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PREFACE 

This is the third report in the series of three reports to be written 

covering the work of this project. The reports are: 

Report No. 1 - "Relationship Between Critical Mechanical Proper

ties and Age for Structural Lightweight Concrete If by W. B. Ledbetter 

and J. Neils Thompson; this report was concerned with the development 

of a technique to measure the tensile stress-strain characteristics of 

lightweight aggregate concrete and how this property is affected by re

straint from volume change. 

Report No. 2 - "Volume Changes in Unrestrained Structural Light

weight Concrete If by James T. Houston and J. Neils Thompson; this 

report is concerned with the development of a method to accurately de

termine the coefficient of linear thermal expansion as well as the un

restrained shrinkage characteristics of structural lightweight concrete. 

Report No. 3 (Final Report) - "Critical Mechanical Properties 

of Structural Lightweight Concrete and the Effects of These Properties 

on the Design of the Pavement Structure II by W. B. Ledbetter, Ervin S. 

Perry, James T. Houston, and J. Neils Thompson; the current report 

summarizes the findings of the first two reports, and provides some inter

pretation of the effects of environment and restraint upon the design of the 

pavement structure. 
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ABSTRACT 

In this study, critical mechanical properties of structural lightweight 

concrete were determined and utilized in the evaluation of a design of 

concrete pavements. Also presented are the critical mechanical proper

ties resulting from unrestrained and restrained volume changes. Par

ticular attention is given to compressive, direct tensile, and indirect 

tensile (split cylinder) strength at various ages of the concrete. 

The critical properties determined in this study indicate that con

crete pavements can be designed with lightweight concrete and that expec

ted performance in regard to the effects of warping stresses and pavement 

deflection will be better when lightweight concretes are used. However, 

the effects of restrained volume change of lightweight concrete on pave

ment performance can be detrimental if improper curing, or curing for 

too short a time, occurs. The need for further research into the effects 

of curing on lightweight concrete pavement performance is emphasized. 
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1. INTRODUCTION 

1. 1 General 

Structural lightweight concrete has been used for many years in the 

construction of structural elements such as concrete buildings and bridges, 

generally with very excellent results. Occasionally failures have occurred 

and the causes have been credited to the failure of structural lightwttight 

concrete, whether justifiable or unjustifiable. This perhaps is under

standable because tID many individuals structural lighbweight ccmcrete 

is still a new material, and as they may nat have been previausly exposed 

to its use, a quick judgement may lead to the conclusien th.,t the material 

is unsound. Also, althGmgh lightweight concrete has been in use for some

time, there remains much that is unknown cencerning its behavior and 

performance in service. This is especially true for a concrete pavement 

structure. There are almost n@ concrete pavement structures constructed 

of lightweight concrete, and before this material can be used for this pur

pose, additional information must be known. 

Therefore, in an attempt to find out more about this material and its 

use in concrete pavement structures, this study was undertaken. This is 

the third and final report in this study. The first report, Relationship 

Between Critical Mechanical Properties and Age For Structural Lightweight 

Concrete, was published in February 1964. 1':' The scope of this first report 

':'Numbers indicate references as listed in the Bibliography. 

1 
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included the (1) development of a method whereby the direct tensile proper-

ties of the concrete could reliably and consistently be determined, (Z) 

determinatit!1n of the direct tensile as well as other critical mechanical 

properties of structural lightweight concrete which affect the design and 

perf0rmance of pavement structures, (3) analysis of C0ncrete preperties in 

terms etf ale as a test parameter, and (4) development of the relati.nships 

between these critical mechanical properties. 

2 The seccmd report, was entitled Volume Chan~e in Unrestrained 

Structural Lightweight Concrete. The objectives of this report were (1) 

to develop a methad of accurately measuring small dimensional changes 

in concrete specimens, (j) to determine the coefficient of linear thermal 

expansilJn of lightweight and regular-weight cencrete, and (l) to study un-

restrained shrinkage characteristics of lightweight concrete. 

1. 2 Obje~tives and Limitatil!ms 

This report has as its objectives: (1) to explare the properties af 

volume changes of a structural lightweight concrete due tf!) temperature 

changes and m.isture changes during curing, (2) t8 explere trends of 

relatien.hips between cempressive. split cylinder, and flexural strengths, 

(I) to report further infermaticm on the direct tensile prGperties, (.) t8 

present relatiGnships between direct tensile, clDmprcuaive, and split 'cylinder 

strength., and te show hew these are affected by different curing c.nditions, 

(5) to expl.re properties of the static m.dulus ef elasticity in bClth tension 

and compression, and (') to determine the effects of all li,htweilht struc-

tura.l cencrete properties investigated in this study on the de.ign and per-

formance of concrete pavement structures constructed with atructural light-

weight concrete. 
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The above objetives were determined for concrete made with one 

structural lightweight coarse aggregate and for concrete made with one 

regular-weight coarse aggregate. A river run sand was used as the fine 

aggregate in both concrete types. A complete description of the para

meters involved in this investigation is given in the first report. 3 However, 

the variables will be summarized belt')w. A structural lightweight, semi

coated, expanded shale with a nominal maximum size of 3/4 in. was used 

as a coarse aggregate in all tests of lightweight concrete. Cement factors 

of 4 sacks per cubic yard and 5 sacks per cubic yard were used with air 

contents of 2 per cent (no air-entrainment) and 6 per cent (using an air

entrainment additive). Three curing conditia)Os were employed and were 

termed bag cured, oven cured, and air cured. The bCIIg-cured specimens 

consisted of moist curing the specimens in sealed ployethylene plastic bags 

at 75F. The specimens in the bags were therefore cured under a relative 

humidity Qf approximately 100 per cent. The oven-cured specimens were 

cured in an mven at approximately 110F and low humidity. The temperature 

in the oven probably varied .±5F. The air-cured specimens were cured at 

approximately 50 per cent relative humidity and 75F generally prevailing 

in the laborat0ry. Concrete properties were determined at ages of 1/2 day, 

2 days, 7 days, and 28 days in conjunction with the variables mentioned 

above. 

