
4.5K6-12 2-19-76 
3K7-8 4-29-76 
3K7-11 4-29-76 
3K7-14 4-29-76 
4.5K7-8 4-29-76 
4 .5K7-10 4-29-76 
4.5K7-15 4-29-76 
3K8-8 8-27-76 
3K8-ll 8-27-76 
3K8-14 8-27-76 
4.5K8-8 8-27-76 
4.5K8-ll 8-27-76 
4.5K8-14 8-27-76 
3K6-24 4-1-77 
3K6-30 4-1-77 
3K6-27 4-1-77 
4.5K6-18 4-1-77 
4.5K6-26 4-1-77 
4.5K6-27 4-1-77 
3K7-19 9-30-77 
3K7-25 9-30-77 
3K7-10 9-30-77 
4.5K7-24 9-30-77 
4.5K7-25 9-30-77 

TABLE B-2. Compressive Strength and Elastic Properties of Using 
the Static Method at Room and Elevated Temperatures (Continued). 

Age at Time in Time in Temperature Weight Compressive Modulus of 
Test, Fog Room,* Oven

2 at ~est, at Test, Strength, Elasticity, 
Days Daysl Days F lb psi million psi 

273 193 80 350 27.13 5,27~ 2. 72 
273 193 80 350 27.24 2.66 
343 193 150 350 26.87 4,410 2 .11 
343 193 150 350 27 .11 4,675 2.29 
343 193 150 350 26.93 - 2.17 
343 193 150 350 26.92 5,490 2.34 
343 193 150 350 27 .11 4,890 2.29 
343 193 150 350 26.99 - 2.32 
463 193 270 350 27.55 4,910 2.52 
463 193 270 350 27.66 4,960 2.51 
463 193 270 350 27.39 - 2.52 
463 193 270 350 27.46 6,190 2.78 
463 193 270 350 27.37 6,300 3.14 
463 193 270 350 27.61 - 2.78 
679 276 403 350 27.65 4,650 2.37 
679 276 403 350 27.65 4,430 2 .17 
679 276 403 350 27 . 65 - 2.20 
679 276 403 350 27.12 5,450 2.43 
679 276 403 350 27.18 5,160 2.46 
679 276 403 350 27.07 - 2.37 
861 276 585 350 27.31 4,390 2.33 
861 276 585 350 27.10 4,320 2.32 
861 276 585 350 26.97 - 2.16 
861 276 585 350 28.01 5,100 2.32 
861 276 585 350 28.12 5,500 2. 34 

1specimens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 

Poisson's 
Ratio 

0.14 
0.14 
0.15 
0.14 
0.14 
0.12 
0.15 
0.14 
0.13 
0.14 
0.14 
0.11 
0.11 
0.11 
0.13 
0.15 
0.12 
0.12 
0.12 
0.16 
0.16 
0.15 
0.14 
0.14 
0.14 

3oesignates that specimen was used for splitting tensile test after elastic constants were determined. 
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Specimen Date of 
Number Test 

4.5K7-17 9-30-77 
3K7-2 9-1-78 
3K7-21 9-1-78 
3K7-27 9-1-78 
4.5K7-21 9-1-78 
4.5K7-22 9-1-78 
4.5K7-27 9-1-78 
3K4-20 12-11-75 
3K4-23 12-11-75 
3K4-17 12-11-75 
4.5K4-17 12-11-75 

TABLE B-2. Compressive Strength and Elastic Properties of Using 
the Static Method at Room and Elevated Temperatures (Continued). 

Age at Time in Time in Temperature Weight Compressive Modulus of 
Test, Fog Room,* Oven

2 
at ~est, at Test, Strength, El as ti City, 

Days Daysl Days F lb psi million psi 

861 276 585 350 27 .01 _3 2.41 
1,198 276 922 350 4,525 2.46 
1,198 276 922 350 4,350 2.47 
1,198 276 922 350 - 2.53 
1,198 276 922 350 4,680 2.58 
1,198 276 922 350 4,770 2.62 
1,198 276 922 350 - 2.56 

203 197 6 450 27.59 4,540 2.39 
203 197 6 450 27.60 4,930 2.26 
203 197 6 450 27.52 - 2.41 
203 197 6 450 27.70 5,760 2.75 

Poisson's 
Ratio 

0.09 
0.12 
0.13 
0.13 
0.13 
0.11 
0.10 
0.15 
0.14 
0.14 
0.12 ;;o 

:I: 
~ 0 4.5K4-20 12-11-75 203 197 6 450 27.57 5,820 2.69 0.08 
I I 4.5K4-23 12-11-75 203 197 6 450 27.56 2.82 0.13 -I-' n 
~ I 3K5-20 12-15-75 207 197 10 450 27.85 4,995 2.26 0.13 

3K5-23 12-15-75 207 197 10 450 27.74 4,830 2.33 0.13 
3K5-17 12-15-75 207 197 10 450 27 . 86 - 2.16 0.09 
4.5K5-16 12-15-75 207 197 10 450 27.29 5,990 2.60 0.12 
4.5K5-20 12-15-75 207 197 10 450 27.38 5,150 2.26 0.13 
4.5K5-23 12-15-75 207 197 10 450 27 . 37 - 2.67 0.13 
3K6-17 12-23-75 215 197 18 450 27.47 4,540 2.13 Oc13 
3K6-23 12-23-75 215 197 18 450 27.43 4,320 2.23 0.14 
3K6-19 12-23-75 215 197 18 450 27.65 - 2.09 0.12 
4.5K6-17 12-23-75 215 197 18 450 27 .06 5,255 2.13 0.10 
4.5K6-23 12-23-75 215 197 18 450 27.00 5,430 2.24 0.11 
4.5K6-20 12-23-75 215 197 18 450 27.15 - 2.35 0.14 

1spec imens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 
3Designates that specimen was used for splitting tensile test after elastic constants were determined. 
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Specimen Date of 
Number Test 

3K7-17 1-7-76 
3K7-23 1-7-76 
3k7-20 1-7-76 
4.5K7-18 1-7-76 
4.5K7-20 1-7- 76 
4.5K7-23 1-7-76 
3K8-17 2-3-76 
3K8-22 2-3-76 
3K8-24 2-3-76 
4.5K8-17 2-3-76 
4.5K8-30 2-3-76 
4.5K8-23 2-3-76 
3K9-5 3-15-76 
3K9-8 3-15-76 
3K9-ll 3-15-76 
4. 5K9-ll 3-15-76 
4.5K9-17 3-15-76 
4.5K9-14 3-15-76 
3K3-25 5-24-76 
3K5-25 5-24-76 
3K4-24 5-24-76 
4.5K3-25 5-24-76 
4.5K4-24 5-24-76 
4.5K5-25 5-24-76 
3K3-20 9-30-76 

TABLE B-2. Compressive Strength and Elastic Properties of Using 
the Static Method at Room and Elevated Temperatures (Continued). 

Age at Time in Time in Temperature Weight Compressive Modulus of 
Test, Fog Room,* Oven

2 
at ~est, at Test, Strength, Elasticity, 

Days Daysl Days F lb psi million psi 

230 197 33 450 27.01 4,280 2.08 
230 197 33 450 27.22 4,4~~ 2.06 
230 197 33 450 26.80 2.06 
230 197 33 450 26.89 5,165 2.18 
230 197 33 450 26.84 5,110 2.20 
230 197 33 450 26. 73 - 2.28 
257 197 60 450 27.44 4,780 2.29 
257 197 60 450 27.35 4,630 2.34 
257 197 60 450 27.37 - 2.17 
257 197 60 450 27.51 5,560 2.37 
257 197 60 450 27.50 5,130 2.27 
257 197 60 450 27.30 - 2.28 
297 197 100 450 27.54 4,350 1. 93 
297 197 100 450 27.47 4,415 2.08 
297 197 100 450 27.53 - 2.04 
297 197 100 450 27.26 5,270 2.14 
297 197 100 450 27.41 5,210 2.08 
297 197 100 450 27.28 - 2.12 
367 197 170 450 27.25 5,140 2.06 
367 197 170 450 27.52 4,560 1.91 
367 197 170 450 27.52 - 1.84 
367 197 170 450 27.43 4,880 1. 73 
367 197 170 450 27.60 5,340 1. 70 
367 197 170 450 27.40 - 1.84 
497 197 300 450 28.09 5,920 1. 94 

1specimens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 

Poisson's 
Ratio 

0.18 
0.17 
0.16 
0.14 
0.14 
0.09 
0.15 
0.16 
0.14 
0.13 
0.09 
0.14 
0.16 
0.15 
0.21 
0.10 
0.10 
0.15 
0.09 
0.14 
0.16 
0.12 
0.13 
0.12 
0.10 

3Designates that specimen was used for splitting tensile test after elastic constants were determined. 
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Specimen Date of 
Number Test 

3K3-23 9-30-76 
3K3-17 9-30-76 
4.5K3-19 9-30-76 
4.5K3-23 9-30-76 
4.5K3-17 9-30-76 
3K3-10 3-31-77 
3K3-12 3-31-77 
3K3-27 3-31-77 
4.5K3-27 3-31-77 
4.5K3-21 3-31-77 
4.5K3-22 3-31-77 
3K4-16 9- 29-77 

TABLE B-2. Compressive Strength and Elastic Properties of Using 
the Static Method at Room and Elevated Temperatures (Continued). 

Age at Time in Time in Temperature Weight Compressive Modulus of 
Test, Fog Room,* Oven~ at best, at Test, Strength, Elasticity, 
Days Daysl Days F lb psi million psi 

497 197 300 450 28.04 5,150 2.14 
497 197 300 450 28 .11 _3 2.62 
497 197 300 450 27. 36 4,620 1. 75 
497 197 300 450 27.40 4,940 1.67 
497 197 300 450 27.39 - 1. 74 
679 270 409 450 28.20 4,720 1. 91 
679 270 409 450 28.17 4,590 1.84 
679 270 409 450 27.91 - 1. 90 
679 270 409 450 27.25 4,850 1. 78 
679 270 409 450 28.29 4,950 1. 77 
679 270 409 450 27. 32 - 1. 96 
861 270 591 450 27.20 1.28 

Poisson's 
Ratio 

0.12 
0.10 
0.17 
0.16 
0.09 
0.15 
0.18 
0.14 
0.16 
0.15 
0.15 
0.16 :::0 

ro I 
3,540 

3K4-19 9-29-77 861 270 591 450 27. 32 3,630 1.29 0.18 I 0 
- I 3K4-7 9-29-77 861 270 591 450 27.44 1.51 0.20 -m n 

4.5K4-15 9-29-77 861 270 591 450 27.50 4,240 1.50 0.12 
4.5K4-21 9- 29-77 861 270 591 450 27.37 4,580 1.54 0. 09 
4.5K4-19 9-29-77 861 270 591 450 27.36 - 1.46 0.13 
3K5-4 9-1-78 1,198 283 915 450 27.60 - 1.55 0.14 
3K5-9 9-1-78 1,198 283 915 450 3,850 1.52 0.12 
3K5-27 9-1-78 1,198 283 915 450 3,605 1.42 0.15 
4.5K5-2 9-1-78 1,198 283 9.15 450 27.39 - 1. 55 0.11 
4.5K5-7 9-1-78 1,198 283 915 450 4,100 1.40 0.11 
4.5K5- 28 9-1-78 1,198 283 915 450 4,165 1.46 0.10 

1specimens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 
3Designates that specimen was used for splitting tensile test after elastic constants were determined. 
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Specimen 
Number 

3K2-9 

3K2-10 

4.5Kl-4 
4.5K2-14 
3K2-8 
3K2-11 
4.5K2-1 

4.5K2-13 
3K2-4 
4.5Kl-11 

3Kl-15 

4.5Kl-10 
4.5Kl-14 
3K2-16 
3K2-17 
4.5K2-16 
4.SKl-15 

RHO-C-54 

TABLE 8-3. Splitting Tensile Strength at 
Room and Elevated Temperatures. 

Date of Age at Time in 
Te:~e;:~~?eF Test Test, Days Fog Room,* 

Days 

5-9-75 34 30 350 

5-9-75 34 30 350 

5-9-75 34 30 350 

5-9-75 34 30 350 

6-13-75 69 30 350 

6-13-75 69 30 350 

6-13-75 69 30 350 

6-13-75 69 30 350 
6-15-75 71 71 70 

6-15-75 71 71 70 

6-17-75 73 65 450 
6-17-75 73 65 450 

6-17-75 73 65 450 

6-19- 75 75 71 350 
6-19-75 75 71 350 
6-19-75 75 71 350 
6-19-75 75 71 350 

Splitting 
Tensile 

Strength 
psi 

576 

583 

685 

663 
561 
552 
652 

584 
588 
671 

470 
610 
643 

605 
587 
649 
682 

*Specimens in fog room at 100% RH and 700F. Specimens tested at 
350°F removed from fog room at 30 days and heated in oven at 750F/day 
to test temperature. Specimens tested at 4500F ranoved from fog room at 
65 days and heated in oven at 750F/day to test temperature. 
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TABLE B-3. Splitting Tensile Strength at Room and Elevated Temperatures (Continued}. 

Specimen Date of Age at Time in Time in Temperature Weight Splitting Tensile 
Number Test Test, Days Fog Room, Oven~ at 6est, at Test, Strength, 

Daysl Days F lb psi 

3K4-26 6- 21-75 30 30 0 70 29.73 412 
3K4-29 6- 21-75 30 30 0 70 29.69 418 
4.5K4-26 6-21-75 30 30 0 70 29 .67 457 
4.5K4-29 6-21-75 30 30 0 70 29.63 522 
3K9-2 12-2-75 194 194 0 70 29.84 548 
3K9-10 12-2-75 194 194 0 70 29. 72 513 
4.5K9-2 12-2-75 194 194 0 70 29.46 622 
4.5K9-15 12-2-75 194 194 0 70 29.62 644 
3K7-28 1-19-76 240 240 0 70 28.35 470 
4.5K7-29 1-19-76 240 240 0 70 28.19 550 
3K7-7 5-17-76 361 361 0 70 29.41 451 
4.5K7-28 5-17-76 361 361 0 70 29.36 525 
3K8-28 3-31-77 679 679 0 70 29.68 519 
4.5K8-29 3-31-77 679 679 0 70 29.56 525 
3K4-15 11-18-77 880 880 0 70 29.58 491 
4.5K4-12 11-18-77 880 880 0 70 29.53 592 
3K8-18 9-7-78 1,204 1,204 0 70 512 
3K8-23 9-7 - 78 1,204 1,204 0 70 561 
4.5K8-5 9-7-78 1,204 1,204 0 70 591 
4.5K8-13 9-7-78 1,204 1,204 0 70 642 
3K3-3 12-4-75 196 193 3 250 29.23 502 
3K3-7 12-4-75 196 193 3 250 29.51 550 
4.5K3-l 12-4-75 196 193 

. 
3 250 28.70 547 

4.5K3-7 12-4-75 196 193 3 250 28. 71 529 
3K8-l 12-11-75 203 193 10 250 27.74 476 
3K8-4 12-11-75 203 193 10 250 27.68 476 
4.5K8-2 12-11-75 203 193 10 250 27.94 568 
4.5K8-3 12-11-75 203 193 10 250 27.83 499 
3K7-3 12-31-75 223 193 30 250 27.29 434 

1specimens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 
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TABLE B-3. Splitting Tensile Strength at Room and Elevated Temperatures (Continued}. 

Specimen Date of Age at Time in Time in Temperature Weight Splitting Tensile 
Number Test Test, Days Fog Ror, Oven~ at 6est, at Test, Strength, 

Days Days F lb psi 

3K7-4 12-31-75 223 193 30 250 27.37 453 
4.5K7-l 12-31-75 223 193 30 250 27.22 496 
4.5K7-9 12-31-75 223 193 30 250 27.55 478 
3K4-2 2-19-76 273 193 80 250 27.84 441 
3K4-5 2-19-76 273 193 80 250 27.67 423 
4.5K4-l 2-19-76 273 193 80 250 27.59 497 
4.5K4-6 2-19-76 273 193 80 250 27.82 498 
3K5-2 4-29-76 343 193 150 250 27.84 441 
3K5-7 4-29-76 343 193 150 250 28.17 498 
4.5K5-l 4-29-76 343 193 150 250 27.64 497 
4.5K5-6 4-29-76 343 193 150 250 27.93 506 
3K6-l 8-27-76 463 193 270 250 27.80 412 
3K6-4 8-27-76 463 193 270 250 27. 77 395 
4. 5K6-2 8-27-76 463 193 270 250 27.31 471 
4.5K6-8 8-27-76 463 193 270 250 27.04 430 
3K9-17 4-1-77 679 283 396 250 27.78 451 
3K9-29 4-1-77 679 283 396 250 27.73 417 
4.5K8-16 4-1-77 679 283 396 250 27.50 460 
4.5K8-26 4-1-77 679 283 396 250 27.80 477 
3K9-9 9-29-77 861 283 578 250 27.87 484 
3K9-23 9-29-77 861 283 578 250 27.76 396 
4.5K8-12 9-29-77 861 283 578 250 27.82 504 
4.5K8-22 9-29-77 861 283 578 250 27.57 464 
3K8-26 9-1-78 1,198 276 922 250 408 
3K8-3O 9-1-78 1,198 276 922 250 400 
4.5K9-5 9-1-78 1,198 270 928 250 373 
4.5K9-29 9-1-78 1,198 270 928 250 491 
3K3-9 12-5-75 197 193 4 350 28.58 495 
3K3-ll 12-5-75 197 193 4 350 28.37 546 

1specimens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heat~d in oven at 75°F/day to test temperature. 
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TABLE B-3. Splitting Tensile Strength at Room and Elevated Temperatures (Continued). 

Specimen Date of Age at Time in Time in Temperature Weight Splitting Tensile 

Number Test Test, Days Fog Room, Oven~ at 6est, at Test, Strength, 
Daysl Days F lb psi 

3K7-4 12-31-75 223 193 30 250 27.37 453 
4.5K7-1 12-31-75 223 193 30 250 27.22 496 
4.5K7-9 12-31-75 223 193 30 250 27.55 478 
3K4-2 2-19-76 273 193 80 250 27. 84 441 
3K4-5 2-19-76 273 193 80 250 27.67 423 
4.5K4-l 2-19-76 273 193 80 250 27.59 497 
4.5K4-6 2-19-76 273 193 80 250 27.82 498 
3K5-2 4-29- 76 343 193 150 250 27.84 441 
3K5 -7 4-29-76 343 193 150 250 28.17 498 
4.5K5-l 4- 29-76 343 193 150 250 27.64 497 
4.5K5-6 4-29-76 343 193 150 250 27.93 506 
3K6 -l 8-27-76 463 193 270 250 27.80 412 
3K6-4 8-27-76 463 193 270 250 27. 77 395 
4.5K6- 2 8-27-76 463 193 270 250 27.31 471 
4.5K6-8 8-27-76 463 193 270 250 27.04 430 
3K9-17 4-1-77 679 283 396 250 27.78 451 
3K9 - 29 4-1-77 679 283 396 250 27.73 417 
4.5K8- 16 4-1-77 679 283 396 250 27.50 460 
4.5 K8 - 26 4-1-77 679 283 396 250 27.80 477 
3K9-9 9- 29- 77 861 283 578 250 27. 87 484 
3K9 - 23 9-29-77 861 283 578 250 27.76 396 
4.5K8-12 9-29-77 861 283 578 250 27.82 504 
4.5K8-22 9-29-77 861 283 578 250 27.57 464 
3K8-26 9-1-78 1,198 276 922 250 408 
3K8-30 9-1-78 1,198 276 922 250 400 
4.5K9-5 9-1-78 1,198 270 928 250 373 
4. 5K9-29 9-1-78 1,198 270 928 250 491 
3K3-9 12-5-75 197 193 4 350 28. 58 495 
3K3-ll 12-5-75 197 193 4 350 28.37 546 

1specimens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 
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TABLE B-3. Splitti ng Tensile Strength at Room and Elevated Temperatures (Continued). 

Specimen Date of Age at Time in Time in Temperature Weight Splitting Tensile 
Number Test Test, Days Fog Room, Oven~ at lest, at Test, Strength, 

Daysl Days F lb psi 

4.5K7-17 9-30-77 861 276 585 350 27 .01 441 
3K7-6 9-5-78 1,202 276 926 350 27.19 424 
3K7-27 9-5-78 1,202 276 926 350 424 
4.5K7-2 9-5-78 1,202 276 926 350 27. 31 394 
4.5K7-27 9-5-78 1,202 276 926 350 378 
3K4-17 12-11-75 203 197 6 450 27.52 393 
3K4-18 12-11-75 203 197 6 450 27.64 392 
4.5K4-19 12-11-75 203 197 6 450 27. 69 469 
4.5K4-23 12-11-75 203 197 6 450 27.56 477 
3K5-13 12-15-75 207 197 10 450 28.14 425 
3K5-17 12-15-75 207 197 10 450 27.86 387 
4.5K5-23 12-15-75 207 197 10 450 27. 37 424 
4.5K5-27 12-15-75 207 197 10 450 27.53 463 
3K6-10 12-23-75 215 197 18 450 27.92 392 
3K6-19 12-23-75 215 197 18 450 27.47 399 
4.5K6-19 12-23-75 215 197 18 450 27.29 440 
4.5K6-20 12-23-75 215 197 18 450 27.15 407 
3K7-20 1-7-76 230 197 33 450 26.80 387 
3K7-22 1-7-76 230 197 33 450 27.03 407 
4.5K7-19 1-7-76 230 197 33 450 26.92 436 
4.5K7-23 1-7-76 230 197 · 33 450 26.73 425 
3K8-13 2-3-76 257 197 60 450 27.44 396 
3K8-24 2-3-76 257 197 60 450 27.37 355 
4.5K8-18 2-3-76 257 197 60 450 27.64 426 
4.5K8-23 2-3-76 257 197 60 450 27.30 416 
3K9-ll 3-15-76 297 197 100 450 27.53 393 
3K9-12 3-15-76 297 197 100 450 27.62 396 
4.5K9-14 3-15-76 297 197 100 450 27.28 396 
4.5K9-24 3-15-76 297 197 100 450 27.54 409 

1specimens in fog room at 100% RH and 70°F. 
2
specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 
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TABLE B-3. Splitting Tensile Strength at Room and Elevated Temperatures (Continued). 

Specimen Date of Age at Time in Time in Temperature Weight Splitting Tensile 
Number Test Test, Days Fog Ro~m, Oven~ at lest, at Test, Strength, 

Days Days F lb psi 

3K4-24 5-24-76 367 197 170 450 27.60 349 
3K6-16 5-24-76 367 197 170 450 27.61 391 
4.5K5-25 5-24-76 367 197 170 450 27.40 410 
4.5K6-29 5-24-76 367 197 170 450 27.18 390 
3K3-13 9-30-76 497 197 300 450 28.41 433 
3K3-17 9-30-76 497 197 300 450 28 .11 424 
4.5K3-17 9-30-76 497 197 300 450 27.39 425 
4.5K3-18 9-30-76 497 197 300 450 27. 54 451 
3K3-26 3-31-77 679 270 409 450 28.27 3:57 
3K3-27 3-31-77 679 270 409 450 27.25 391 
4.5K3-2 3-31-77 679 270 409 450 27.59 424 
4.5K3-22 3-31-77 679 270 409 450 27.91 407 
3K4 - 7 9-29-77 861 270 591 450 27.44 285 
3K4-10 9-29-77 861 270 591 450 27.51 264 
4. 5K4-13 9-29-77 861 270 591 450 27.40 355 
4.5K4-19 9-29- 77 861 270 591 450 27.36 347 
3K5-4 9-6-78 1,203 283 920 450 27.60 261 
3K5-10 9-6-78 1,203 283 920 450 27.73 324 
4.5K5-2 9-6-78 1,203 283 920 450 27.39 341 
4.5K5-13 9-6-78 1,203 283 920 450 27.44 366 

1specimens in fog room at 100% RH and 70°F. 
2specimens tested at 250°, 350°, and 450°F heated in oven at 75°F/day to test temperature. 
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ELASTIC PROPERTIES USING THE SONIC METHOD 
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TABLE C-1. Elastic Constants at Room Temperature Using the Sonic Method. 

Date of Age at Modulus of Elasticity, million psi Poisson 1 s Ratio 

Test Test, Days* 3Kl-8 3Kl-9 4.5Kl-16 4.5K2-8 3Kl-8 3Kl-9 4.5Kl-16 

4-16-75 11 5. 72 5.81 5.97 6.01 0.20 0.20 0.21 

4-25-74 20 5.94 6.02 6.08 6.22 0.21 0.20 0.20 

5-5-75 30 6.06 6.16 6.24 6.30 0.21 0.20 0.20 

5-20-75 45 6.12 6.25 6.28 6.38 0.20 0.21 0.20 

6-4-75 60 6.20 6.32 6.34 6.51 0.21 0.21 0.20 

6-15-75 71 6.27 6.40 6.46 6.59 0.21 0.21 0.21 

*Specimens in fog room at 100% RH and 70°F. 

4.5K2-8 

0.20 

0.20 

0.19 

0.19 

0.20 

0.22 
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TABLE C-1. Elastic Constants at Room Temperature Using the Sonic Method (Continued). 

Specimen Date of Test Age at I est, Weight at Modulus of Elasticity, Poisson's 
Number Days Test, lb million psi Ratio 

3K4-25 6-23-75 32 29.66 5.16 0.22 
3K4-27 6-23-75 32 29.94 5.45 0.22 
4.5K4-25 6-23-75 32 29.60 5.38 0.20 
4.5K4-27 6-23-75 32 29.80 5.66 0.23 

3K4-25 7-21-75 60 29.67 5.29 0.22 
3K4-27 7-21-75 60 29.95 5.51 0.21 
4.5K4-25 7-21-75 60 29.61 5.54 0.21 
4.5K4-27 7-21-75 60 29.80 5.64 0.19 

3K4-25 8-20-75 90 29.69 5.38 0.19 
3K4-27 8-20-75 90 29. 96 5.65 0.22 
4.5K4-25 8-20-75 90 29.63 5.65 0.21 
4.5K4-27 8- 20-75 90 29.70 5.93 0.23 

3K4-25 12- 3-75 193 29.69 5.50 0.21 
3K4-27 12-3-75 193 29.96 5.76 0.22 
4.5K4-25 12-3-75 193 29.64 5.81 0. 21 
4.5K4-27 12-3-75 193 29. 72 6.11 0.25 

3K4-25 1-19-76 240 29.69 5.50 0.30 
3K4-27 1-19-76 240 29.97 5.70 0.20 
4.5K4-25 1-19-76 240 . 29.65 5.82 0.22 
4.5K4-27 1-19-76 240 29. 72 6 .11 0.31 

3K4-25 5-15-76 360 29. 72 5.63 0.23 
3K4-27 5-15-76 360 29.99 5.86 0.23 
4.5K4-25 5-15-76 360 29 .67 5.86 0.22 
4.5K4-27 5-15-76 360 29.75 6.18 0.24 

1 0 Specimens 1n fog room at 100% RH and 70 F. 
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TABLE C-1. Elastic Constants at Room Temperature Using the Sonic Method (Continued). 

Specimen Date of Test Age at Test, Weight at Modulus of Elasticity, Poisson's 
Number Days Test, lb million psi Ratio 

3K4-25 10-5-76 502 29.73 5.64 0.22 
3K4-27 10-5-76 502 29.99 5.87 0.23 
4.5K4-25 10-5-76 502 29. 70 5.89 0.21 
4.5K4-27 10-5-76 502 29. 76 6.23 0.25 

3K4-25 3-30-77 678 29.74 5.74 0.23 
3K4-27 3-30-77 678 30.00 5.92 0.22 
4.5K4-25 3-30-77 678 29. 72 5.99 0.22 
4.5K4-27 3-30-77 678 29.78 6.30 0.25 

3K4-25 11-11-77 873 29.73 5.66 0.20 
3K4-27 11-11-77 873 29.99 5.91 0.22 
4.5K4-25 11-11-77 873 29. 71 5.99 0.22 
4.5K4-27 11-11-77 873 29. 77 6.30 0.24 

3K4-25 5-9-78 1,083 29.75 5. 71 0. 20 
3K4-27 5-9-78 1,083 30.03 5.97 0.22 
4.5K4-25 5-9-78 1,083 29.73 6.11 0.23 
4.5K4-27 5-9-78 1,083 29.82 6.33 0.22 

3K4-25 9-6-78 1,204 29.73 5.69 0.21 
3K4-27 9-6-78 1,204 30.00 5.93 0.20 
4.5K4-25 9-6-78 1,204 29.71 6.02 0.20 
4.5K4-27 9-6-78 1,204 29.79 6.33 0.24 

1specimens in fog room at 100% RH and 70°F. 
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TABLE C-2. Elastic Constants at Elevated Temperatures Using the Sonic Method. 

Date Age at Time in Temserature, Modulus of Elasticity, million psi Poisson's Ratio 
of Test, Oven, 

Test Days* Days F** 3Kl-10 3K2-7 4.5Kl-1 4.5K2-16 3Kl-10 3K2-7 4.5Kl-l 

5-5-75 30 0 70 6.05 6.10 6.26 6.27 0.20 0.20 0.21 

5-6-75 31 1 150 5.75 5.62 5. 50 5.45 0.19 0.17 0.22 

5-7-75 32 2 250 4.93 4.60 4.32 4.78 0.16 0.11 0.17 

5-9-75 34 4 350 3.93 3.81 3.83 4.14 0.12 0.06 0.06 

5-21-75 + 46 16 350 3.40 3.37 3.56* 3.62 0.11 0.05 0.06 

6-2-75 58 28 350 3.27 3 .08 3.56 3.42 0.09 0.01 0.08 

6-13-75 69 39 350 3.17 3.08 3.32 3.32 0.09 0.03 0.04 

3Kl-8 3Kl-9 4.5Kl-16 4.5K2-8 3Kl-8 3Kl-9 4.5Kl-16 

6-15-75 71 0 70 6. 27 6.40 6.46 6.59 0.21 0.21 0.21 

6-16-75 72 1 150 5.85 6.01 6.05 6.07 0.20 0.21 0.21 

6-17-75 73 2 250 4.63 4.63 5.19 5.28 0.11 0.11 0.18 

6-19-75 75 4 350 3.96 3.73 4.25 4.32 0.10 0.05 0.12 

*All specimens in fog room at 100% RH and 70°F for 30 days prior to heating in oven. 
**Temperature of oven increased 75°F/day to 350°F and held constant at this temperature. 

+A large crack was observed in Specimen Number 4.5Kl-1 on 5-21-75. Elastic constant values for 
that date and subsequent dates were obtained on Specimen Number 4.5Kl-3. 
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TABLE C-2. Elastic Constants at Elevated Temperatures Using the Sonic Method. (Continued) 

Date Age at Time in Temp0rature, Modulus of Elasticity, million psi Poisson's Ratio 
of Test, Oven, 

Test Days* Days F** 3Kl-15 3K2-12 4.5Kl-10 4.5Kl-14 3Kl-15 3K2-12 

6-9-75 65 0 70 6.28 6.50 6. 53 6.58 0.22 0.22 

6-10-75 66 1 150 5.81 6.04 5.95 5.60 0.20 0.20 
6-11-75 67 2 250 4.51 4.87 4.88 4.80 0.11 0.12 

6-12-75 68 3 350 3.87 4.31 4.49 4.36 0.07 0.09 
6-14-75 + 70 5 450 2.55 3.06 2.99 3.21 0.03 0.04 
6-14-75++ 70 5 450 2.40 2.89 2.82 3.05 -0.04 0.04 
6-15-75 + 

71 6 450 2.27 2.80 2.75 2.93 -0.05 0.04 
6-15-75++ 71 6 450 2.22 2.67 2.64 2.87 -0.06 0.01 

6-16-75 72 7 450 2.19 2.60 2.57 2.81 -0.06 0.01 
6-17-75 73 8 450 2.13 2.50 2.53 2.74 -0.07 -0.01 

*All specimens in fog room at 100% RH and 70°F for 65 days prior to heating in oven. 
**Temperature of oven increased 75°F/day to 450°F and held constant at this temperature. 
+Tested at 8:00 A.M. 

++Tested at 4:00 P.M. 

4.5Kl-10 

0.22 

0.19 

0.09 
0.12 

0.01 

-0.01 

-0.02 
-0.05 

-0.05 

-0.05 

4.5Kl-14 

0.22 
0.17 

0.15 
0.12 

0.07 

0.07 

0.05 

0.05 
0.05 

-0.04 

;o 
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0 
I 

("") 
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u, 
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APPENDIX D 

DATA ON SIZE EFFECTS ON TEST SPECIMENS 
AND PRCPE RITI ES 
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TABLE 0-1. Dimensions and Weights of CTL/PCA 
Cast 6- by 12-In. Cylinders at 700F. 

Specimen Number 

3K5-18 
3K5-19 
3K5-21 
3K5-22 

3K9-6 

3K9-13 
3K9-16 
3K9-22 

Specimen Number 

3K9-7-l 

3K9-7-2 

3K5-15-3 

3K5-15-4 

3K5-24-5 
3K5-24-6 
3K9-4-7 

3K9-4-8 

Diameter, in. Length, in. 

6.02 12.00 
5.95 12.00 

5.95 11. 98 

5.93 12.00 

5. 96 11. 97 

5.98 11.98 

6.00 12. 01 
6.00 12.00 

TABLE 0-2. Dimensions and Weights of 
3- by 6-In. Cylinders at 700F. 

Diameter, in. Length, in. 

2.78 5.66 

2. 78 5.61 

2.78 5.60 

2. 78 5.63 

2.78 5.33 
2.78 5.40 
2.78 5.63 

2. 78 5.62 

Weight, lb 

29.34 
29. 57 
29.28 
29. 37 

28.88 
29. 07 

28.88 
29 .10 

Weight, lb 

2.864 

2.836 

2.860 

2.866 

2.752 

2.803 
2. 882 

2. 774 

TABLE 0-3. Dimensions and Weights of 3-In. Cubes at 700F. 