In order to isolate the relationships between test parameters invDlved 

in this study, the following variables were held constant throu,haut this 

study: 

1. Mixing time and sequence. 

2. Cement type. 
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3. Batch 'Size. 

4. Air -entrainment type. 

5. Consistency. 

6. Test procedure (specimen size, r .. te of loading, etc). 

7. Fine -aggregate type. 

Discussions concerning materials, 

procedures can be found in the first two 

mixing techniques, and testing 

4 5 
reports. ' 

1. 3 Background 

Structural lightweight concrete was first produced in 1917. 

Stephen J. Hayde developed a process hr expanding shale and clay 

into sound, hard, lightweight particles suitable for use as aggregate 

in structural concrete. This type of concrete has been used extensively 

since that time. For a complete development of the background of this 

material, including the research conductled recently at the Texas 

Transportation Institute, TelCas A and M University, thtl! reader 

6 is referred to the fir, t report in this study. 



2. VOLUME CHANGES 

2. 1 General 

All concrete changes dimensi@nally when subjected to changes in 

temperature and chanaes in meisture environment. Lightweight aggregate 

concrete in general is more susceptable to vC)lume cha.n~es than regular-

weight concrete because of its por()us nature. This is particularly pro-

nounced during the curing periad. 

The coefficient of linear thermal expansien, hereafter called 

coefficient of expansion (K ) is a measure of volume changes due to tem
T 

perature variatians, which is an important design consideration. The 

coefficient (')f expanailan of ill. lishtweight conc::rete and a regular-weight con-

crete are discussed and cc>mpared briefly in this chapter. A more complete 

7 
descripti~n Q)f testing techniques and results are presented by Houston. 

Shrinkage and expansion characteristics of one lightweight concrete 

are also presented in this chapter and compared to a regular-weight concrete. 

2.2 Volume Changes-Thermal 

Two lightwei~ht and one regular-weight concrete specimens (6 x 12-

in. cylinders) were tested for the determination of coefficient of expansion 

(K
T

). All specimens were sealed in polyethylene bags to eliminate any effects 

that humidity changes would have produced on the concrete during the testing 

period. 

Values of KT are reported as x 10-
6 

in. lin. per degree Fahrenheit. 

The results of the coefficient of expansion series shown in Fig. 2-1 indicate 

5 
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that this property does not vary greatly between the regular-weight concrete 

and the lightweight concrete studied in this project. Note that the data 

points shown fall very near to a straight line in all three cases. In fact, 

values of K obtained by a straight line through the end points and those 
T 

obtained by the use of at least-squares fit differ by a maximum of only one 

unit in the third decimal place. However, as a matter of practicality, re-

sults are reported only to the second place. 

In comparison, it is seen that the values of K of both lightweight 
T 

specimens are slightly lower than that of the regular-weight mix. This 

relationship between normal-weight and lightweight concretes has also been 

reported by Monfore and Lentz, 8 and Philleo. 9 

A value of 4. 5 for KT has been reported for concrete using expanded 

10 
shale aggregate for both the coarse and fine sizes. When it is considered 

that the lightweight concrete used in this report contained a natural sand as 

the fine aggregate, the higher values of 5.2 and 5.3 seem reasonable. 

Effect of Air Content. In general, the addition of air entraining agents 

11 
decreases the value of the coefficient of expansion of concrete. Peterson 

reports a reduction in the value of K of 0.4 for expanded shale concrete 
T 

containing 13.9 per cent air over that of the same concrete with no entrained 

air. The reduction in K of O. 1 reported here therefore seems logical 
T 

when the magnitudes of the air contents are noted, (see Fig. 2-1). 

2.3 Volume Changes-Moisture 

Unrestrained. Four lightweight concrete specimens (6 x 12-in. 

cylinders) were used to determine the unrestrained shrinkage characteristics 

for two extreme curing conditions (bag at 75F and, oven at 110F). 



Due to the nature of the tneasuring systetn which was used, it was 

itnpossible to obtain directly shrinkage strains occurring during the first 

day after tnixing. HGwever, etnbedtnent strain gages which were placed 

12 
in the specitnens at the titne of pouring indicated sizeable expansions 

during this period. 

Specitnens which were subjected to oven curing after about one day 

of age showed expansions of approxitnately 200 x 10-
6 

in. lin. during the 

first day after they were placed in the oven. Thereafter, the concrete 

exhibited a relatively large shrinkage rate which continued for approxi-

tnately 15 days. At this pGint the shrinkage rate decreased to a fairly 

constant value which continued through 100 days (last data points taken to 

8 

this date). The total shrinkage after 100 days of oven curing was approxi

tnately 2~0 x 10- 0 in. lin. with a continuing strain rate of 0.42 x 10-
6 

in. lin. 

per day. Frotn these results and those reported by Shideler
13 

on a wide 

variety of lightweight aggregates, this particular aggregate used in con-

junction with a regular-weight sand showed low shrinkage characteristics. 