Specimen Number Height, in. Width, in. Depth, in. Weight, 

3K9-18-l 2.92 3.02 2.98 2.385 
3K8-7-2 2.96 2.99 2.91 2.187 

3K9-18-3 3.04 2. 96 2.95 2.394 
3K9-18-4 2.91 2.94 2.96 2.181 

0-1 

l b 
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Specimen 
Number 

3K5-21 

3K9-6 
3K5-19 
3K9-22 

Specimen 
Number 

3K9-7-2 
3K5-15-4 
3K5-24-5 
3K9-4-8 

TABLE 0-4. Compressive Strength and Elastic Properties of 6- by 12-In. 
Cylinders at Room and Elevated Temperatures. 

Date of Time in Temp. at Weight Compressive Modulus of 
Test Oven, T0st, at Test, Strength, Elasticity, 

Days F lb psi million psi 

8-9-77 0 70 29.28 5,600 4.66 
8-9-77 0 70 28.88 6,000 4.44 
9-7-77 30 250 28.28 5,490 3.35 
9-7-77 30 250 27.85 5,260 3.21 

TABLE D-5. Compressive Strength and Elastic Properties of 3- by 6-In. 
Cylinders at Room and Elevated Temperatures. 

Date of Time in Temp. at Weight Compressive Modulus of 
Test Oven, T0st, at Test, Strength, Elasticity, 

Days F lb psi million psi 

5-25-77 0 70 2.836 5,190 3.78 
5-25-77 0 70 2.866 5,025 4.07 
8-24-77 30 250 2.752 5,245 2.96 
8-24-77 30 250 2. 774 3,870 2.59 

Poisson's 
Ratio 

0.16 
0.17 
0.13 
0.13 

Poisson's 
Ratio 

0.19 
0.19 
0.14 
0.12 

;;o 
:r: 
0 
I 

n 
I 

01 
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Specimen 
Number 

3K9-18-l 

3K8-7-2 

3K9-18-3 

3K9-18-4 

Date of 
Test 

4-13-78 

4-13-78 

4-13-78 

4-13-78 

TABLE 0-6. C001pressive Strength and Elastic Properties of 
3 In. Cubes at Room and Elevated Temperatures. 

Time in Temp. at Weight Compressive Modulus of 
Oven, T~st, at Test, Strength, Elasticity, 
Days F lb psi million psi 

0 70 2.385 6,970 4.16 

0 70 2.187 5,230 3.70 

30 250 2.307 7,190 4.61 

30 250 2.114 6,740 3.89 

Poisson's 
Ratio 

-
0.16 

-
0.17 

;::o 
::c 
0 
I 

n 
I 
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TABLE D-7. Tensile Splitting Strength of 6- by 12-In. 
Cylinders at Room and Elevated Temperatures. 

Specimen Date of Time in Temp. at Weight Tensile Splitting 

Number Test Oven, T~st, at Test, Strength, 
Days F lb psi 

3K5-22 8-9-77 0 70 29.37 522 

3K9-16 8-9-77 0 70 28.88 516 

3K5-18 9-7-77 30 250 28.08 492 

3K9-13 9-7-77 30 250 27.83 496 

TABLE D-8. Tensile Splitting Strength of 3- by 6-In. 
Cylinders at Room and Elevated Temperatures. 

Specimen Date of Time in Temp. at Weight Tensile Splitting 

Number Test Oven, T~st, at Test, Strength, 
Days F lb psi 

3K9-7-l 5-25-77 0 70 2. 864 850 

3K5-15-3 5-25-77 0 70 2 .860 769 

3K5-24-6 8-24-77 30 250 2.743 721 

3K9-4-7 8-24-77 30 250 2.825 538 

0-4 
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APPENDIX E 

CREEP-STRAIN READINGS 



rn 
I 

I-' 

- - --- . -·· ---------- ----------

TABLE E-1. Defonnation of Test Cylinders. 

Strain in millionths 

Time at Test Frame No. 1 Frame No. 6 Temperature 1,500 psi/250°F 500 psi/350 F 

4.5Kll-17 4.5Kll-18 4.5Kll-22 4.5Kll-24 

0 hr (Unloaded, 68°) 0 0 0 0 

0 hr (Loaded, 68°) -20* -60 -50 -180 
6 hr Heat to Test 
Temperature 490 260 700 550 
Day 1 320 190 450 340 
Day 2 180 120 410 270 

Day 3 110 100 -** -
Day 5 - - 300 120 

Day 6 10 0 320 130 
Day 7 0 0 350 120 

Day 8 30 -10 260 70 
Day 9 -80 -60 290 70 

Day 10 -80 -100 - -
Day 12 - - 200 0 

Day 13 -100 -120 270 50 
Day 14 - - - -
Day 16 -180 -210 200 -10 

*Negative strain values imply net contraction of the speciman. 
**No readings taken. 

Frame No. 3 
1,500 psi/350°F 

4.5Kll-14 4.5Kll-15 

0 0 

-220 -210 

-230 860 

-400 -270 

-460 -440 

-580 -550 

- -
-590 -570 

- -
- -

-700 -710 

- -
- -
- -

-720 -790 

- -

:;o 
:c 
0 
I 

n 
I 
u, 
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n, 
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N 

Time at Test 
Temperature 

Day 21 

Day 22 

Day 27 
Day 28 

Day 34 

Day 35 

Day 36 
Day 41 

Day 42 
Day 43 

Day 49 

Day 55 

Day 56 

Day 62 

Day 63 

Day 64 

Day 69 

Day 71 

- - ------ ------- ---

TABLE E-1. Defonnation of Test Cylinders (Continued). 

Strain in millionths 

Frame No. 1 
1,500 psi/250°F 

Frame No. b 
500 psi/350 F 

4.5Kll-17 4.5Kll-18 4.5Kll-22 4.5Kll-24 

-180 -220 - -
- - 120 -110 

- - 230 -50 
-250 -330 - -

- - 60 -150 
-270 -350 - -

- - - -
- - 160 -150 

- - - -
-260 -360 - -
-310 -430 170 -100 

- - 50 -170 

-280 -420 - -
- - 170 -100 

-330 -370 - -

- - - -
- - -20 -190 

-310 -480 - -

Frame No. 3
0 1,500 psi/350 F 

4.5Kll-14 4. 5Kll-15 

-790 -820 

- -
- -

-800 -880 

- -
- -

-750 -880 

- -
-850 -890 

- -
-850 -910 

- -
-1,020 -1,030 

- -
- -

-1,020 -1, 030 

- -
- -
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rTl 
I 
w 

Time at Test 
Temperature 

Day 77 

Day 98 

Day 105 
Day 111 

Day 126 
Day 133 

Day 139 
Day 160 

Day 167 
Day 173 

Day 196 

Day 203 

Day 209 

Day 224 

Day 231 
Day 237 

Day 318 

TABLE E-1. Deformation of Test Cylinders (Continued). 

Strain in millionths 

Frame No. 1 
1,500 psi/250°F 

Frame No. b 
500 psi/350 F 

4.5Kll-17 4.5Kll-18 4.5Kll-22 4.5Kll-24 

- - -70 -150 

- - - -
-300 -440 - -

- - -90 -180 

- - - -
-300 -470 - -

- - -50 -180 

- - - -
-300 -460 - -

- - -50 -150 

- - - -
-360 -500 - -

- - -110 -200 

- - - -
-370 -500 - -

- - -130 -220 

- - -

Frame No. 3 
1,500 psi/350°F 

4.5Kll-14 4.5Kll-15 

- -
-970 -980 

- -
- -

-1,020 -1,010 

- -
- -

-1,020 -1,010 

- -
- -

-1,060 -1,080 

- -
- -

-1, 050 -1,060 

- -
- -

-1,130 -1,140 
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::c 
0 
I 

n 
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TABLE E-1. Defonnation of Test Cylinders (Continued). 

Strain in millionths 

Time at Test Frame No. 1 Frame No. 6 
Temper at ur e 1,500 psi/250°F 500 psi/350 F 

4.5Kll-17 4. 5Kll-18 4.5Kll-22 4.5Kll-24 

Day 325 -410 -510 - -
Day 331 - - -240 -320 
Day 559 - - - -
Day 566 -410 -540 - -
Day 572 - - *** -290 
Day 640 - - - -

Frame No. 3 
1,500 psi/350°F 

4.5Kll-14 4.5Kll-15 

- -
- -

*** -1,090 

- -
- -

*** -1,170 ;;o 
:c 
0 
I 

~ n Day 647 -420 -580 - - - -
I I 
~ ~ 

~ Day 653 - - *** -350 - -
Day 640 

(Unloaded 68°F) - - - - *** -1,710 
Day 647 

{Unloaded 68°F) -1,100 -880 - - - -
Day 653 

{Unloaded 68°F) - - *** -1,030 - -

***Brass gage points on specimen dislodged, no readings taken. 



RHO-C-54 

APPENDIX F 

THERMAL EXPANSION SPECIMENS 
AND PROPERTIES DATA 



Specimen Test 
Number Number 

3K8-7 1 

3K9-18 2 

4.5K8-19 3 

4.5K9-10 4 

3Kl4-12 5 
3Kl4-12 6 

4.5K12-12 7 

4.5K12-12 8 

TABLE F-1. Weights and Dimensions of Dilatometer Specimens. 

Date of Weight at Length, Diameter, Weight after 
Test Test, lb in in Test, lb 

8-24-78 0.0483 3.016 0.502 0.0447 

8-30-78 0.0470 3.010 0.495 0.0435 

8-31-78 0.0475 2.878 0.494 0.0441 

9-01-78 0.0479 3.015 0.495 0.0444 

9-13-78 0.0512 3.019 0.494 0.0473 

9-14-78 0. 0479 2.958 0.497 0.0433 

9-15-78 0.0512 2.985 0.497 0.0476 

9-20-78 0.0513 3.000 0.496 0.0474 

Weight loss, 
percent 

7.42 

7.54 

7.16 

7.36 

7.47 
9.57 

6.99 
7.66 ;;o 

:I: 
0 
I 

n 
I 

U1 
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TABLE F-2. Average Coefficient of Thermal 
Expansion,a:, From 70° To l,ooo°F. 

Specimen Test Date of 10-6/ OF 
Number Number Test 

3K8-7 1 8-24-78 3.79 

3K9-18 2 8-30-78 3.60 

4.5K8-19 3 8-31-78 3.84 

4.5K9-10 4 9-01-78 2.63 
3Kl4-12 5 9-13-78 3.25 

3Kl4-12 6 9-14-78 3.91 

4.5K12-12 7 9-15- 78 3 .18 
4.5K12-12 8 9-20-78 2.12 

F-2 
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APPENDIX G 

THERMAL CYCLING SPECIMENS AND PROPERTIES DATA 
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TABLE G-1. Weight and Dimensions of Test Cylinders at 700F. 

Specimen Length Diameter Moist Weight at 
Weight Test Number in. in. lb lb 

3Kl0-17 12.08 5.98 30.85 30.85 
3Kl0-18 12. 08 5. 98 30.80 30.80 
4.5Kl0-17 12.07 5.98 30.39 30.39 
4.5Kl0-18 12 .10 6.01 30.42 30 .42 
3Kl0-l 12.05 5.98 30.71 28.75 
3Kl0-2 11. 98 6.03 31.30 29.40 
4.5Kl0-1 12.08 5.99 30.38 28 .40 
4.5Kl0-2 12.09 5.99 30 . 52 28.52 
3Kl0-3 12.07 5.99 30.81 29.45 
3Kl0-5 12.08 5. 97 30.74 29 .34 
4. 5Kl0-3 12.06 6.01 30.36 28 .95 
4.5Kl0-5 12 . 07 6.00 30.43 28. 98 
3Kl0-6 12.08 5.99 30.63 28.60 
3Kl0-7 12.07 6.00 30.73 28.76 
4. 5Kl0-6 12.09 5.97 30.53 28.54 
4.5Kl0-7 12 .10 5. 97 30. 50 28.45 
3Kl0-9 12.04 6.00 30. 70 · 28.71 
3Kl0-10 12.07 5. 98 30.87 28. 96 
4. 5Kl0-9 12.13 5.98 30.62 28.61 
4.SKl0-10 12 .12 6.00 30. 54 28. 55 

3Kl0-11 12.07 6.01 30.73 28.70 
3K10-13 12.07 5.97 30.73 28. 77 
4.5Kl0-11 12.08 6.00 30.38 28 .30 
4.5Kl0-13 12 .11 5.99 30.45 28 .38 
3Kl0-14 12.03 5.96 30.64 28.70 
3Kl0-15 12. 08 5. 99 30.75 28.76 
4.5K10-14 12.10 5.98 30.48 . 28 .44 
4 .SK 10-15 12.12 5. 97 30. 53 28.45 

G-1 
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TABLE G-1. Weight and Dimensions of Test Cylinders at 70°F (Continued). 

Specimen Length, Diameter, Moist Weight at 
Number in. in. Weight, Test, 

lb lb 

3Kl4-9 12.14 5.97 30.70 30.70 

3Kl4-10 12.12 6.00 30.66 30.66 

3Kl4-ll 12.06 5.98 30.47 28.46 

3Kl4-13 12 .04 5.97 30.47 28.49 

3Kl4-14 12.01 6.02 30.98 29.00 
3Kl4-15 12.07 6.02 30.48 28.48 
3Kl4-17 12.00 6.01 30.90 28.90 

3Kl4-18 12 .11 5. 96 30.55 28.57 

3Kl4-19 12.03 5.99 30.39 28.37 

3Kl4-21 12.05 5.99 30. 36 28.35 

3Kl4-22 12 .14 5. 96 30.56 28.55 

3Kl4-23 12 .08 5. 96 30. 50 28.51 
' 

3Kl4-24 12.08 5. 96 30.48 I 28.43 

3Kl4-25 12.06 5.98 30.45 28.40 

4.5Kl2-1 12.07 5.98 30.37 28.40 

4.5Kl2-2 12.12 5.97 30.44 28.46 
4.5Kl2-3 12 .10 5.96 30.30 28.29 
4.SK12-5 12 .11 6.00 30.35 28.38 

4.5Kl2-6 12.09 5.98 30.31 28.37 

4 .5Kl2-7 12.12 6.00 30.41 28.45 
4.5Kl2-9 12.09 5.98 30.27 28.30 

4.5Kl2-10 12 .11 5.98 30.39 28.42 

4. 5Kl2-ll 12 .12 5.99 30.37 28.36 

4. 5Kl2-13 12.14 5.99 30. 34 28. 30 

4.5Kl2-14 12 .11 5.99 30.38 28.38 

4.5Kl2-15 12.00 6.01 30.50 28. 42 
4.5Kl2-17 12 .15 5.95 30.44 30.44 
4. 5K12-18 12 .10 6.00 30.26 30. 26 

G-2 



Specimen 
Number 

3Kl4-9 
3Kl4-10 
4.5Kl2-17 
4 .5Kl2-18 

3Kl4-ll 
3Kl4-13 
4.5Kl2-l 
4.5Kl2-2 

3Kl4-14 
3K 14-15 
4.5Kl2-3 
4.5Kl2-5 

3Kl4-17 
3Kl4-18 
4.5Kl2-6 
4.5Kl2-7 

3Kl4-19 
3K 14-21 
4.5Kl2-9 
4.5Kl2-10 

3Kl4-22 
3K 14-23 
4. 5Kl2-ll 
4. 5Kl2-13 

3Kl4-24 
3Kl4-25 
4.5Kl2-14 
4.5Kl2-15 

RHO-C-54 

TABLE G-2. Compressive Strength and Elastic Properties 
Using the Static Method at 70°F as a Function of 

Temperature Cycles to 350°F. 

Date of Number Length Compressive Modulus of Poisson's of of Cycles, Strength, Elasticity, Test Cycles Days psi mi l lion psi Ratio 

5-8-78 0 - 6,230 - -
5-8-78 0 - 6,160 4.90 0.17 
5-8-78 0 - 7,250 5.44 0.17 
5-8-78 0 - 7,760 5.80 0.18 

5-3-78 1 14 7,090 5.60 0.14 
5-3- 78 1 14 6,370 5.05 0.15 
5-3-78 1 14 7,165 5.90 0.16 
5-3- 78 1 14 7, 760 6 .10 0. 16 

5-31-78 3 14 6,270 4.53 0.14 
5-31- 78 3 14 5,800 4.48 0 .13 
5-31-78 3 14 7,140 4.41 0.13 
5-31- 78 3 14 6,300 5. 88 0.13 

6-28-78 5 14 6,110 4.86 0.14 
6-28- 78 5 14 6,010 4.60 0.15 
6-28-78 5 14 7,460 4.83 0.15 
6-28- 78 5 14 6,690 4.90 0 .15 

8-9-78 8 14 6,050 3.69 0.17 
8-9-78 8 14 5,540 3 .47 0.16 
8-9-78 8 14 6,940 3.80 0.15 
8-9- 78 8 14 6,930 3.79 0.17 

10-6-78 12 14 5,160 3.32 0.14 
10-6-78 12 14 5,600 3.38 0.15 
10-6-78 12 14 6,480 3.62 0.16 
10-6-78 12 14 6,500 3.51 0.14 

12-13-78 17 14 5,775 3.34 0.15 
12-13-78 17 14 5,735 3.43 0.18 
12-13-78 17 14 6,640 3.45 0.16 
12-13-78 17 14 6,910 3.36 0.15 

G-3 



Specimen 
Number 

3Kl0-17 
3Kl0-18 
4. 5Kl0-17 
4. 5Kl0-18 
3Kl0-1 
3Kl0-2 
4.5Kl0-l 
4.5Kl0-2 
3Kl0-3 
3Kl0-5 

TABLE G-2. Compressive Strength and Elastic Properties (Static Method) 
of Unheated and Thermal Cycled Concrete at 70°F. 