Specitnens which were placed in polyethelene bags after about one 

day of age showed expansions of approxitnately 30 x 10-
6 

in. lin. during the 

first few days of bag curing. At this point, due to an inadvertent loss of 

tnoisture frotn the bags, the specitnens began to shrink at different rates. 

If proper sealing had been accotnplished, both specitnens tnost probably 

would have shown a constant value of shrinkage strain of approxitnately 

30 x 10-
6 

in. lin. during the entire test period. This expansion phenotnenon 

has previously been shewn to be the case. 14 

Restrained. Volutne-change stresse. during curing due t. the re-

straint in the concrete itnposed by the steel bar in the direct tenliile 



test were determined for all of the parameters listed in the first report. 

The direct tensile test was described in detail in the first paper. 

9 

Figures 2-2 and 2-3 represent the restrained concrete volume change 

stresses expressed as percentages of the direct tensile strengths for con

cretes made with cement factors of 4 and 5 sacks per cubic yard. Actual 

values of the stresses may be seen in Table 4-1. The expansion of the 

concrete when bag cured was apparent. In one case the compressive stresses 

due to restrained expansion have been found to be as high as 35 or 40 pe r

cent of the direct tensile stresses. In certain cases, such as a reinforced 

concrete pavement where small deflections are expected, these compressive 

stresses can be advantageous in reducing the tensile stress from the appli

cation of load. 

Specimens which were oven dried developed very high restrained 

tensile stresses. Notice in Fig. 2-3 that these stresses mir;ht approach the 

actual tensile strength, leaving very little useable tensile capacities. 



100 

80 
.r:::. 
+-
C' 
C 
<U 
~ 

+-
CJ) 60 
Q) -
VI 
C 

~ 
~ 

t 40 
Q) 
~ 

Q) ::l 
~ (,) 

0 
C' 

+- 0 c al Q) 

0 
20 ~ 

Q) 

£l. 

o 

Structural Lightweight Concrete 

5 sk/CY 

6%Air 2%Air 

~ 
Q) 
~ 

::l 
(,) 

c 
Q) 

> 
0 

~ 
Q) 

28 Days 
~ 

::l 
(,) 

~ ~ .- Q) « ~ 

::l 
(,) 

7Days 
C' 
0 
CD 

Regular 
Weight 

5 sk Icy 
I%Air 

"0 
<U 
~ 

::l 
(,) 

C' 
0 
CD 

-20~ __________________________ ~~ ________ --4 

Fig. 2- 2 Restrained Concrete Volume Change Stresses 
Expressed as Percent Direct Tensile Strength 
of the Concrete for CF :: 5 sk ICy 

10 



-'= -C' 
c: 
Q) 
~ -CJ) 

Q) -
en 
c: 
Q) .--0 
Q) .... 
Q 

-c: 
Q) 

0 
~ 
Q) 

Q.. 

Structura I Lightweight Concrete 
4 sk/cy 

10 
__ 6_

o
_yo Air --L 2% Air 

'lJ 
IV 
~ 

::J 
U 

'lJ 
IV 

80 ~ 

::J 
U 'lJ 

IV 
~ 

~ ::J 
'- U 
<l 

~ .-
60 

<l 

'lJ 
IV 

40 ~ 

::J 
U 

CI 
c 
m 

20 

o 28Days 

-20--------------------------------------------~ 

Fig. 2.3 - Restrained 
Expressed 
Strength 

Concrete Volu me Change Stresses 
as Percent Direct Tensile 
of the Concrete for C.F. =4 sk/cy 

11 



3. COMPRESSIVE. FLEXURAL AND SPLIT - CYLINDER 

STRENGTH COMPARISONS 

3.1 General 

The Texas Highway Department uses the flexural strength as a 

measure of the concrete strength in the design of rigid pavements. For 

this reason, a brief discussion of some trends which were noticed cluing 

this investigation is presented in this chapter. Flexure tests were made 

with third-point loading eventhough the Texas Highway Department uses 

mid-point loading. A tabulation of all of the compressive, flexural, 

and split-cylinder strengths obtained for the various parameter studies 

is given in Table 8-1. 

The indirect tension test, or split cylinder test, is described in 

detail in the first report. 15 In equation form, the split cylinder strength 

f is equal to sp 

where 

f = sp 
lP 

TTDT 

P Maximum applied load 

D = diameter of specimen 

T = length or thickness of specimen 

It should be kept in mind, during the reading of this chapter, that 

flexural-stre ngth determinations are quite dependent upon surface conditions 

existing at the outermost fibers of the concrete beam. Therefore consider-

able data scatter which usually occurs in flexural testing sometimes causes 

difficulty in presenting definite relationships. It is not the purpose of the 

II 



following discussion to present hard and fast relatienships, but rather to 

present trends which were neticed in this data. 

3.2 Flexural-Compressive 

13 

The relatiemship between flexural stren,th and compressive strenlth 

was statistically analyzed in the first report. 16 The ratio ff/Pc ra.nged 

from O. 146 to O. Z07 with a coefficient ef variatien of 43.4 per cent. Thh 

indicated that any sUlgested cerrelatien between flexural and compressive 

strenlth weuld be que.tienable. However, a plet 0f flexural stren8th verlus 

campressive strenlth fer all of the parameters and curing conditions revealed 

the trends shewn in Fig. 3-1. Even theulh a fairly large scatter in data is 

seen in Fig. 3-1, seme correlatien exists between the data peiflts fer a par-

ticular curing conditi.n. Each curve shown was plotted by interpelating 

between a second and third-order fit of the data points. A computer solution 

was used to obtain the fits fer the data points using a least squares technique. 