Number Length of Compressive Modulus of 
Date of Test of Cycles Cycles, Days Strength, Elasticity, 

psi million psi 

2-15-79 0 - 7,920 6.08 
2-15-79 0 - 7,915 6 .18 
2-15-79 0 - 8,320 6.24 
2-15-79 0 - 8,460 6.41 
2-8-79 1 28 7,630 3.47 
2-8-79 1 28 7,670 3.61 
2-8-79 1 28 8,060 3.62 
2-8-79 1 28 7,800 3.88 
4-4-79 3 28 6,940 3.43 
4-4-79 3 28 7,110 3.38 

Poisson's 
Ratio 

0.17 
0.18 
0.17 
0.20 
0.11 
0.11 
0.13 
0.12 
0.14 
0.15 ;:o 

:c 
G"> 0 4.5Kl0-3 4-4-79 3 28 7,440 3.76 0. 14 
I I 4. 5Kl0-5 4-4-79 3 28 7,835 3.64 0.16 ~ n 

3K10-6 6-7-79 5 28 6,550 
3Kl0-7 6-7-79 5 28 6,925 
4.5Kl0-6 6-7-79 5 28 7,040 
4. 5Kl0-7 6-7-79 5 28 7,065 
3Kl0-9 9-13-79 8 28 6,570 
3Kl0-10 9-13-79 8 28 6,490 
4.5Kl0-9 9-13-79 8 28 7,490 
4. 5Kl0-10 9-13-79 8 28 7,530 
3Kl0-11 2-6-80 13 28 7,000 
3Kl0-13 2-6-80 13 28 6,525 
4.5K10-ll 2-6-80 13 28 7,450 
4. 5Kl0-13 2-6-80 13 28 7,155 
3Kl0-14 7-2-80 18 28 6,500 
3Kl0-15 7-2-80 18 28 6,160 
4.5Kl0-14 7-2-80 18 28 7,190 
4.5Kl0-15 7-2-80 18 28 6,720 

*Equipment malfunction prevented determination of these properties. 

3.32 
3.54 
3.76 
3. 71 
3.28 
3.32 
3.49 
3.55 
3.12 
3.11 
3.35 
3.21 
3.13 
--* 
--* 
--* 

0.17 
0.14 
0.15 
0.14 
0.13 
0.14 
0.14 
0.13 
0.13 
0.16 
0.14 
0.15 
0.18 

--* 
--* 
--* 

I 
U1 
~ 
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TABLE G-3. Coefficient of Thermal Expansion Determined 
From Cyclically Heated Concrete. 

Cylinder Specimen Coefficient of Thermal 
Expansion, Millionths/°F Number Number -

ao (l 

3K8-7 1 2. 25 3.44 

3K9-18 2 2.43 3.79 
4.5K8-9 3 2. 59 3.90 

4. 5K9-10 4 2.31 3.83 
3Kl4-12 5 2.71 3.80 

3Kl4-12 6 3.43 4.41 
4.5K12-12 7 3.39 3.76 

4.5K12-12 8 2.78 4.40 

G-5 
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APPENDIX H 

STEAM CURING COMPRESSIVE STRENGTH DATA 



Specimen 
Number 

3Kl6-l 
3Kl6-2 
3Kl6-3 
3Kl6-4 
3Kl6-5 
3Kl6-6 

3Kl6-7 
3Kl6-8 
3Kl6-9 
3Kl6-10 
3K16-ll 
3Kl6-12 

3K16-13 
3K16-14 
3Kl6-15 
3Kl6-16 
3Kl6-17 
3Kl6-18 

3Kl6-19 
3Kl6-20 
3Kl6-21 
3Kl6-22 
3Kl6-23 
3Kl6-24 

RHO-C-54 

TABLE H-1. Atmospheric Pressure Steam Curing at 
137°F Compressive Strength Tests. 

Test Date Time in Steam Age of Test, Compressive 
Box, Days Days Strength, psi 

10-18-77 0 1 1,300 
10-20-77 0 1 1,300 
10-20-77 0 3 2,410 
10-20-77 0 3 2,410 
11-14-77 0 28 5,870 
11-14-77 0 28 5,850 

10-18-77 1 1 2,780 
10-18-77 1 1 2,790 
10-18-77 1 1 2,700 
11-14-77 1 28 5,320 
11-14-77 1 28 ' 4,980 
11-14-77 1 28 5,400 

10-19-77 2 2 3,650 
10-19-77 2 2 3, 600 
10-19-77 2 2 3,680 
11-14-77 2 28 5,270 
11-14-77 2 28 4,980 
11-14-77 2 28 5,320 

10-20-77 3 3 4,110 
10-20-77 3 3. 4,120 
10-20-77 3 3 4,020 
11-14-77 3 28 5,005 
11-14-77 3 28 5,310 
11-14-77 3 28 5,230 

H-1 



RHO-C-54 

APPENDIX I 

"VARIABLE-STATE METHODS OF MEASURING THE 
THERMAL PROPERTIES OF SOLIDS"©* BY 

T. C. HARMATHY; AND SUPPORTING 
TEST DATA 
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Variable-State Methods of Measuring the Thermal Properties of Solids* 

T. z. IIARMATIIV 

Fi,, Stclio11, Di1:isian of Uuildiut RcsNrch, Nclliunul Rtua,c/1 Council, OUawa Z, CannJ11 
(Received 24 June 196.J; in final (arm 27 December 196.l) 

Two v:ui:iblc-slate methods have heen developed which 1,oth oITer the 1Uvantagc of r,ro<lucing ncgligiltlc 
d1crmal tlistud1.1nce in a solid <luring mc.isurcmcn l. The tirst is a curve-filling me thod . It m:ik1..-s use or lhc 
fact th.&.t the initial tempera.lure rise , due to ;i cons lant llux plane heat ~ource, at points within a. certain 
rcgic,n o( ;\ fiuilc soli <l is 1.:ssc ntially the s:1111c :1s that 1n an inlinilc solid. Tcmp1.:raturc rccurrls oUtainccJ lrum 
such points thus c:in he ;.i.na.lyte<l with the a.s.sumpliun o{ linc:'\r hc:1.L llow, J.n<l uscc.J for alculJ.tin,t :111 thermal 
properties o( the soli<l. 

The sccon<I is ;i pulse method. If a hot or col<l pulse is applicd to ;i plane surrace or a specimen, the rise or 
drop of lcmrer:ilure at some distance from the surfo.cc will pons through a maximum; from the time of the 
1na.1imum the therm.ii diCTusivity can he calculated. The main ::u.Jvant.igc n( this m.cthcxl is the case ur 
s1~imcn prc1mra.lion . 

T HE commonly used steady-stale methods are not 
particularly well suited for measuring the thermal 

conductivity of solids that are lialile to physicochemical 
changes :is a result of healing. The prolonged main
tenance of a significant tcmpcralure grarlient across the 
test specimen may present several unresolvalJlc prob
lems lo the experimenter. One of the most common 
problems is the migration and partial desorption of 
moisture when porous materials are tested in their 
natural condition. At higher temperatures the fo rmat ion 
of structurally or chemically diITerent layers perpendi
dicular to the direction of heat flow causes dilT,culties in 
the interpretation of the test resu lt. If the I hermal con
ductivity is a markedly nonlinear function of the tern-

• This is a contril,ution from the Division of Uuildin~ Rcse:uch 
o( the National Research Council, a.nd is published with the 
1pprovaJ o{ the director o( the Liivisjon. 

perature , and there is often good reason lo assume this, 
correlating the measured value of the thermal conduc
tivity with the average temperature of the specimen 
may be gross I y erroneous. 

This laboratory has long been concerned with the 
measurement of the thermal properties of buildini; 
mate rials in Lhe 20° to l000°C range. As most building 
materials are subject to certain physicochemical 
changes (e.g ., desorption of moisture, dehydration, and 
crystalline transformation) in this temperature interval , 
a minimum thermal disturhance from measurements 
seemed to be the most desirable feature of the techni<]ue 
lo be adopted. Several known variable-state metl,ods 
were scrutinized and discarded, partly because of their . 
failure lo yitld the expected accuracy and partly be
cause oi the difficulty of specimen preparation. 

The methods described in this paper were developed 
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two years ago in this lalioratorr, The firs t is a curvc
r,uing me thod . It ma y see111 lo 111, s1>111ewha t sim ilar t" 
that recentl y p11bli shed by 1'l11111mcr, Campbell, and 
Comstock'; in fact , i t is marked lv different as rc i;ards 
the experimental techniciuc and the ' e,·alu:uion o f the 
measurements.' The second method is a pul se technique 
that y ields a very simple wa y of ,1etennin ing thermal 
diITusivity at elevated temperatures. 

I. NOTATION 

a- thickness (dimension alon!( x) , cm 
b•width (dimension along y), cm 
c• length (dimension along z), cm 
c • specific heat, \V sec/ g•c 
I,• coefficient of heat transfer, \\' / cm2°C 
I- electric current, A 
k• thermal conductivitv, \\' / cm°C 
/•distance between the hot junction of thermo-

couples and the plane of heat supp ly, cm 
u=-1 ,2,J, ·· · ~ 
q= heat flux, W/ cm' 

(? =heat, W sec / cm' 

Q' = heat, \V sec 
r= electric resistivity, n cm 
t• time, sec 

T• temperature above or below the ini tial level, •c 
x= space coordinate, cm 
y=space coordinate, cm 
: • space coordinate, cm 

21· erfcx=- , - 1'dt ... ' 
i-.r fcr = 1.• erfc~.lt, 

i'e rkr= 1• ieric{dt. 

Greek 

cr•dummy variable, I/ cm 
i3z root of Eq. (A2) , d imensionless 

, • emissivity of smiace, dimensionless 
8= absolute temperatu re, °K 

•• thermal diffusivity, cm'/ sec 
>.=variable, defined by Eri. ( 19), dimensionless 
µ•variable, dcfmed by Eq , (20) , d imension less 
p= density, g/ cm' 
a= Stefan-Boltzmann constant, 5. 71 X 10-" \V / 

c1n=°K 1 

r = period of heat supply, sec 
,j>(x) • e''erfcx. 

1 W. A. Plummer. D. F.. C.1mphdl. and A. A. Cvmstock, J. ,\m . 
Cer>m. Soc. 45, JJO ( 1962) . 

1 \V. A. Plummer el at used their mctho<l fo r the e\"aluation of 
therm.ii diffusivity only. It will he shown lat<.: r that therm:il 
diffusivity can be cvalu.itcd from much simpler meJsuremcnts. 

I 11, R ,\I A I. I' I( 0 r E I( T I I•: ~ 0 F S OL I r> S 

Subscripts 

a = uf the amhlcn L atmosphere 
av = avcra~c 

c = 1,y na tural convect io n 
J = of the heat in~ fo il 
i = initial 
l=at x=I 

m=maximun1, at the maximum 
11= 1,2,3, ·. • (.Q 

o=zatx=zO 
p = uf the medium used for startini; a heat [ltdsc 
r= recommcnc.kd, by radial ion 
s = uf the surface 
r=of the surface durini; O<l<r. 

Z. CURVE-FITTING METHOD 

Theoretical 

T he problem of heat fl ow in o.n in!inite solid wilh 
cons ta n t hea t ll ux in the r=O plane is p resented by the 
fo llow ing cciualions': 

iJ T/a t = , ( iJ'T / ,J.t0 ) 

and O<x oo (I) 

q/2= - k (iJT/ iJ .~) when x=O, t>O, (2) 

T=O for-00 ..,. x ' oo , t=O. (3) 

The solution has been given by Carslaw and Jaei;cr .• 
For a point , elected at x =I the dimensionless form of 
sol ut ion is 

kT ,/ql= (<1/ 1")1 ierfc½({'/ .t ) I . 
r\tx=O 

T, = (q/ k)(<l/ 1r) I , 

It also follows fr om Eq. (4) that 

T,(21 ) v'i°ierk ( l/ 2v2) (I'/ ,1) I 

7'1(1) ierfc l(l"/<t) I 

(4) 

(S) 

(6) 

Equations (-l ) and (6) are plotted in fig. I. If the 
temperatu re hist ory of a point at x= I in an infinite 
solid is known , then th ese [Jlots olTer a convenient way 
of de termining the thermal d iffusivity and thermal 
conductivit y, and hence (if the density is known), the 
specifi c heat of the material. A sample calculation, based 
on an experimental . curve shown in fig . 2, is given in 
Table!. 

Because the conclilion of constant hca.l ll ux in the 
.<= 0 plane is easil y realiza ble by the use of an elec
tricall y healed metallic foi l, and because rccordini; the 
temperature a t some ::= L point of the so lid presents no 
experimental problem, a very simple method of mc:nsm-

' Sy ni htils ;ire !isl ed a. i,ovc. 
1 If. S. Cars!.1w ancl J. C. Jaeger, Cr, 11dudiu11 of lltaJ i,, Sn/ids 

(Oxfo rd Uni versity Press, London, 19S9). 2nd ed. , pp. 6J, 75, i6 , 
88, I J 2, 358, 373. 
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ing the thermal properties of solids seems to be avail
able. It is obvious, however, that since the sizes of an 
actual test specimen are finite, Eqs. (4) and (6) cannot 
be expected to hold trne for any point inside the speci
men or for any length of lime. It has to be proven, 
therefore, that experimental conditions under which 
Ef!S. (4) and (6) (or their plots in fig.\ ) can be used fur 
ihe evaluat io n of lhc 1hcrmal properties cl o c.,is1 , and 
that the calculations arc capable of yielding acccptaule 
a~rnracy. 

This laboratory has mainly been concerned wi1h 
chemically unstable materials; thus the production of a 
minimum thermal disturbance in the solid during the 
measurements was regarded as an important £ea.lure o i 

rl--+-+-+--+-+-+----,l--i:,--1--d 
_/ I •'---- - ----v~ - -! -

5l- -1-~-+--l--,'\--, 2 
~ 1/ ~:: .____. __ .. _...,_i V ;a -

:y -·------·-
1---+--~--J/. ·-----

I •-:7'-- -
t IIC 

fie. 2. Experimental cu rve for c:tpanJed shale 
concrete at room temperature. 

the technique to be adopted . .-\ few pre liminary cxperi-
111cnls wi1h 1he rncthocl out lined auove indicated 1hat 
1hc period of heat supply r could be reduced to 420 s,·c 
and F(l,r) lo 5° to 7°C without art)' loss in accuracy, 
provided that n / 1' remained smaller than about 1.6. 
(An inspection n[ the T, (2/)/T,(t) curve reveals that, 
owing to .the Jlatlening out oi the curve, the evaluation 
of the Kl / I' group from experimental value, of f,(21)/ 
T1(/) is rather difficult ii •r/ 21'> 1. 1) Combining these 
observations, a criterion can be derived for the "rccorn• 
mended" value of I (i. e., for the recommended location 
of th e hot junction of the thermocouple,, whose signal 
is used for recording the temperature): 

I.= (420.j l.6)1• (262.5<)1 (7) 

as well as for the "recommended" heat 11ux in the x•O 
plane [laking T 1(r)=6°C as an average and using 
Eq, (-+)]: 

q,= 6k/ (262.5,)1(1.6) I icrfc½{l / 1.6)1 
• 1.14887 (kpc)I. (8) 

As it is not too difficult to estimate the values of k and c 
with a ±SO% accuracy from p, or from data available 
from the literat ure, I. and q. can always he approxi
mated within ±30o/0, most often within ± 10%, These 
recommended values have, therefore, been chosen for 
calculating those numerical values through which 1he 
cJTect of the finite size of the specimen on the accumcy 
of the IL-st result will lie studied in the following para
graphs. 

In practical cases the error in the value of T (l, r) due 
to the 1inite thickness 2a of the spccilllcn is ouviomlr 
always bs than it would lie i11 tha t hypothetical ca,~ 
where the specimen is perfectly insulated in the .a= - tl 

and r- a planes. Calculations pcrforme,I by means of 
the expression derived hy Carslaw and Jaeger• indicated 
that during the standard lest peri0<l (420 sec) this error 
is never larger than 0.0!)6% if a 2:. 41. 

As will be discussc<.l latcr, fulfilli ng the a?,:41 condition 
seldom presents any practical problem. The sclecliu11 of 

TAllLE L S:implc c:ilcul:ition, hascll on the curve in Fi J.:. 2. 
Matcrinl : expanded shale ,om:rr.:lc, nve11~1lry. [ni tia.l tcmr,cralurc 
•21.S'C, I• i.J69 cm, q•0.1168 W/cn,1, p• l.2747 ~/en,•.• 

=========-=--'---~----
' I: 

5<.-C T,(21)/T,(ll d / 11 cm1/scc l:T,/ql W/cm'C -------
•JO 2.0.l / 0.55- .1.69 o.m/ 0.IJOl-1-1 0.017R l 0.1)()518 

120 3.10/1.01 • 3.07 0.2!/0 O.OU4SJ 0.0JJ7 O.OUSJ-1 
150 4. 11/ 1.52 • 2. H 0.362 • 0.()().1S2 0.llSOJ r O.OUSJU 
160 5. 14/ l .OJ • 2.SJ 0.43S 0.IJ0-1 .IJ 0.11670 O.OU.12H 
210 6.09/2.57 • 2.37 0.51S J 0.00-160 0.0!165 J 0.005.18 

Average 0.00-ISH 0.0052% 

• c - OOOS'2?6/ l .27-17 X 0 .OO-•.H-& • 0 .9111 JW ,ec/ 1°C ; i1vu:u1c tcma.1Cr3• 
ture uf the a < .r < I reawn .. o .5•C. 

"O~lc:rmi11e1I fr r,m Fii:: . I. 

• Nole th:tt since the heat input is lcrminatcJ at r , the l:tst 
value of T 1(21) /T,(I) that can I..: usc<l for the evaluation of d /1' i, 
T,(T)/T,(r/2). 
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the width b oi the specimen, on the nther hand, is rarc·lv 
without restrictions. ~-I-any 1, uilding materials (c. );:, 
bricks, some concrete block~) come in a s tandard max 
imum width, J¾ in. (9.5 cm) as a rul e. Obtaining 
metallic heating strips of satisfactory characteristics in 
widths larger than 3½ in. is also yery dilTicult. But even 
i[ wider strips are available, increasing their width 
significantly beyond J! in. would cause considerable 
experimental difficulties. The heat flux, in terms of the 
electric current, is given by 

q= l'r/ b,'a,. (9) 

If br is too great, inconveniently high current may be 
needed to satisfy Eq. (8) . 

from these considerat ions it appears that the prac 
tical range for bis from 8 to 10 cm. In the case of build
ing materials and other materials of noncrystalline or 
highly disordered crystalline structure, t his width cor
responds roughly to 81,. 

The solution oi the equation of heal conduct ion fur a 
:egi_on bounded by two parallel planes al y = 0 and y = b 
,s given by Eq. (A6) in the Appendix. Calculations have 
been performed on the assumption that the coellicicnt nf 
heat transfer his inr1nitc (more exactl y , l,b/ k ..... "' ) at 
y=O and y=b. It has been found that even in this not 
realizable limiting case T(l ,b/ 2,r ) does not difl« from 
the value calculable from E.q . (-+ ) by more than 1.15%. 
l.lased on this finding it can also uc condmled that the 
lini te length c of the specimen will harclly affect the 
value of T(l,b/2, c/ 2,r) if c»b. In this lahoralory, is 
generally taken as 2b. 

The results of lhc above ment ioned and some addi 
tional calculations arc summarized in Talilc I I. T hc,c 
values p rovide proof that if I, a, b, and c arc p roperly 
chosen the temperatures at x = I, y =b/ 2, and := c/ 2 do 
not depart signilicantly from the value yiddtd by Eq . 
(-+) durmi; a -+20-sec period . This fact, in turn, supports 
the applicability of the plots in l'ii( . 1 to the evaluatio11 
of the thermal properties of specimens o f /'mite sizes 
frnm the recorded temperature history of a point reason
ably close to ,:=I,, y~b/ 2, and z= c/2. 

figure 3 shows a. correctly sized specimen ass~mliled 
for test. In the case of good heat conductors, especial! )' 
sc_m1conductors and metals, !,. may hecon,c comparable 
wtth or even larger than the recommended width. 

TAnL! [~. Temperature c.iistriliution in the specimen :\t l• ·HO 
sec, for vanous hound:1 ry condilions. Care .-l : in finite ,,,lid . cnn• 
Sli\nt hc:it nu1 q •q, .ll r=-- 0, r. =- 0; Cast 8 : infinite slah, 
-a <x<a, a=--41,, cnnst:1.nt heal nux q-q,at .t=-0, 7'. =-0 ; C:11 Jt: C : 
rq,pon hounclcd l,y lwo parallel planes, - co <r< "° , U<y < b, 
b•8/,, constant heal tlux q=-q, al .r-0, l,b/k- co , J',•O. 

Temperature, "C 
Loc:llion Case C in 
of point Case A Case U plane y-b/ 2 

a.t .x - 0 !3.2R37' 13.2838" 13.2008' 
at z-l. 6.0000' 6.0003' 5.9319' 
at %•4l, 0.1468' 0.2935' 0.1426' 

, . ., 
,. I JO IQ CM 
,.a 

Frc . . J. ~pccinu::n Jss~mUlc<l rur higlHcmpcraturc test . 1, 
measuring p1et.:c ; 2, lop piece; J, hottom piece;~ pall:ulium Coil · 
S, Inconc_l clamps ;, 6, ,~lumcJ lead wire for (oil ht.:,;ti111:; ; 7, thcr1m,: 
couple wm.:~ ; H, l· th4.:rtr:u cuvcr; 9, ovcr.:dl hbcrfrax wrapping:; 
~ -- - ·- Chrumd; - · · - · · - Aluincl ; X, thcrnwcou11lc junc
tions. 

Although the author has little c.~periencc with such 
materials, he thinks that a relatively h igh l/ b ratio dues 
not necessarily spoil the test result. 1\ccord ing lo Eq. 
(i\6) it is p rimari_ly the /,b/ k group that determines the 
co111ponenL of heat 0ux in lhe y direction. If, "l the same 
value of I, and b, k is large, lhe value of the hb/ k group 
is small ; consequently, the fact that the condition of 
perfect insulatio n at the pla nes y-0 and -y-b is uelter 
appro.~i111ated may counteract the adverse effect of lhc 
lari;e l/b ratio. ()f course, in the case of good conductors 
q, is also very large; thus the hii:h current requirement 
(SO lo 130 t\ with the hc:LLing foils used in this lauora
tury ) 111ar ca.use some experimen tal Ji 1Ii cu lt ics. 

By wra[Jpi n~ a 1- in.-t h ic k Fiherirax b lanket around 
the specimen the error due to the tinite width can further 
be reduced. The use uf such insulating wrapping is 
especially important when elevated temperature meas
urements arc co n templated. At 700°C the coenicicnl nf 
heat transfer between the specimen and the surround
ings is abuul JO times hi~hcr than that al room tempera
ture; t hus, without insulation the condition l1b/ k ..... "' 
may arise. 

Figure 3 shows an a<lditional layer of Filierfrax on the 
lop uf t he specimen. The rea,;on for using th-is extra 
insulating layer is tu provide a co nvenient location for 
the cold junctions of the thcrmuconplcs. Since for the 
evaluation of the thermal properties of the material the 
rise of T, aliuve the initial level is of interest, t he cold 
junctions have lo be located where the temperature 
remains constant during measurement. Table [ 1 ,hows 
that \he ri::ic qf Lcmpcrallirc al x:au may he rather 
significant , so that the cold junctions must not be put in 
contact with the upper surface of the specimen . 

llowevcr thin the heating foil, i t has rinite therl1lal 
conductanct and fini te heat capacit y. If the sides uf the 
specimen are not insulated, the effect of fi nite conduc
tance is a slight flow of heat wirhin the foil toward the 
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edges where significant teniperature gradient may c,ist. 
Though fiberfrax wrapping .is the bes t defe nce against 
I his undesirable phenomenon, it -,;cems good practice to 
have tht specimen extend slightly beyond the width or 
tile foil. 

The effect of the finite heat capacity is that the Joule 
heat generated in the foil is partly absorbed by the foil 
itself. The average heat absorption of a 0.001-in .• 
(0.025-mm) thick foil during a 420-sec test is about 
0.0003 W /cm', and can thus be disregarded in most 
practical cases. Nevertheless, if good insulators :ire 
tested, the heat absorption may amount to 5% to LO% of 
q, <luring the first 10 sec, and to an average of about 1 % 
for the duration of the test. 

The a~erage temperature of the region O<x<I, i.e., 
the temperature to which the measm-ed values of the 
thermal properties shall be related , can be calculated 
from Eq. (All), or can be taken roughly as T1( r ). When 
1-1, and q=q,, T,.=5.3652°C. 

The average temperature of the heating foi l will also 
be of interest. From Eq. (5) it follows immediately that 

(T 1),.= !(q/ k)(<r/ ,r) l= JT,(,). (10) 

If q-q., (T1),.-8.8558°C. 

Experimental 

The combination of heating foils and thermocouples 
used for various temperature ranges in this laboratory 
is given in Table Ill. 

The resistivity [more exactly, the r/a1 ratio which 
appears in equation (9)] of the heating foils has Letn 
determined in this laboratory by measurini; the poten
tial d rop through a specimen 3 cm wide and about JO cn1 
long, due to a current or about 100 mA. The variation of 
the r/a1 ratio with temperature is shown in fig.-!. The 
resistivity of the palladium proved somewhat higher 
than the values reported in the literature,• probably 

T AIILE III. Healing foils anJ thermocouples 
used for va.riaus tcn1peralure r11ngcs . 

Temperature 
range, ·c 
0"-JOO" 

o•-1000· 

He•ting foil 

Cons tan tan 
0.001 in . thick,• 
3.5 in. wide 

1':i.l l,\1 liumb 
0.001 in. lhick,• 
3 to 4 in. wi<lc 

P:iJl:u..liuml.l 
0.00 1 in. thick/ 
J to 4 in . wide 

• Nominal: 0.001 1n . -25 11 . 

• CommudaJly uurt . 

Thcrmocuuplcs 

Chromcl-Constant:in 
double cl iITcrcnli:d 
lJ an<l S g>usc J6 

Chromcl-,\lumel 
uiplc Ji1£crcntial 
lJ anJ S saui;c 36 

l't-Pt 13% It h 
triple cli f!crcntial 
lJ >nu S gauKe J6 

'llandbooi of Thtnffophysical l'roptrties of Solid .1 /a lttials : 
lile,"en/1 (Pergamon Press, Inc., New York, 196 1), Vol. I, Sec. I, 
p. 487. 

Lccause of th e presence of some alloying material. [t 
showed an e,cellenl stability and practically no change 
after prolonged ex posu re to l(l()(J°C. The resi stivity of 
Constan tan was fou nd to be close lo the generally 
accep ted values.' There was a slight spread in the 
results, and the values obtained during the heating and 
cooling cycles fojlowed different courses. It seems,possi
ble that this problem could be eliminated Ly stabilizing 
the material at about J20°C. probably the highest 
temperature that Constant an can be exposed to fur 
longr.r periods. The curve given in l'ig. 4 /or Constantan 
represents the average of several measurements. 

In spite of its stable properties palladium is a very 
poor choice for tests a l room -lem peralure and moder• 
ate ly elevated temperature,;. At room te111ptrature the 
increase in its resistivity during a test may be as high as 
5% ; if the current is kepl constant this corresponds lo a 
5% increase in the htat flux . 01 course when a series of 
tests covering a range larger than 0° to 300°C is con-

IC, -- - - . --· - - .. . T - . ·-
1 

I 
~o zoo l00 400 ~00 i00 100 aoo ,oo 1000 

T(lilP(ftAT Ulil( "C 

Frc. 4. Electric resistance of he~ting foils. 

templated, there are prac,tical reasons fur using palla
dium throughout the whole ran~e. In such cases, how
ever, a slight drop in the current, corrL'Sponding lo half 
the es timated percentage increase in the resistivity, 
should be allowed during the test. 

When testin!: elec trical conductors, the foil has 10 1,e 
sandwiched Lctween thin sheets of paper or mica, and 
the potential di fference between the fuil and specimen 
should be ke pt al a minimum value. 

If l =:I, and q=:q ,, the output from doul.,le Chromd
Constantan ur triple Chromci-t\ iumcl difTcrcntial ther
mocouples connected in stries (see fig . 3) can be recorded 
directly on a I-JI\ V reconJcr. To keep the signal- to-noise 
ratio as high as possible, installation or a <le amplifier in 
the thermocouple circuit should be avoided. In the case 
of noble metal thermocouples, howtver, over 20 junc
tio ns would be required lo produce a signal large enough 
to record directly. As it is rather difficult to install more 

1 fnllrnationaJ Cr1't ical Tab/ts (McGr:i.w-Hill Dook Company, 
Inc., New York , 1929) , Vol. 6, p. liO. 
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Lhan si x ju nctiuns in Lhe specimen , a sl ight amrlificaLi un 
of the signal has to be tolerated . 

The use of ve ry light bare· thermocouple wires is 
recommended fo r two reasuns : Lo reduce the !low of 
heal away from Lhe hot junctions Lo a negligible value, 
and to allow a practically gap-free 1:ontact ueLwecn the 
"measuring piece" an<l the "top piece" (see Fig. 3) 
without making grooves in their suriaces. 

In the case of electrical conduc tors the the rmocouple 
wires must be coated with insulation. If a single dilTer
ential I hermocouple is used, the hut junction can be in 
direct contact with the specimen and may be introduced 
into the specimen through a hole drilled in the .t= I 
plane. 

In this laboratory a masonry , aw is used to cut the 
three rieces that ge nerall y make up t he specimen. If the 
cu tting is do ne carefu lly, it is rarely necessary Lo grind 
the su rfaces. 

It often haµpcns that the maximum availab le thick• 
ness of the material is less than Lhe reco mmended thick
ness, 41,. In such cases the specimen can be co mposed of 
several well-filling th inner slabs. 

The ulock diagram of an ex r crimental setu p fo r 
elevated temperature measurements is shown in Fig. 5. 
To reduce the possibility of stray signal pickup by the 
thermocou[Jle circuit the metal foil is heated by direct 
current. for the same reason the furnace heating is also 
switched to direct current a [ew minutes before the 
beginning of test. The batteries arc charged between 
tests. 

A special fu rnace has been built for !herni al co"'luc• 
Livity tests ; it is heated from all ;ix sides, and the cur• 
rent to c:ich c:in be ad justed sepa ra tely. In this way a 
very uniiorm temperat ure <iistriuution in the specimen 
can 1,c auained. It has been found, howe ve r, thal the 
uniformity of the init ial temperature of the specimen is 
not al,solutcly necessary. Many successful tests have 
uccn rerformcd on specimens of no nuniform tcm[Jera• 
lure distribution in steady-s tate or even in quasis tcad y
state condition. :\ constant output fro m the dilTerential 
thermocouples d uring a -t20-sec pe riod seems to be the 
only prereq uisite of the test. 

ror materials which are regan.lcd as electrical in
;ulators at room temperature, there are· generally nu 
experimental problems up to about i00°C. Above this 
temperature serious rlit1icu!Lies may ari se, which :ire 
associated partly with a gradual increase in the elec
t rical conduct ivit y of such materials, and partly wit h a 
slow charge uuildup on 1he_111etal foil and thcrmocm1plc 
wires following the switching on of the foil hea l in!( . This 
last phenomenon is caused mainly by space-charge 
polarizat ion ,• and is less serious when alternating cur• 
rent is used for fo il heating. 

The 0<1 < 90-stc portion of the temperature record is 

1 W. D. Kingery, l nlr(lf/m tion to Ceramics (John ~Wiley & Sons, 
Inc., New York, 1960), rp. 695 , 72S. 

II E 11 ~t,\ I. I' RO I' E RT I ES O F SO L I ll S 

FtG. 5. Experimental setup for high-temr>ernlurc mc:a!lurcmcnts 
"'·i th curve-fitting mcthnd. I, furnnce :incl specimen; 2, !nil hcatini,t; 
J, nu.:asuring ol output from thermocouples ( (il). Dewar rlask fur 
kccpin~ constant temperature :i.t copper connc1.:tiuns ; (1,), de 
ampli1icr; (c)i 1-m V rccort..lcr]; -t, furnace heating ( (cl). v.:ui:il,lc 
transformer ; (c), rtsis lur switch with ~lohar rcsit:ilors]; 5, Curnacc 
tcmpcr,uure mc:uurcmcnl ( (0 , tempcr:iturc recorde r, (.:}, polcn
li11mcter for checking the dirTt:rcnce of tempcr:uurc :tl top :iud 
lmttom o( specimen) . 

general ly not suitable fo r the evaluation of the therrnai 
propert ies uf Lhe mate rial. In this interval , as Fi~. 2 
shows, T, is ve ry , mall ; lhus the value of the T 1(2l )/ 
T,(t) ratio is somewhat uncertain . ln addition, as men
tioned before, the efTei;t of the finite heal capacity of th e 
heating foil is sometimes very noticeable at early stages 
of Lhc test. 

In l'ig. 6 the result of a series of tests performed on 
insulating fi re hrick, group 23, is plotted. The agreement 
with da ta rerorted in the literature' seem, to l,e 
satisfac to ry . 