It can be seen readily that for a particular compressive strength the 

bag-cured specimens tended t. have higher flexural strengths than either 

the air-cured or C)ven-cured specimens. The oven-cured specimens resul-

ted in the lawest flexural strenlths. Thh was another indication that the 

bag-cured and oven-cured specimens represented twe extreme curing 

conditiens. The differences fer the three curin, cQnditiens shewn in Fig. 

3-1 were uneeubtedly caused by residual stresses or eheckinl, crazing, or 

crackina in the surface fibers of flexural specimens. FrQm the standpeint 

of flexural strenlth, it was apparent that any curinl con4litien ether than 

one that provities an envirenment which protects cencrete frem velul'f.\.e 
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change due to loss of moisture will result in los s of flexural strength 

because of residual tensile stresses. 

3.3 Flexural-Split Cylinder 

15 

The relationship between split-cylinder strength and flexural strength 

was statistically analyzed in the first report
16 

and little correlation was 

found. However, since split-cylinder strength and flexural strength have 

been frequently thought of as being a measure of the tensile strength of 

concrete, a plot of flexural strength versus split cylinder strength is shown 

in Fig. 3-2 for the various curing conditions studied. Notice that during 

the early ages for all curing conditions, the flexural tests developed 

strength values higher than the split cylinder tests. As the ages increased, 

the flexural strength tended to approach the split cylinder strength except 

for the bag - cured specimens which continued to develop higher strength 

values. This trend or relationship emphasizes the uncertainty of using the 

flexural-test to indicate the useable strength of lightweight concrete in situ. 

3.4 Effect of Curing Condition on Flexural Strength 

The effects of curing environment on the flexural strength are 

demonstrated in Fig. 3-3, in which air-cured and oven-cured strengths are 

plotted versus bag - cured strengths. Notice that for more than 2 days 

curing, the air-cured flexural strengths were approximately 78 per cent 

of the bag cured flexural strengths. The oven-cured strengths were approxi

mately 72 per cent of the bag-cured strengths. These reductions in flexu-

ral strengths for air- and oven-cured environments were greater than re-

ductions in split cylinder strengths caused by similar environments (see 
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Section 4.3). Apparently, at one-half day of age, surface cracking and 

crazing had not occurred sufficiently to alter the flexural-strength values. 
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4. TENSILE-STRENGTH PROPER TIES 

4. 1 General 

Tensile stress-strain properties, the effects of curing conditions 

on tensile strengths, and the various relationships between direct tensile 

strengths, compressive strengths, and split-cylinder strengths will be pre

sented in this chapter. Data used in plotting some of the curves in this 

chapter are shown in Table 4-1. 

The flexural strength as an indicator of tensile strength of concrete 

is a property which is used by the Texas Highway Department in the design 

of continously reinforced concrete pavements without transverse joints. 

Because the flexural strength and the tensile strength are used in the 

determination of the thicknes s of pavement and the amount of steel required, 

discussion in this chapter will be concerned with reductions in tensile 

strengths due to restraint under certain environmental conditions. 

4.2 Effects of Environment on Tensile Stress-Strain Properties 

All of the tensile stress-strain curves obtained in this investigation 

are presented in Figs. 4-1 through 4-10. Each curve represents a single 

test. The dashed portion of each of the curves, whose ordinate is labeled 

(Jcz' represents the amount of restrained concrete -volume - change stres s 

present in the concrete prior to testing. The solid portion represents the 

stress-strain characteristics obtained from the direct tension test. The 

dashed portion of the curves do not represent the actual stress and strain 

behavior during the period prior to testing, but does represent the 

residual stress that existed in the concrete at the beginning of the tension 

19 



Cerilent 
Factor 
sks/cu yd 

5. 0 

5. 0 

4.0 

4.0 

Notes: 1. 
2. 
3. 

TABLE 4-1 

STRUCTURAL LIGHTWEIGHT CONCRETE DIRECT TENSILE 
TEST DATA TABULATION (AVERAGE VALUES) 

f f
t 

f
tu f' a cz E ct x 10 

Air Age c sp 

at. Days Curing psi psi psi psi psi 

6.0 7 Bag 3160 398 289 - 21 310 177 

Air 2860 326 183 20 163 93 

Oven 2870 336 249 89 160 148 

6.0 28 Bag 4920 505 375 1 - 24 399 1 

Air 3500 468 331 61 270 184 

Oven 3260 326 237 143 94 146 

6. 0 7 Bag 2170 296 180 - 22 202 99 

Air 1979 249 130 53 77 87 

Oven 1600 214 119 87 32 88 

6. 0 28 Bag 2620 280 178 3 182 84 

Air 2345 255 156 96 60 95 

Oven 1860 216 225 123 102 177 

Bond, rather than tensile, failure occurred in this specimen 
This mix is regular-weight concrete (SG) 
For explanation of symbols used. see section 8-2 

6 
x 10

6 
Ecz 

-10 

11 

40 

- 6 

25 

74 

- 9 

28 

54 

- 1 

45 

91 

N 
0 



Cement 
Fact9r 
sk./cu yd 

5.0
2 

5.0
2 

5.0 

5.0 

4.0 

4.0 

Notes: 1. 
2. 
3. 