J . HEAT PULSE METHOD 

Theoretical 

As fig. 2 shows, 1', continuc-s risini; for il short time , 
even after the heat suppl,· is switched ufT at I= r . An 
analytical expression for the temperature histury of a11 
inlinite solid fur I> r has been derived by Carslaw and 
Jaeger.• l'or x = I this expression can be i;iven in the 

1 C. L . . \Llntcll , l~ni;inttri11g .\lateriait llandbooit (~lcGr:uv-( lill 
!look Comp,n y, Inc., New York, 1958) , Isl ed., Sec. 25, r- 72 . 
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F!C. 6. Thermal prupcrtics of insulating ti re brick , group 2J. 

follow ing dimensi onless form: 

-~T , ('')I j (f' )I --= -:;- ierfc\ -
,,1 I· I <I 

( ')' ( ,, )l l - 1-- ierfd - - -
/ , (1- T) 

( ti ) 

Aflcr <liiTcrcntiating wit h respect Lo I, and makin~ the 
right side of the resulting cqua tio 11 cc1u:d lo ,cru, th e 
following expression is ob tained for Lhe Lime con rrlinat c 
of th e maximum, t~: 

•I~ r/1 ~ 
-=½------ --

1' [l - ( , / l~)]ln[l- ( , / 1~)]- 1 
( 12) 

This equation pro vides a ~imp!c way of cvaluat in~ " 
from measured value of ' ~· If , in additio n, ( T,) ,. is a l,;o 
known, k can uc comru tcd from lcq . ( l l ). 

If ,=420 set, r/ 1~ is close Lo I, and this method of 
determini ng < is nol very accu ra.tc. The accuraLy can 
greatly be improved hy makin~ , - 0 . 

:\s the reriod of heat suppl y, r, is gradually decreased, 
the expression on the right side of l:.:q. ( 12) tends lo ; . 
Thus, if a momenta ry heat pulse is supplied th rough the 
metal foil, the thermal d ilTusivity • can be calculated 

fro m the followi11g_s implc exp ression : 

(<1,./ 1'), • • = .\. ( 1.1) 

The ,ul.,,cript i1 = 0 is used lo indicate tha t there is 11 0 
heat llu x th rou~h the .i:=O plane, because Lhc same 
co ndi l iQ11 wou ld ari se in th e rnse of a O<x<"' region if 
the heal lramfer r:ocOicicnt at lhe x=O plane (~·hich is 
also the plane of heat supply <lu rin g O<t< r) was aero. 

If /, ;,:O, only part of lhe heal applied to the surface 
(not necessaril y th rough a metal fo il) of a semi-infinite 
solid penetrates l he rnlid after the removal of the heat 
source ; pa rt of it is transferred lo the ambient almos
rhere by convection and rad iation . It is obvious, there
fore, tha t 1. must be a fu nction of /1 as well ,is of• and I . 

The fact that /1 docs alTect the time coordinate of the 
maxi mum can easily be prove11 hr examining the c:ise of 
I, - "' . T his co nd ition is ohviously fullilled hy assumi11g 
li1 at l he te mpera tu re a l .t= O, after uei ng kept a t T, for 
0 <I< r, becomes eq ual to tha t of lhe ambient atmos
phere (which is t,ikcn here as ,era) fo r l> T. The solulion 
of this problem fo r x= I is as iollows': 

T,/ T, = erfd (/'/ •t)I - erfcj[l'/ •(1-T) Ji. (14) 

\\"ith lhe u; ual procedu re it can he shown that in this 
case 

.,_ , / 1~ 

I' 6[1 - ( r / l~)]ln[l- ( r/l~)J- 1 

or if , / 1,. - 0 (momentary hea t supply), 

1.1,./ f' l ,-.= &. 

( l.'i) 

By cu111pa ri11~ E, 1s. ( I 2) and ( IS) o r l·:4s. ( 1.1) and 
( 16) , 011e , ,rn sec that as /, increases fro m I) lo ,,, , 1. 
decreases hy a fauo r of .1 . TL is reasonable to assume that 
if , / 1~ is very small , the value of lhe <I. I I' group is 
somewhe re between ! an ~! ½ for fi nite val ues of I,_ The 
1·alcula Lions that have been pcrfo rmc<l lo lin<l the t.:or

rclatio11 hetwccn the ,1,./f' group and /, arc outlined 
below. 

If al 1= 0 a n inS Lilnluncuus plane source of slrengli1 
<J l pe is applied Lo the x=ll surface of a n .,>0 ,em i
i11 fin itc region, t il e va riation of the lcmperaturt! in the 
.c = / plane is cl escril ,cd uy l he foll owing ex rression' : 

(} 11 ('')' /,I [l(f' )' /, ]l T,=- ,-"'""" - - --<1> - - + - (,1 )1 . 
prl ,,.1 , t k 2 t k 

( I 7) 

:\ftc r d i1Tcrrn tiali 11 g with respect lo I and 111aki11g Lhc 
ri~ht side uf the resulting equa tio n equal lo zcn,, th e 
following cqt1al io11 is olitainc<l: 

where 

and 
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Fie. 7. Dimensionless 
plot of the solulion of 
f.q. (17) (>t the mOl• 
ionum) •nd ol r.q. (18). 

O·Z Q·l 0·• 0·~ 0 60·7090910 1·1 14 lillZ M l 4 so 9 10 zo~ -

since Eq. ( 18) is obviously the one defining the time 
coordinate of the maximum of T,. 

The solution of Eq. (18) is presented graphically in 
[,"ii:. 7. When plotLing the curve the 

and 

di mensionless groups have been chosen inst ead of>. and 
;,. for convenience. It may be seen that if h •O, •i~/ f' • L 
and if ii-+"', d ../l'=i, in agreement with Eqs. (13) 
and (16) . 

[,"igure 7 offers a simple means of calcu latinK the 
thermal diffusivity from experimental value of I~, 

provided the heat transfer coefficient at the x•O surface 
is known . Unfortunately, it is not always possible to 
estimate h with sufficient accuracy , especially at room 
temperature. The main difficulty li es in the fact that Ii 
is not a true constant but a function of the surface 
temperature. 

It may be useful to review briefly the way of estimat
ing h. The coetTtcient of heat transfer by natural con
vection between a surface facini; upward and the am
bient air can be calcul:lted from the following empirical 
formula" : 

h,-0.00025 \ T, - T. I 1. (21 ) 

The coefficient of radiant heat transfer from a surface of 
emissivity , to nonreflec ti ng surroundings can be de-

!I \V, H. McAd.ims, lleal Tra"n,aissiu,a (McGmw-llill Book 
Company, Inc., New York , 1942), p. 240. 

~ 
poi 

rived from the Stefan-fioltzmann law and is given by 

h.• u.[(0,'-8,') / (8,-0.)] 

which, if 8, - 8,, becomes 

l,r~4~t8.'. 

(22) 

(23) 

The coeOicienl of heat transier by a combined convec
tio n-radiation mechanism can be taken as the sum o( 
the cocllicienls for the two indiv id ual mcd1a11isms , 
i.t:., 

l1•h,+ h •. (24) 

Uecause of th e variation of T, du ring the O<t<t~ 
period , the effect ive val ue of /, depeuds not on ly on the 
strength oi hea t pulse but also on I. From temperature 
records ob tained following a short heat pulse, from I wo 
thermocouples ins talled in an insulating fi re brick at 
1- :ind 7-cm dis tances from the x 2 0 plane, respectively, 
the following effective values have been calculated : 

for I= I cm h"'0.00077 \V/ cm'"C, 

fo r1= 2cm h=0.00057 W/cm1°C. 

T he fi rst value indicates an average temperature differ
ence of about I °C between the surface and the sur 
round ings. The second value is approximately eriual to 
tha t which can be obtained from Eq. (23) alone, i.e., on 
the assumption that 8, ..... 8.; thus 1,,,..0. 

If the intensity of the heat pulse is not too hig h, 
calculating Is from Eq. (23) is often permissible, even at 
room temperature. It is always permissible at higher 
temperatures fo r two reasons : fi rst , the heat transfer by 
convection is negligible in comparison with that hy 
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radiation, and secondly, \he coefficient of heal t ransfer 
1,y radiation is not significantly affected by slight 
changes in 8,. 

.'\s Fig. 7 shows, at high values of l, t,./ pcl the variat io n 
of the •l../f! group is very slow ; at higher temperatures, 
therefore, only a rough estimate of h is needed. In the 
case of good conductors, on the other hand, the high
temperature range is more critical. At room temperature 
the ht../ pc/ group is so small that taking d../r' as equal 
to l- is often permissible. 

There is, of course, no need to estimate h, if not the 
thermal diffusivity proper, but the effect of some slowly 
developing physicochemical changes (e.g., desorption 
of moisture, dehydration , and crystalline transforma
tion) at a given temper:\lure level on the thermal 
diffusivity is of primary interest. 

When selecting the distance I the followiniz facts 
should be considered. When I is small , (T,) .. is high, and 
the T, vs I curve exhibits a sharp ma.,imum from which 
/,. can be de termined fairly accurately, Nevertheless, 
I he value obtained for • may be grossly inaccurate for 
three reasons. first, because r is always finite, the 1/ r,. 
rat io may he.:ome large enough to invalidate th e 
assumption of instantaneous heat supply. Secondly, the 
variation of the surface temperature is very signir,cant 
immediately after the application of the heat pulse, so 
that estimating the elTective value of I, for a short t,. is 
rather difficult. Thirdly, the error increases as the dis
tance to he measured is decreased, ancl any error in I 
causes twice as large an error in the ·,alue of•· 

By selecting I large , all these difficulties can be elimi
nated; nevertheless, (T,),. becomes much lower and the 
peak much flatter. 

It has been found that selecting I co rrespondin~ 
rou~hly lo I, defined by Eq. (7) is probably the best 
compromise. With this selection t .. is of the order of 
60 sec. 

The (T,) .. pel/ Q vs ht .. / pcl plot, which is also presented 
in f ig. 7, can be used to estimate the value of Q that 
will yield a certain (T1) ,., The actual value of (T1) ,. is, 
of cou rse, immaterial in these tests, but it should be 
high enough to produce a sulliciently :arge emf in the 
hot junction, located at I, of a dilTerential Lhermocouple. 
T aking (T,).== 2°C, select ing an avernge value of 0.33 
for the (T,)~pcl/Q group, and assuming that 1==1,, the 
followini; equation is obtained: 

Q== IOO(kpc)I . (25) 

At room temperature the most convenient means of 
producing a heat pulse is to bring a piece of hot metal 
into contact wi th the upper surface of the specimen. 
from the solution of the e(Juation of heat co nduction 
when a material of k,, c,,' p , properties and of T, tem
peratu re is brought imo contact wi th another maLerial 
of k, c, p properties and zero temperature along the :c= 0 
plane,• the following expression can be derived fo r the 
heat absorbed by unit area of the latter material in a 

time T : 

I ,1 l 
Q= (2T,/,t-l) ------- . 

(1/k ,p,c,)I+ ( l / kpc )I 
(26) 

If the first material is me tal, and the second a non
metallic specimen, then because k.,p,c,>>kpc, the above 
equation reduces to 

Q= 2T , (kpcr/ r) I, 

By combining Eqs. (25) and (27) one gets 

.,.., 7850/T .', 

(27) 

(28) 

which is an expression for t~e time of application of a 
metal object of T, temperature to the surface of a non
metallic specimen, to produce about 2°C temperature 
rise at I, from the surface. 

At elevated temperatures it is more convenient to use 
a "cold pulse" by applying a momentary je t of cool air 
to the surface of the specimen. Assuming that the 
coeffic ient of heat transfer between the jet and the sur
face is of the order of 0.06 \V / cm2°C, and that the 
temperature of the jet is T, below that of the initial 
surface temperature , the time of applicat ion to produce 
a 2-C 0 drop at I, is obtained as 

r== l6iO[(kpc)I/T ,]. (29} 

The elfel'I of the fi nite thickness (the dimension in the 
x direct ion) of the specimen on t,. was investigated by 
numerical analyses. It has l,een found .that if a> 2.51 
Lhis effect is insi!:nificant. 

l n a fu rther°'ierics of numerical analyses the efTect of 
the frequenry of the pulses was studied . It has been 
~stahlished Lhat an interval of not less than 101,. shol!ld 
be left between two subsequent pulses. As the in terval 
is reduced some rc<.luCLiun in ,_ is experiencecl. 

The elTect of the rinite values of b and con ,_ has not 
l,een investigated analytically. In this laboratory square 
or round specimens arc most often used for these tests. 
The // b ratio has ranged from 0. iS to 10. The specimens 
are always surrounded by insul.ttion . 

It may l,e mentioned that in l96l two pulse methods 
ll'e re described." ·" Both are applicable only to metals 
ancl nei Lh er is comparab le i11 simplici ty to the present 
me thod . 

Experimental 

As the output fro m the d ilTerential thermo,ouple in 
these tests serves only fo r eval uatin~ ,_, any two d is
similar mclals can be used.for thcrtnu,oup le wires. When 
metallic specimens are tested the specimen itself , an be 
chosen as one leg of the <lilTcrential thermocouple. 

The pe rfect smoothness of the emf vs t cu rve is now 
no t so essential as it was with the curve-fittin g me:hod. 

11 E. L. Woisan<l, J. Appl. P.hys. 32, 40 (1961), 
11 \V. J. Parker, R. J. Jenkins, C. P. Dutler, and G. L. Abbott, 

J. Appl. Phys. 32, 1679 (1961). 
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Frc. 8. Experimerll.:il sc.:tup for hii,:h-tt: mrer~lurc mc:isurc:mcnls 
wit h r,ulsc mi.: LhmJ . I , speci men : 2, furnJ. ce ; J, f:in-sharc<l horn; 
4, Dewar flask (or h:1.:pi ng constant lcnipcr:iturc at copper con
nections ; S, <le J.mplificr ; 6, 1-mV recorder. 

Thus as highe r a mp lifi ca tion of the signal is tole rable, 
it is not necessary to use mul t iple d ilTeren tial thermo
couples. The hot junction of the thermocou ple is gen
•·rally introduced into t he specimen through a hole 
drilled in the x-1 plane. The co ld junc t ion can Le in 
rn ntac t with the specimen, but should be insulated 
from the furnace. 

T he block diagram of an experimenta l se tup fo r hi~h 
tempera tu re measurements is shown in F ig. 8. fn this 
labo ratory a fan- shaped horn made irom [nconel is used 
fo r the int roduct ion of coo l ai r. I t is a<l visa l,le he re , too, 
Lo switch tu de furnace hea t ing for the pcnuJ du ring 

t <K 

Fie. 9. Experimental curve for insulating fire brick at 470'C. 

wh ich the maximum of the emf vs time curve is passe<l , 
or to take other measures to minim ize the picku p of 
s tray sig na ls by the thermocouple wires. 

An experime ntall y obtained emf vs I curve is show n 
in Fig. 9. The tes t was carried out a t 470 °C on a spec
imen oi insulat ing fi re brick, grou p 2J . .\ssumi ni; ,= IJ.'J, 
accord ing to Eq. (2J) , /,,,, Q.f)()84 at this tem perature. 
\\ 'ith I=! cm a nd t~= Ci 2.5 sec the val ue of the hl~/ pcl 
group is ahoul 0 .'J·t' Fi~ure 7 shows that in this rq ;ime 
the ViLria t iun of <IM/ 1' is rat her slow ; thus e,·cn a ro ugh 
value of the ill~/ pcl group will y ield iLCceptaule accuracy. 
From Fig. 7 •i~/ f! =0.229, and , therefore, , -O.UOJM 
cm'/ scc. This va lue is in i:;uod iLgreemcnt with that 
ob lained with the curve fit ting method (sec Fig. 6). 
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APPENDIX 

The temperature of a so lid region - .., <., < "', O<y<b, - "' <: < "' (T, = 0) d ue to an instan taneous point 
source of strength Q'/ pe a t x= O, y = y' , z = z' when I = 0 , ~nd to linea r heat transfer (charac terized by a hea t tra nsfer 
coeffic ient /,) at the y= O and y =b surfaces in to a medium at T .= O, is given 1,y ' 

{J' e-t (~l- <-•' 111/h t t 

r--------p,o 2.-., 
• [,6. cos.8. (y/ b )+ (l,b/ k)si ni3. (y/ b) ][,6. cos/J .. (y' / b) + (/, b/ k)sin/J . (y'/ b)] 
L --------------------------,,-,.t(,(/"), (Al) 
•-• i3 .'+2(i,b/ k )+(J,b/ k)' 

where the /3 arc posit ive roots of 
tani3 = 2{3(M / k) / [µ' - (l,b/ k )'J. (A2) 

[n the case of a cont inuous heat source of q/ pc s t rc ng lh in the pla ne :r = 0, U <y < b, the fo llow in ~ equation results : 

q •• f. f' I i-t (,:Z- ( ,-1 ' \1 li~•<t- 1')) 

T~-j dz' dy' dt' 
pcb _ , 0 2n (t- t') 

~ [,6 . cosl'J . (y/ b)+ (/1b/ k)sind ., (y/ b) ][6., uis/J. (y' / b)+ (lib/ k)sin/j, (y'/b)] l 
~ c -6 ,.Jf • ( f-1 1 )11,Zj ___________________________ , 

•-• {3 . ' + 2(/c b/ k)+ (hb/ k)' 
(A.1 ) 
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The fi rst two in teg rals prc~cn t no problem. r\fter pcrformi11~ these integra tions one gets 

q • [ (hb/ k)( I - rns/3.)+/3,_ sin/3 .. ][/:J,. cosB,. (y/ b)+ (/1/./ k)si11/l.(y/ b)] 
T2- L -------'-------------

pc•- • ,B .. [/3.'+2(1,b/ k)+ (hb/ k)'] 

1200 

(,\4) 

The simplest way of evaluating this integral is by making use of the following Fourier cosine transform.<t ion
11

: 

(/\5) 

After substituting and performing the integration with respect to t' one gets 

- -----( 1-,-1o4-<1.rn•1o1) ,la . 21• cosax 

.- o [a'+ (/3./ b)']• 

The solution of th is integral is available in tables of Fourier cosine transforms. finally the following e~pression is 

obtained: 

qb • 1 [(/,b/ k)(l - cos,B,)+/3. sin/3.][/3. cosB.(y/ b)+ (l,b/ k)sin/l . (y/b)] 
r --}: ------------------

k , ., /j,' .B.'+2(hb/k)+(hb/ k)' 

. (,-~.(''" -~\ ,-1,(,1llerf{e.(~) 1-~( S)1J+~-c,111erf{e.(;) 1 +~( ;)
1

] l). (,\6) 

If hb/ k - "' , 13. 2 
,.., , then 

qb 2 • [sin(111r/ 2)}1sin(11ry/b) 
r--- L ------

k ..,, IO •l ,il 

and if, in addition, :i:=0 and ysb/ 2, 

(AK) 

where G is Catalan 's constant , 0.9 159656. 
The average temperature of the 0<:z:<I region in an infin ite soli<l with constant heat flux in the plane ;,:=0 can 

be calculated from Eq. (4) in the following way : 

I/ I J'J' :,; T.,=-- (,l)lierfc--d.tdl. 
klr u o 2(,IJI 

The integration with respect to x is st raightforwa rd , and gives 

2q,IJ' (t I) 
T •• =kl; u ; - l i'cri<:

2
(,/)I di. 

A se ries of integrations 1.,y parts will finally re;u lt in th e following ex pression: 

I qi/KT I [ ("r)I ({')I] (KT I' ) 1(1')1\ T,.=-- - +- to - + - c-(1' 1'" ' - - + --+ I crfc- - . 
4 k l /2 6.-1 [' KT , , 12KT 2 KT 

This is obviously the temperature to which the measured values of k and c shall be related. 

11 F. Obcrbcttingcr, TaLdlm iur Fourier Tra,uforncalion {Sprini,:cr-Vcrlag, Dcrlin , 1957}, pp. J, 11, 12. 
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Thi • publication i 1 being distributed by the D.ivi1ion 
of Building Reaearch of the National Research Council. it 
1hould not be reproduced in whole or in pa.rt, without permi1-
1ion of tho original publi1her . Th• Divi • ion would be glad to 
be of a11i1tance in obtaining such permi 11lon·. 

Publication• of the Division of Building Reaearch may 
be obtained by mailing the appropriate remittance , (a Bank, 
Expreu, or Post O!fice Money Order or a cheque made pay
able at par in Ottawa, to the Receiver General of Canada, 
credit National Research Council) to the National Research 
CoW1cil, Ottawa. Stamp• a.re not .acceptable. 

A coupon 1y1tem has been introduced to make pay
ments (or publications reb,ti.vely simple. Coupons are avail• 
able in denomination1 of 5, ZS and 50 cents , and ma.y be Ob• 
tained by making a remittance a.s indicated above . These 
coupons may be used !or the purchase of a.11 National Re1earch 
Council publications includ ing spec ifications o{ the Canadian 
Government Specifications Board. 

A li st ·of all publication• of the Diviaion ctf. Buildina 
Research i s a.vailable and may be obtained Cr om the Publica
tion.a Section. Di vision of Building Research . Nat i onal Reaearch 
Council , Ottawa , C anada. 
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Rockwell Hanlotd Operations 
Energy Systems Group 

P.O. Box 000 
Richland, WA 99352 

Mr . T. Z. Harmathy 
Fire Section, Division of 
Building Research 

National Research Council 
Otta\'/a 2, CANADA 

Dear Mr . Harmathy 

In reply, refer to Letter RBl-1263 

VARIABLE-STATE METHODS OF MEASURING THE Tl-:E RMAL PROPERTIES OF SOLIDS 

Ref : Journal of Applied Physics , Volume 35, Mo. 4 , Page 1190 - 1200, 
April 1964, T. Z. Hannathy, same subject 

Rock\-iell Hanford Operations is preparing a de t ailed report on 
the effects of 1 ong-term exposure to e 1 ev-~ted tern;:ierature on 
the mechanical properties of Hanford concrete . Most of the work 
to be reported was conducted by the Construction Technol ogy 
Division, Portland Cement Association, Skokie, IL. The report, 
which is funded by the Department of Ener;y ' s Long-Term High-Level 
Waste Management Program, wi ll not be i ssued for prof it bu t 
would be ava i lab le at printing cost to anyone who requests it 
through the Technical Information Center, Oak Ridge, Tennessee . 

As part of Appendix 9 of the report, 1-,e request permission to 
reprint the Reference article . The repor~ is scheduled 
for issuance in July 1981 so we would appreciate a timely 
response to our request . 

Sincerely, 

C. DeFigh-Pri ce, Team Leader 
Waste Processing 
Engineering Mechanics 

CDP/11:a 
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National Researdl Council Consetl national de recherches 
Canada Canada 

Division of Building 
Researct, 

Division des recherches sur le 
batiment 

Mr. C. DeFigh-Price, 
Team Leader, 
Waste Processing 

May 8, 1981. 

Engineering Mechanics, 
Rockwell Hanford Operations, 
Energy Systems Group, 
P • 0 • Box 8 0 0 , 
Richland, WA 99352, 
U.S.A. 

Dear Mr. DeFigh-Price: 

,,. --=• M43-3-146 

Re: Your Letter RSl-1263, dated April 21, 1981 

Thank you for your interest in my paper 
•variable-State Methods of Measuring the Thermal 
Properties of Solids". I have no objection what
ever to your plan to reprint that article as part 
of Appendix 9 of your report. Since I am not fami
liar with the copyright situation, I suggest that 
you also contact the Editor of the Journal of Applied 
Physics in an effort to secure his permission. 

TZH:bb 
81-F-94 

Ottawa. Canada 
K1A0R6 

~ T. Z. Harmathy, Head, 
Fire Research Section. 
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TABLE I-1. Thermal Properties Tests of Hanford Concrete. 

Specimen Tempe6ature, Density, Thermal Thermal Specific 
Number F lb/ft3 Diffusivity Conductivity, Heat, 

ft2/Hr Btu/ft/hr J°F Btu/lb/°F 

4.5K12-4 79 139.8 0.0240 0.8138 0.2419 

320 0.0218 0.8283 0. 2715 

590 0.0184 0.7456 0.2904 

887 0.0176 0.6913 0. 2811 

1,175 0.0147 0. 6092 0.2957 

968 0.0157 0.6005 0.2737 

869 0.0159 0.6086 0.2739 

626 0.0147 0.5387 0.2614 

356 0.0154 0.5208 0.2422 

79 0.0171 0.4965 0.2154 
3Kl4-20 79 141.0 0.0322 0.9549 0.2105 

320 0.0252 0.8861 0.2486 

626 0.0220 0.7138 0.2297 

1,166 0.0174 0.6514 0.2654 

1,040 0.0165 0.5959 0.2564 

752 0.0181 0'.6133 0.2404 

383 0.0185 0.5595 0. 2138 

79 0.0246 0.5977 0 .1779 
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PETROGRAPHIC ANALYSIS OF HEATED TEST HANFORD 

CONCRETE MIX TEST SPECIMENS 

Samp 1 es of 28 cylinders of 1 ab-prepared concrete, stored at various 

temperatures for different lengths of time, have been studied with a 

po 1 ari zed-1 i ght microscope and stereomi croscope to determine the micro

structural effects on the paste and the paste-aggregate bond. An attempt 

was made to discern the progressive changes in microcrystalline texture 

of the pastes as functions of duration and temperature of storage. Du

ration of storage ranged from 3 to 270 days (after a 193-day initial cure 

at 70°F and 100% RH). Temperatures were 250°, 350°, and 450°F. 

METHODS 

Cylinders representing specified time and temperature combinations 

were withdrawn from storage ovens and, after a few hours of cooling in 

the lab atmosphere, a 2.5-cm-thick slice was cut transversely on a water 

cooled saw. A small block, cut from the interior of the slice with an 

oil cooled saw, was leveled and dried at so 0c (112°F), and mounted on 

standard petrographic glass slides with epoxy. Thin sections were qround 

to a thickness of approximately 10 to 20 microns and protected with cover 

glass, loose mounted in epoxy. The thin sections were labeled and most 

were numerically coded so that they could be described without prior bias 

as to duration of storage and temperature. 

Optical properties of any solid material are functions of chemical 

composition and conditions of formation (temperature and pressure). 

After genesis, some phases are thermodynami ca 11 y sensitive to changes in 

these conditions, with consequent changes in some optical properties. 

Calcium hydroxide, one of the principal hydration products of portland 

cement, normally occurs in crystal sizes large enough for optical 

examination in polarized light and determination of birefringence. 
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Birefringence is the numerical difference between the maximum and 

minimum indices of refraction of an anisotropic crystalline solid and can 

be related to the crystal t hick nes s ( th'in section thickness) in the 

following equation: 

where 

\= wavelength of transmitted light in millimicrons (540) 

e = degrees of analyzer rotation on the microscope 

B = birefringence of the crystalline solid 

t = thickness. 

Assuming a quartz birefringence of 0 .009 , thickness of the concrete 

thin section was determined by aver aginiJ s2 11eral measurements of eon 6 

to 8 grains of quartz. Us ing this c:1. 1cJl ~ted value of thickness, the 

average birefringence of ca lci um hydr 0< "de in the same thin section was 

determined by examination of 8 to 10 cryst als in the portland cement 

paste of the concrete. Birefringence data are gi ven in Table J-1. 

Data groups in terms of temperatu re and duration of storage are 

presented in Table J-2. 

DESCRIPTION OF THE CONCRETE 

Coarse aggregates in the co ncre te are principally basalt, dolerite, 

and gabbro, with lesser amounts of quartz, plagioclase, and biotite 

gneiss. Fine aggregates ar e fragments of th e ahove-ment i oned rocks; and 

in addition, metasandstones of vari ous types, metaquartzite, quartz 

diorite, and argillite. No rec.ction product s of potentially react i ve 

aggregates were noted. 

The paste, which is formed by the combination of water and cement, 

contains, in addition to hydration products, unhydrated portland cement 

grains (UPCs) and air voids. Hydrat ion products are primarily calcium 
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TABLE J- 1. Thin Section List and Birefringence 
of Calcium Hydroxide. 

No. Concrete Tempe5ature, Time, Average 
F Days Birefringence 

4.5K 450 100 0.0125 

3K Control 0.0202 
Specimen 

3K 450 100 0.0108 
4.5K 450 6 0.0208 

3K 450 6 0.0159 
3K 350 4 0.0120 

4.SK 350 4 0.0197 
3K 350 150 0. 0113 
3K 250 150 0.0142 

! 

4.5K 250 3 0.0173 
3K 450 10 0.0091 
3K 250 3 0.0178 

3K 450 170 0.0179 

4.SK 450 10 0.0117 

4.5K 350 150 0.0203 

3K 250 100 0.0187 
4.5K 450 170 0.0187 
4.5K 450 60 0.0117 
3K 450 60 0.0090 
4.5K 250 150 0.0087 
3K 250 3 0.0186 
4.5K 250 100 0.0123 
3K 350 270 0.0160 

4.5K 250 270 0.0182 

3K 250 270 0.0176 

4.5K 350 270 0.0198 
4.5K 450 270 0.0202 
3K 450 270 0.0123 
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TABLE J-2. Average Birefringence Versus Temperature Values for 
Various Samples at Given Temperatures and Time Periods. 

250°F for 4 days 350°F for 4 days 450°F for 6 days 

0.0142 0.0120 0.0125 

0.0173 0.0197 0.0108 

0.0178 0.0113 0.0208 

0.0187 0.0203 0.0159 . 
0.0087 0.0160 0.0091 

0.0186 0.0198 0.0179 

0.0123 n = 6 0.0117 

0.0182 a= 0.0041 0.0187 

0.0176 x = 0.0165 0.0117 

n = 9 0.0090 

a= 0.0035 0.0202 

x = 0.0159 0.0123 
n = 12 

a= 0.0043 
x = 0.0142 

Ambient Ambient Ambient Ambient 
Temperature Temperature Temperature Temperature 

for 1-10 days for 60-100 days for 150-170 days for 270 days 

0.0208 0.0125 0.0113 0.0160 

0.0159 0.0108 0.0142 0.0182 

0.0120 0.0187 0.0179 0.0176 

0.0197 0.0117 0.0203 0.0198 

0.0173 0.0090 0.0187 0.0202 

0.0091 0.0123 0.0087 0.0123 

0.0178 i n = 6 n = 6 n = 6 

0 .0117 a= 0.0032 a= 0.0046 a= 0.0029 
0.0186 x = 0.0125 x = 0.0152 x = 0.0174 

n = 9 
a= 0.0040 

x = 0.0159 
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silicate hydrates and calcium hydroxide, the latter having crystals large 
enough in normal concrete for determination of optical properties. 

Calcium hydroxide occurs in pastes as: 

• Aggregate fringes 
• Concentrations in the paste 

• Finely dispersed amidst other hydration products 
• Air void fillings. 

Only the first two occurrences are considered in this report. Calcium 

hydroxide, in pure form, is assumed to have the properties listed in 
Taylor* (1964), p. 352: 

• Hexagonal system 
• Refractive indices of 1.573 and 1.545 
• Birefringence of 0.028. 

It is clear that the birefringence determined for calcium hydroxide 

in the present report does not equal that stated by Taylor, even for the 
11 control 11 specimen (thin section No. 2). 

The products of hydration are aggregated in paste to form a micro

crystalline mosaic, an intimate intergrowth of principal ly calcium 
silicate hydrate and calcium hydro xi de, the amounts of which are deter
mined largely by the quantities of cement and water: Individual crystals 
comprising the microscrystalline mosaic are normally in the range of 0.1 
to 100.0 microns, with a submicron average. The average size is beyond 
resolution in a polarized-light microscope; thus all of the calcium 
hydroxide birefringence measurements in the present study were made on 

relatively large, probably impure crystals or groups of crystals. 

It is thought that the modal crystal sizes of calcium silicate 
hydrate and calcium hydro xi de would show progressive changes with tem

perature and duration of storage. However, because of the small crystal 

*H. F. W. Taylor, Chemistry of Cements, Academic Press, New York 
(1976). 

J-5 



RHO-C-54 

size and optically indefinite crystal boundaries, measurements could not 

be made reliably. Perhaps, examination of a polished and etched surface 

with a scanning electron microscope (SEM) would show progressive changes 

in crystal size. The SEM allows only observation of size and morphology 

(farm) to the exclusion of other optical properties; thus the method has 

some limitations. 

During sample preparation for thin sectioning, slight differences in 
tenacity of paste/aggregate bond were noted. Using the categories given 
below, on hand specimens (slices 2.5 to 3.0 in. thick) were broken with a 

small harrrner and the relative differences of paste/ aggregate tenacity 

were determined. The ranks are outlined below: 

1 1.0 - all coarse aggregates sheared 

• 2.0 - most sheared, a few not broken 

1 3.0 - approximately equal proportions of sheared and nonbroken 
aggregates 

1 4.0 - most aggregates not sheared (pullouts common), but a few 
aggregates broken 

• 5.0 - all coarse aggregates remain unbroken (pullouts abundant). 

Of 40 samples examined (Table J-3), tenacity of the paste/aggregate 
bond averages 4.6 (standard deviation equa l s 0.52); thus, in almost all 
of the samples, pullouts and unbroken aggregates char-acterize the harrrner 
fractured surface. Samples giving relatively low values are: 

1 4.5K/350°F/4 days - 3.0 
1 3K Control - 3.2 (no heat treatment) 
1 3K/450°F/6 days - 3.5. 

It appears that significant reduction of the strength of the paste/ 
aggregate bond occurs after coo 1 i ng and returning to room temperature 
conditions. 

Air contents, estimated on broken surfaces of 40 cylinder samples, 

have an average of 2.8% 
high tenacity values 

contents. 

, 
(standard deviation equals 0.86%). Comparatively 
generally correlate with relatively high air 
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TABLE J-3. Air Content and Tenacity. 