fl 
Air Age c 

% Days Curing psi 

1.0 7 Bag 4780 

1.0 28 Bag 4750 

2.0 7 Bag 3827 

Oven 3093 

2. 0 28 Bag 5475 

2.0 7 Air 1~H4 

Oven 1807 

2.0 28 Bag 2601 

Air 2210 

Oven 1740 

TABLE 4-1 
(Cont'd) 

f f
t .p 

psi psi 

456 221 

496 372 

420 222 

330 245 

455 223 

285 166 

195 158 

329 190 

368 207 

210 142 

a cz 

psi 

7 

26 

-11 

136 

-77 

30 

-,4 

0 

102 

136 

~ond. rather than tensile, failure occurred in this 
This mix is regular-weight concrete (SCi) 
Fer explanation of symbols used, see section 8 -2. 

ft\1 
6 

x 10
6 

E'ct x 10 E'cz 

psi 

214 84 2 

346 92 5 

233 102 -4 

109 129 63 

300 142 -24 

136 105 12 

64 95 48 

190 113 0 

105 78 20 

6 54 41 

specimen 

N 
....... 
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test. The corresponding residual strain was determined by the procedure 

given in the following paragraph. 

The strain at the beginning of the solid portion of the stress-strain 

curves was dete rmined by projecting a straight line with a slope of E, 

determined from the loading phase of the tension test, back to zero stress. 

This represents the strain that would relieve the residual stress using the 

modulus of elasticity existing at the time of test. The actual residual 

strain, which was affected by creep and changes in the modulus of elasticity 

with age, was obviously larger. 

Since each curve represents only a single test, values of tensile 

strength, tensile strain, and modulus of elasticity as found from these 

curves may not be the generally expected value. 

Observation of these stress -strain curves revealed several important 

factors which affect the tensile strength of concrete. In general, the bag

cured specimens exhibited the highest tensile strength and the highest 

modulus of elasticity. Air-cured specimens had the next highest tensile 

strength and oven-cured specimens had the lowest tensile strength. 

By comparing Fig. 4-1 with Fig. 4-2, and Fig. 4-3 with Fig. 4-4, 

it was seen that the ultimate tensile strength at 28 days was generally 

larger than that at 7 days regardless of environment. Note also that by 

comparing Fig. 4-1 with Fig. 4-3, and Fig. 4-2 with Fig. 4-4, the slope's 

(modulus of elasticity) fpr the concretes with 5 sacks per cubic yard are 

steeper than for the concretes with 4 sacks per cubic yard. This will be 

discussed further in Chapter 5. 

The results shown in Figs. 4-5 and 4-6 for bag-cured specimens were 

about as they were expected to be except that in regard to air-cured the 



teniilile strength of the 5-sack, 6-per cent air specimen was high, and 

the 5-sack, 2-per cent air specimen was low. The 4-sack tests resulted 

in lower values than the 5-sack tests, and the higher air contents resulted 

in lower values of modulus of elasticity. Note also in Figs. 4-5 and 4-6 

that the residual stresses for bag cured specimens tended to be in com

pression f(H both 7 and 28-day tests, varying from 0 psi to 77 psi in 

c ompre s sion. 

Figures 4-7 and 4-8 show residual tensile stresses due to shrinkage 

of 20 to 53 psi at 7 days and 61 to 102 psi at 28 days. These curves 

tended to be in their anticipated positions except for the 4-sack, 2-per 

cent air, 28-day test which resulted in a curve that was too steep with 

respect to the generally accepted relationship. 

The stress -strain curves for the oven-cured specimens shown in 

Figs. 4-9 and 4-10 show residual tensile stresses due to shrinkage of 
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87 psi to 136 psi at 7 days, and 123 to 143 psi at 28 days. In general these 

curves fell into proper pOliition except for the 4-sack, 2-per cent air, 

28 - day test. 

Figures 4-9 and 4-10 for oven curing show very high tensile stresses 

in the concrete due to restrained volume changes. On the other hand, 

Figs. 4-5 and 4-6 for bag curing showed expansion before testing, thus 

causing a compressive stress in the concrete. This aspect has been dis

cussed in Section 2.3 of this report, but is mentioned again to emphasize once 

more that bag and oven curing represented two extreme curing conditions. 

One other factor, which is shown in Figs. 4-2 and 4-6, was the failure 

of the bag-cured specimen in bond rather than tension. This probably 

suggests that bond str~ngth was reduced as a result of an environment such 

as bag curing which reduces the tendency for shrinkage to occur. This aspect 



merits further investigation. 

The restraint which is given to the concrete volume changes by the 

bar in the direct tensile test is quite similar to that of a reinfsrcing bar 

in concrete pavements. The percentage of reinforcement is different, 

howeve r. Deep concrete which has no volume change except near the 

surface where environmental conditions vary has this same type of re-

straint. The difference between the ultimate tensile strength (f
t

) and 

the restrained concrete stress (<T ) represents the useable tensile 
cz 

strength (ftu)' Note in Figs. 4-9 and 4-10 that the useable tensile 

strength was greatly affected by oven curing. 

4. 3 Effect of Curing Condition on Split Cylinder Strength 

From the results presented thus far, bag curing provided an envi-

ronment that was more favorable for hydratien resulting in higher 

tensile strengths. Fig. 4-11 is a pl(9t of air-cured and oven-cured split 

cylinder strengths versus bag-cured split-cylinder strengths. Bag 

curing is used here as a base and the line of quality represents equal air-

cured and oven-cured strengths with companion bag-cured strengths. A 

34 

least squares fit of the first order to data points was made with a computer 

for the two curing conditions. Notice that the air-cured specimens ex-

hibited only about 91 per cent of the split cylinder strengths for the bag 

cured specimens. The oven-cured strengths were only about 77 per cent 

of the bag - cured strengths. 
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4.4 Relationship Between Direct Tensile and Compressive Strengths 

Figure 4-12 shows a plot of all of the compressive-strength and 

companion direct-tensile-strength data which were collected in this in-

vestigation. Some of the plotted points were average values from two or 

more tests. Even though some scatter in the data exists, particularly 

for the bag cured, 2 per cent air-content specimens, a definite straight-

line correlation was determined between the direct tensile strength and 

compressive strength. The tensile strength was determined to be approxi-

mately 7.0 per cent of the compressive strength for all curing conditions 

and strengths inve stigated in this study. There is a wide range of 

strengths represented in Fig. 4-12 which helps to validate the results. 

As discussed earlier, the loss in tensile capacity of structural light-

weight concrete that is restrained from volume changes by rein-

forcement has been found to be significant, if improper curing procedures 

are followed. To emphasize this, in Fig. 4-13 the per cent of the useable 

tensile strength has been plotted against type of curing from the results 

reported in Table 1. Note the significant loss in available or useable tensile 

strength between the bag cured and either the air or oven dried specimens. 

The following relationship between useable tensile strength (f } and com
tu 

pressive strength was determined to exist for data collected: 

0.08 ft - 64 
c -----(4-1) 

It should be emphasized that this is not a fixed relationship because of the 

variable environmental conditions. 
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4. r.; Relationship Between Direct Tensile and Split-Cylinder Strengths 

The relationship between direct tensile strength and split-cylinder 

strength is shown in Fig. 4-14. Here again, a very good strain-line 

correlation exists. The split-cylinder strength should be higher than the 

direct tensile strength mainly because of the difference in the stress 

conditions of the two tests. With the aid of Fig. 4-14, the direct tensile 

strength can be approximated from the following equation: 

= O. 07 fl 
c 

= o. 66 f 
sp 

- - - - - (4-2) 
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In cases where the tensile strength of the concrete is used and where 

restraint to concrete volume change exists, the useable tensile strength 

should be a more accurate design value than tensile strength, flexural 

strength, or a percentage of the compressive strength. Fig. 4-15 is a 

plot of useable tensile strength versus the split cylinder strength for all 

three environmental conditions. The general trend as determined from a 

computer analysis for the three environmental conditions indicates that 

there is no fixed relationship between useable tensile strength and split-

cylinder strength. For comparison purposes the relationship for all data, 

although not a firm relationship, was computed to be: 

f = 1.03f - 168 
tu sp 

- - - - - (4-3) 

This emphasizes the fact that a high value of the useable tensile strength 

can not be assumed without proper curing and close control. The general 

trend for compressive strength (Eq. 4-1) and split cylinder strength (Eq. 4-2) 
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are s hc>wn in: 

ftu = 0.08 fIe - 64 II: 1.03 fsp - 168 - - - - -._(4-4) 



5. STATIC MODULUS OF ELASTICITY 

5. I General 

The value of the modulus of elasticity of concrete is not a readily 

definable quantity when compared to some of the other pnysical propertie s 

of concrete. It might have a large range of values for any given set of 

conditions. Even though at least four different methods (ASTM E6) are 

recognized for defining and computing the modulus of elasticity of concrete, 

a wide range usually exists when anyone method is used. 

The modulus of elasticity of structural lightweight concrete is a 

very important property in determining deflections and strains of the 

concrete under load. The static modulus of elasticity was determined 

along with other test properties mentioned in this report. For purpose of 

comparis on, the modulus of elasticity of a regular-weight conc rete was 

determined. 

A summary of all modulus of elasticity data is given in Table 8-2. 

All modulus-of-elasticity values given in Table 8-2 are secant modulE at 

50 per cent of the ultimate strength in compression or 50 per cent of the 

ultimate tensile strength. 

Effect of age and curing conditions. The effect of age upon the modu

lus of elasticity for three different curing conditions and the same mix 

design is represented in Fig. 5-1. In this figure it is seen that the modulus 

of elasticity approaches its maximum value at about 7 days with little or no 

increase thereafter. In fact, the value might decrease thereafter as shown 

for the air-cured curve. This decrease in value was quite common for 

43 



f/) 

a. 
tD 
'0 

)( 

44 

5.0~~--------~-----------------------------------, 

+--------~-----------------------~~ 
[ Regular Wt. Concrete ~ ~ 

4.0 t-+--I------+----- Bag Cured 5 ski cy ----______ ---1 

0% Air. 

~ 3.0H--l------+-----------------------i 

o -f/) o 
W 

- -- ----------..J .'r-//.~ - // ~ 2.01-+-----8-;·/+----+----_-_---------------------------------------L~' 

'0
= f' ----: /J-~--.,.. 

" o """ 0 Bag Cured, 4 sk/cy 
~ / 6°1o Air I. 0 J-ff----+-/ "----------j--------

/ 
I 

I 
/ 

A ----Air Cured, 4 sk/cy 
6% Air 

8---- Oven Cured,4 sk/Cy 
6°1o Air 

-

O~~ __________ ----________________________________ _ 

1/2 2 7 

Age In Days 

Fig.5.1 - Effect of Age and Curing Conditions on the 
Stati c Modu Ius of Ela sticity. 