Specimen Temp§rature, Days Estimated Air Rating of 
Number F Content by percent Fracture Surface* 

a= 0 .86 a = .52 
X = 2.8 x = 4.6 

4.5K 350 4 2 3.0 
3K Control - 1 3.2 
3K 450 6 3 3.5 
4.5K 350 80 3 5.0 
4.5K 250 3 3 4.5 
3K 350 4 3 4.5 
4.5K 450 6 2.5 4.5 
3K 250 150 1 5.0 
4.5K 250 6 3.5 5.0 

bubbles 
iaround aggregates) 

3K 450 18 3.5 5.0 
4.5K 450 18 3 5.0 
3K 350 10 3 4.75 
4.5K 450 10 3 5.0 
4.5K 450 100 2.5 4.75 
3K 450 101 2 4.75 

(bubble clusters) 

4.5K 250 150 2.5 4.75 
(bubbles 

~round aggregates ) 

4.5K 350 150 2 4.75 
3K 450 33 2 4.0 
3K 450 - 3.5 5.0 
4.5K 450 60 2.5 4.75 
4.5K 350 30 2.5 5.0 
3K 250 6 2 4.0 
3K 250 80 2 5.0 
4.5K 350 10 3.5 5.0 
3K 350 30 3 5.0 
4.5K 250 30 3.5 4.5 

(leveled ) 

3K 250 30 3 4.5 
( leveled ) 

3K 350 150 4 5.0 
4.5K 450 170 4 5.0 
3K 450 60 4.5 5.0 
4.5K 250 80 4 5.0 

(bubbles 
~round aggregates) 
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TABLE J-3 . Air Content and Tenac ity (Continued). 

Estimat ed Air Rating of 
Specimen Temp0~~ture, Days Content by percent Fracture Surface* 

Number r a= O. 86 O= .52 
x = 2 .8 - 4.6 X= 

3K 350 80 3.0 5.0 
4.5K 450 33 3.5 4.75 
3K 450 10 3.0 5.0 
4.5K 250 270 2.5 3.8 
4.5K 350 270 2.5 4.0 
3K 250 270 1.5 4.5 
3K 350 270 3.0 4.5 
4.5K 450 270 3.2 4.75 
3K 450 270 2.8 4.75 

*Based on rating table on page J-6. 

CONCLUSIONS 

Calcium hydroxide birefringences show no clearly defined correlation 

with temperature of storage , judging from the averages given in 
Table J-2. A Studen t's t-Distribution Test for a significant difference 

between the 25•0 and 350°F versus the 4S0°F data gives a value of 
1.28, which sugges ts the possibility that a real difference exists, but 

implies the necessity for additional data. In terms of storage times, 
samples stored for 270 days revealed relatively high birefringence. A 

Student ' s t-Distribution :est for significant difference in the bire 

fringences of the 1 to 100 day versus 150 to 270 day samples results in a 

value o~ 1.37 . This again suggests a poorly defined relationship and the 

need for additiona l data. Both Student's t - Distribution Tests show 

correlation at 90% probability level, but better relationships are 
usually reauired. 

Examination of the fracture surfaces of samples broken with a harrrner 

rev ea 1 an obvious weakening of the paste/ aggregate bond. Apparently, 

des i ccat ~ on of th e concrete during storage for appreciable lengths of 

time at moderately high temperatures dehydrates the cement hydration 

products, result ing in submicroscopi c contraction of the paste and 
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consequently weakening its bond with aggregate after cooling. An 
additional factor contributing to rupture of the bond may be related to 
relaxation of thermally induced stresses arising from differential 
expansion of various aggregate minerals at the paste contact. 

FRACTOGRAPHIC ANALYSIS OF BROKEN TEST SPECIMENS 

Fracture surf aces on 202 concrete cylinders, broken by compressive 

or split tensile methods, have been examined. The cylinders represent 

concrete stored for various lengths of time at tempertures of 70°, 
250°, 350°, and 450°F. Each fracture surface was categorized with 
the following numerical scale: 

• 1.0 - Aggregates sheared, very few pullouts 

• 2.0 - Most aggregates broken, some not 
• 3.0 - Sheared and unbroken aggregates about equal 

• 4.0 - Some aggregates broken, pullouts abundant 
• 5.0 - Very few aggregates broken, pullouts very abundant. 

Observational data are given in Table J-4. Photo samples are shown in 
Figures J-1 through J-6. 

RELATIONSHIP OF FRACTURE SURFACE TO TEMPERATURE 

Comparison of types of fracture surfaces produced in compression and 
split tensile tests, using Student 1 s t-Distribution Tests on average 
values, indicate significant differences between compressive test 

surfaces at 70°F and those at 450°F (95% level). 

Insignificant differences, determined in the same way, are indicated 

for surfaces produced by the split tensile test (70°F and 450°F). 

Inspection of the data in Table J-4 suggests obvious differences in 

compressive versus split tensile surfaces. The typical surface produced 

in compressive shows a relatively large number of pullouts and few broken 
aggregates (average is 4.60). In contrast, the surface produced by the 
split tensile test reveals comparatively fewer pullouts and more broken 
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aggregates (average is 3.63). Average standard deviations for com

pressive and tensile test data are 0.17 and 0.05, respectively; indi
cating relative uniformity in the tensile test data. 

RELATIONSHIP OF FRACTURE SURFACE TO DURATION OF STORAGE 

Data presented in Table J-1 were grouped into two storage cate
gories: 4 to 101 days of storage and 150 to 679 days of storage. 
Fracture surfaces produced by compression tests are not significantly 
different at the 95% probability level, using Student's t-Distribution 

Test for concrete in both storage categories. 

Average compression test values are 4.58 and 4.63 for the 4 to 101 

day and 150 to 679 day categories, respectively. 

Fracture surfaces formed in the split tensile test are significantly 
different at the 95% level, using the same categories and statistical 
tests. Average values are 3.57 and 3.76 for the 4 to 101 day and 150 to 
679 day categories, respectively. 

CONCLUSIONS 

These data suggest the possibility of major effects of both temper

ature and time on the type of fracture produced in compression and split 
tens i 1 e tests. However, a 11 the tests were conducted after the cylinder 
had cooled to room temperature; possibly producing a poorly understood 
11 relaxation 11 effect in the paste/aggregate bond and weakening the 
concrete. Partial elimination of cement water of hydration and 
subsequent paste recrystallization may account for strength decrease with 

time and temperature. Recrystallization normally involves an increase in 
crystal size, but this was not observed by thin section microscopy. Use 

of a scanning electron microscope may yield conclusive data. 
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FIGURE J-1. Compression Test Cylinder 4.5K4-28, stored at 70°F for 
30 days, with a fracture surface rating of 4.6. Note Numerous sock
ets (pullouts) and relatively few broken aggregates. 

. ' " 

-' 
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• 

FIGURE J-2. Split Tensile Test Cylinder 4.5K4-29, stored at 70°F for 
30 days, with a fracture surface rating of 3.5 (2 cm scale) . 
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FIGURE J-3. Compression Test Cylinder 4.5K3-21, stored at 450°F for 
487 days, ranking 4.7 on the relative scale and showing mostly pullouts 
and very few broken aggregates. (2 cm scale). 

FIGURE - J-4. Split Tensile Test Cylinder 4.5K3-22, stored at 450°F for 
487 days, which ranks 3.7 on the fracture surface scale and shows 
abundant pullouts. 
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FIGURE J-5. Compression 
679 days, with a fracture 
numerous broken aggregates. 
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Test Cylinder, 
surface ranking 

4.5K5-9, 
of 3.6. 

moist 
Note 

cured for 
relatively 

FIGURE .J-6.Split Tensile-Test Cylinder, 4.5K8-29, moist cured for 
679 days. Fracture surface has relatively few pullouts and many broken 
aggregates, with a ranking of 3.5 on the relative scale. 
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TABLE J-4. Fracture Surfaces on Tested Cylinders. 

Rating Based on Scale* 
Cylinder Tempe5ature, Days Number F Compression Split Tensile 

Test Test 

4.5K4-29 70 . 30 - 3.5 
4.5K4-26 70 30 - 3.5 
3K4-28 70 30 4.6 -
3Kl-4 70 71 4.0 -
3K4-26 70 30 - 3.5 
3K4-30 70 30 4.8 -
4.5K6-28 70 361 4.7 -
4.5K4-29 70 30 - 3.7 
4.5Kl-11 70 71 - 3.5 
4.5K2-15 70 71 - 3.7 
3K6-28 70 361 4.5 -
3K7-7 70 361 - 3.7 
4.5K9-l 70 194 4.5 -
3K9-l 70 194 4.0 -
3K9-3 70 194 4.8 -
4.5K9-3 70 194 4.8 -
4.5K9-15 70 194 - 3.3 
4.5K9-2 70 194 - 3.5 
3K9-2 70 194 - 4.2 
3K9-10 70 194 - 4.5 
3Kl-5 70 34 4.5 -
4.5K2-7 70 34 4.0 -
3Kl-7 70 34 4.0 -
3K6-25 70 240 4.6 -
3K7-28 70 240 - 4.0 
4.5K6-25 70 240 4.0 -
4.5K7-29 70 240 - 3.4 
3K5-5 250 150 4.7 -
3K5-2 250 150 - 4.0 
3K5-3 250 150 4.8 -
3K5-7 250 150 - 4.0 
4.5K5-5 250 150 4.7 -
4.5K5-l 250 150 - 3.8 
4.5K5-6 250 150 - 3.8 
4.5K5-3 250 150 4.8 -
4.5K8-l 250 10 4.5 -
4.5K8-6 250 10 4.5 -
4.5K8-3 250 10 - 3.5 
4.5K8-2 250 10 - 3.3 
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TABLE J-4. Fracture Surfaces on Tested Cylinders.(Continued) 

Rating Based on Scale* 
Cylinder Tempebature, Days Number F Compression Split Tensile 

Test Test 

3K8-3 250 10 4.7 -
3K8-4 250 10 - 3.5 
3K8-l 250 10 - 3.7 
3K8-5 250 10 4.5 -
3K4-3 250 80 4.5 -
3K4-2 250 80 - 3.8 
3K4-l 250 80 4.7 -
3K4-5 250 80 - 3.5 
3K6-4 250 270 - 3.8 
3K6-l 250 270 - 4.0 
3K6-3 250 270 4.5 -
3K6-5 250 270 4.3 -
4.5K6-6 250 270 4.1 -
4.5K6-3 250 270 4.7 -
4.5K6-2 250 270 - 3.5 
4.5K6-8 250 270 - 3.5 
4.5K7-4 250 30 4.6 -
4.5K7-1 250 30 - 3.5 
3K7-3 250 30 - 3.6 
4.5K7-3 250 30 4.8 -
4.5K7-9 250 30 - 3.6 
3K7-4 250 3 - 3.5 
4.5K3-5 250 3 4.6 -
4.5K3-3 250 3 4.7 -
4.5K3-l 250 3 - 3.6 
4.5K3-7 250 3 - 3.5 
3K3-3 250 3 - 3.4 
3K3-5 250 3 4.6 -
3K3-7 250 3 - 3.5 
3K3-1 250 3 4.6 -
3K4-8 350 10 4.5 -
3K7-14 350 10 - 3.6 
3K4-ll 350 10 4.7 -
3K4-4 350 10 - 3.5 
4.5K4-ll 350 10 4.3 -
4.5K4-10 350 10 - 3.3 
4.5K4-14 350 • 10 3.0 -
4.5K4-8 350 10 4.3 -
3K3-ll 350 4 - 3.5 
3K3-14 350 4 4.7 -
3K3-8 350 4 4.7 -
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TABLE J-4. Fracture Surfaces on Tested Cylinders.(Continued) 

Rating Based on Scale* 
Cylinder Tempebature, Days Number F Compression Sp l it Tens n e 

Test Test 

3K3-9 350 4 - 3.5 . 
4.5K3-ll 350 4 - 3.4 
4.5K3-8 350 4 4.7 -
4.5K3-14 350 4 4.7 -
4.5K3-15 350 4 - 3.4 
3K6-6 350 80 - 3.6 
3K6-8 350 80 - 3.6 
3K6-11 350 80 4.7 -
3K6-14 350 80 4.8 -
4.5K6-7 350 80 - 3.5 
4.5K6-12 350 80 - 3.5 
4.5K6-ll 350 80 4.6 -
4.5K6-14 350 80 4.8 -
4.5K5-10 350 30 - 3.6 
4.5K5-8 350 30 4.5 -
4.5K5-14 350 30 - 3.6 
4.5K5-11 350 30 4.6 -
3K5-8 350 30 - 3.6 
3K5-11 350 30 4.4 -
3K5-14 350 30 4.2 -
3K5-12 350 30 - 3.5 
3K7-14 350 150 - 3.7 
3K7-8 350 150 4.6 -
3K7-9 350 150 - 3.7 
3K7-11 350 150 4.8 -
4.5K7-8 350 150 4.5 -
4.5K7-12 ,o 150 - 3.7 
4.5K7-15 _,jO 150 - 3.5 
4.5K7-10 350 150 4.7 -
4.5K8-15 350 270 - 3.5 
4. 5K8-ll 350 270 4.7 -
4.5K8-8 350 270 4.7 -
4.5K8-14 350 270 - 3.7 
3K8-14 350 270 - 3.7 
3K8-ll 350 270 4.7 -
3K8-8 350 270 4.8 -
3K8-6 350 270 • - 4.0 
4.5K6-23 450 18 4.8 -
4.5K6-19 450 18 - 3.7 
4.5K6-17 450 18 4.5 -
4.5K6-20 450 18 - 3.7 
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TABLE J-4. Fracture Surfaces on Tested Cylinders.(Continued) 

Rating Based on Scale* 
Cylinder Tempe5ature, Days Number F Compression Split Tensile 

Test Test 

3K6-19 450 18 - 3.6 
3K6-23 450 18 4.7 -
3K6-10 450 18 - 4.0 
3K6-17 450 18 4.7 -
3K7-23 450 33 4.7 -
3K7-20 450 33 - 3.6 
3K7-17 450 33 4.5 -
4.5K7-20 450 33 4.5 -
4.5K7-23 450 33 - 3.5 
4.5K7-18 450 33 4.5 -
4.5K7-19 450 33 - 3.6 
4.5K6-29 450 170 - 3.7 
4.5K5-25 450 170 - 3.8 
4.5K4-24 450 170 4.7 -
4.5K3-25 450 170 4.7 -
3K3-25 450 170 4.8 -
3K5-25 450 170 4.8 -
3K4-24 450 170 - 3.8 
3K6-16 450 170 - 3.6 
4.5K4-19 450 6 - 3.5 
4.5K4-20 450 6 4.8 -
4.5K4-23 450 6 - 3.5 

. 4. 5K4-17 450 6 4.8 -
3K4-20 450 6 4.6 -
3K4-17 450 6 - 3.5 
3K4-23 450 6 4.8 -
3K4-18 450 6 - 3.6 
3K8-17 450 60 4.8 -
3K8-13 450 60 - 3.6 
3K8-22 450 60 4.8 -
3K8-24 450 60 - 3.7 
4.5K8-23 450 60 - 3.5 
4.5K8-30 450 60 4.6 -
4.5K8-18 450 60 - 3.5 
4.5K8-17 450 60 4.7 -
4.5K9-14 450 100 - 3.4 
4.5K9-24 450 100 - 3.6 
3K9-ll 450 100 - 3.8 
3K9-12 450 100 - 3.8 
3K5-20 450 10 4.6 -
3K5-13 450 10 - 3.7 
3K5-17 450 10 - 3.7 
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TABLE J-4. Fracture Surfaces on Tested Cylinders.(Continued) 

Rating Based on Scale* 
Cylinder Tempe5ature, Days Number F Compression Split Tensile 

Test Test 

4.5K5-16 450 10 4.6 -
4.5K5-27 450 10 - 3.5 
4.5K5-23 450 10 - 3.6 
4.5K5-20 450 10 4.6 -
4.5K3-23 450 300 4.8 -
4.5K3-19 450 300 4.8 -
4.5K3-28 450 300 - 3.6 
4.5K3-17 450 300 - 3.7 
3K3-20 450 300 4.5 -
3K3-23 450 300 4.7 -
3K3-17 450 300 - 3.6 
3K3-13 450 300 - 3.5 
4.5K6-20 350 487 4.8 -
3K6-24 350 487 4.8 -
3K6-30 350 487 4.9 -
4.5K6-26 350 487 4.8 -
4.5K8-28 250 487 4.7 -
4.5K8-25 250 487 4.7 -
3K9-20 250 487 4.8 -
3K9-14 250 487 4.7 -
4.5K8-29 70 679 - 3.~ 
3K8-28 70 679 - 3.6 
4.5K5-9 70 679 3.6 -
3K5-28 70 679 4.0 -
4.SK3-21 450 487 4.7 -
4.5K3-27 450 487 4.8 -
3K3-12 450 487 4.8 -
3K3-10 450 487 4.8 -
4.5K3-22 450 487 - 3.7 
3K3-26 450 487 - 3_q 
4.5K3-2 450 487 - 4.0 
3K3-27 450 487 - 4. 0 
4.5K8-26 250 487 - 3.8 
3K9-29 250 487 - 3.6 
3K9-17 250 487 - 4.0 
4.5K8-16 250 487 - 3.7 
4.5K6-27 350 487 - 3.9 
3K6-27 350 487 - 4.0 
4.5K6-24 350 487 - 4.0 
3K6-26 350 487 - 3. 8 
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