28 



other mix designs as well (see Table 8-2) and is not uncommon even for 

regular-weight concrete. 18 This is a partial contradiction of the belief 

that the modulus of elasticity increases with age. Therefore, caution 

should be exercised in design when the 7-day modulus is used. On the 

other hand, it is conceivable that structural lightweight concrete will in-

crease in modulus-of-elasticity values with time if it is loaded. This is 

common for regular-weight concrete. 19 
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The curing condition of structural lightweight concrete seems to have 

some effe ct on the modulus of elasticity. In Fig. 5 -1, the specimens 

which were oven cured have noticeably lower values than those which were 

air or bag cured. This was especially true for the mixes made with a ce-

ment factor of 4 sacks per cubic yard. 

5.2 Comparison of E In Tension and Compression 

A comparison of the values of modulus of elasticity obtained from 

tension and compression tests on companion specimens is given in Table 5-1. 

For all practical purposes the values in tension and compression may be consider-

ed the same since the average difference w.as less than 10 per cent. How-

ever, the tensile values of E tend to be slightly less than the compressive 

values. 

5. 3 Comparison of Measu red and Calculated E 

According to Pauw, 20 the modulus of elasticity of either regular-

weight concrete or structural lightweight concrete may be approximated by 

E = 33.6 w
3

/
2 .Jfr 

c 
-----(5-1) 



C. F. Per 
sks Icy Cent 

4 2 

4 6 

5 2 

5 6 

TABLE 5-1 

~OMPARISON OF COMPRESSIVE AND TENSILE MODULUS 
OF ELASTICITY 

Age Modulus of Elasticity 
in Curing E x 10-6 • psi 

Days Condition Compressive Tensile 

7 Air 2.33 2.42 

28 Bag 2.81 2.74 

7 Oven 1. 80 2.00 

7 Air 2. 59 1.86 

28 Air 2.21 2. 12 

7 Bag 2.43 2.25 

28 Bag 2.60 2. 70 

7 Oven 1. 55 1.62 

28 Oven 1. 83 1. 33 

7 Bag 2.64 2.92 

28 Bag 3.09 2.52 

7 Oven 2.32 2. 14 

7 Air 2.62 2.38 

28 Air 2.46 2.45 

7 Bag 2. 81 2.29 

28 Bag 3.29 3. 36 

Percent Difference 
Ba sed on Compo 

+ 3. 9 

- 2. 5 

+ 11. 1 

-28.2 

- 4. 1 

- 7.4 

+ 3. 8 

+ 4. 5 

-27. 3 

+10.6 

-18.4 

- 7. 7 

- 9.2 

- 0.4 

-18. 5 

+ 2. 1 

*'" 0' 



Per Age 
C. F. Cent in 

sks Icy Air Days 

7 

2.8 

TABLE 5-1 

Curing 
Cendtion 

Oven 

Oven 

Modulus of Elasticity 
-6 . 

E x 10 • pSl 

Compressive Tensile 

2.64 

2.55 

2. 15 

1.93 

Percent Difference 
Based on Cor.o.p. 

-18. 6 

-24. 3 

- 7. 3 % A vg. 



where 

w = 

fl = 
C 

unit weight of the concrete in pounds per cubic 
foot at time of te st 

compressive strength of the concrete in psi 

This formula was used to calculate the modulus of elasticity of various 

specimens for which the unit weights and compressive strengths were re-

corded in this investigation. The calculated values were compared with 

the measured values and were found to be about 14 per cent lower. The 

data was then plotted similar to Pauw
21 

and fitted with a straight line 

through the origin using a least-squares technique. This straight-line 

fit is shown in Fig. 5-2. 

From the data obtained in this investigation, the modulus of 

elasticity of structural lightweight concrete can be better approximated by 

Eq. (5-2). 

E l!: 37. 6 w 3/ 2 .JII - - - - - (5-2) 
c 
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It should be recognized that in determining the slope mathematically, 

the line was forced to go through zero. 
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6. DISCUSSION OF LIGHTWEIGHT CONCRETE DESIGN AND 
PAVEMENT PERFORMANCE 

6. 1 General 

With the properties of structural lightweight concrete determined in 

this study, it is possible to analyze the design and performance of a concrete 

pavement structure built with this material. Of course, the results of this 

analysis are limited by the fact that only one lightweight aggregate was used, 

so generalizations involving all lightweight concretes cannot be made. How-

ever, test methods and procedures have been developed and analyzed to 

determine critical properties of structural concrete made with any material 

and their effects upon pavement structure performance. 

22 
As mentioned in the first report of this study, design formulations 

include only a portion of those properties which are critical to the behavior 

and performance of a structure. In the case of concrete pavement struc-

tures, the concrete properties which are accounted for directly in the 

design formulations are the concrete IS strength and modulus of elasticity. 

Additional properties of importance to the performance of a concrete 

pavement structure include: 

1. Coefficient of thermal expansion 

2. Restrained volume changes 

3. Unrestrained volume changes 

4. Properties at early ages 

5. Durability 

6. Correlation of fundamental aggregate properties with 
end product performance 

7. Skid resistance. 
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Of these seven properties, properties 1 through 4 were investigated 

in this study for one structural lightweight aggregate concrete; property 5 

is being investigated at Texas A & M University;23 and properties 6 and 7 

d f f " "" T A & M U" "t 24 I are propose or uture Investigation at exas nlverSI y. n 

the followiq; sections of this chapter, the various properties determined 

in this study will be examined in the light of concrete pavement design and 

performance. This examination will be in the form of a comparison of the 
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effects of lightweight concrete prope rties with the effects of regular-weight 

concrete properties on pavement design and performance. 

6.2 Concrete Pavemen~ Design Formulations 

The present-day design formulations include a design determination 

of (1) concrete thickness, (2) contraction joint spacing, (3) distributed 

steel requirements, and (4) continuous reinforcement. 

Concrete thickness. The design fmrmulation of the thickness of 

concrete pavement was one of the major results of the AASHO road test. 25 

Coupling the results of the road test with prior research studies and ex-

perience, the American Association of State Highway Officials have pub

lished an Interim Guide for the design of rigid pavement structures. 26 This 

guide has been extended by the Texas Highway Department to cover the 

various types of concrete pavement constructed in Texas. 27 

From this development, a pavement-thickness-design equation has 

emerged and is given as follows: 

Log~L :I; - 8.682 - 3.513 log ~ J (l _ 2. 6'* a j + 0 9155 G 
S D2 20. 25 DO. 75 • ""jj 

c 

---(6-1) 



where 

~L 

J 

S c 

D 

z 

E 
c 

k 

a 

:::: Number of accumulated equivalent l8-kip single 
axle loads 

= A coefficient dependent upon load transfer 
characteristics fC!)r slab continuity 

== Metdulus 0f rupture (flexural strength) of concrete 
at 28 days (psi) 

= Nominal thickness of concrete pavement (in. ) 

E 
c 

1I:T 

= 

:::: 

:::: 

Modulus of elasticity f®r concrete (psi) 

Modulus of subgrade reaction {psi/in. } 

Radius of equivalent loaded area == 7. 15 in. 
for road test 18-kip axles 

4.5 - P
t 

3 

Servicability at end of time, t , 

(1. 624) (107) 
1 + 

(D + 1)8.46 
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At first glance, Eq. (6-1) appears rather formidable and cumbersome 

to solve for the design pavement thickness CD). However, it was a simple 

matter to program the equation on the computer and solve for (~L) for all 

combinations of variables, and then take the results and present them in 

form of a design nomograph. 28 The nomograph is reproduced in Fig. 6-1 

for ready reference. It is relatively easy to enter the nomograph with the 

design parameters and concrete properties involved and arrive at a design 

pavement thickness. 

As stated in Section 6. 1, this design formulation involves only two 

concrete properties directly- -flexural strength and modulus of elasticity. 
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The structural strength index used is the modulus of rupture, or flexural 

strength, of the concrete, which has been found to be a questionable index 

of concrete strength in that it is highly sensitive to the curing conditions 

imposed (see Sections 3.2 and 3. 3). However, assuming values obtained 

from the flexural test were valid; comparisons were made of the design 

thickness of lightweight and regular-weight concrete. A complete list of 

assumed design pp.rameters and example properties are given in Table 

6-1. The comparisons of the equation for the various parameters are 

given in Fig. 6-2 for continuously reinforced concrete pavement (CPCR). 

Similar comparisons for jointed concrete pavement (CPJ) are given in 

Fig. 6-3. It is interesting to note that, in all cases, the required thick-

ness of structural lightweight concrete was less than the required thick-
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ness for regular-weight concrete. As the example strengths were the same 

for the two types of concrete, the difference in design thickness must be due 

to the lower modulus of elasticity for structural lightweight concrete. This 

is in line with the theoretical development of slabs on elastic foundations 

by Westergaard. 29 The lower the modulus of elasticity, the lower the 

tensile stresses in the concrete, and hence the thinner the pavement can 

be to withstand the applied traffic load. Structural lightweight concrete, 

then, with its lower modulus of elasticity, offers an advantage over regular

weight concrete, in that less material is required to carry the load. Of 

course, this savings must be compared to the relative cost of lightweight and 

regular-weight concrete before determining which type offers the greatest 

over-all economy. 

Contraction joint spacing. Jointed unreinforced concrete pavement 

requires transverse contraction joints spaced along the pavement length. 
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TABLE 6-1 

~AVEMENT DESIGN PARAMETERS 

Example De sign Quantitie s 

l:L (Accumulated Equivalent 18 
kip single Axle Loads) 4000; 6000; 8000 

k (Subgrade Modulus - psi/in. ) 50; 100; 150; 200 

Ld (Applied Load - lb) 12, 000; 16, 000; 20,000 

F (Friction Factor) 2.0 

E (Modulus of Elasticity 
30 x 10

6 
psi s 

of Steel - psi) 

f (A llowable working Stre s s s 
in the stee 1 - psi) 45000 

Concrete P rties 

Regular Weight Lightweight 
Property Concrete Concrete 

S (concrete flexural strength-c 
psi - 28 -day third point) 500 500 

S' (concrete 28-day tensile c 
strength - psi) 260 260 

~ (Poisson's ratio) O. 15 O. 15 

E (Modulus of Elasticity -
6 c 6 psi) 4. 5 x 10 2.25 x 10 

K (thermal coefficient T -6 -6 in. / in. /oF) 5.55xl0 5.19xl0 

w (concrete unit weight -
PCF) 150 115 
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Unfortunately, there are no design formulations to determine the required 

joint spacing, 30 and, therefore, for the most part, past experience has 

been relied upon to arrive at suitable designs. 

The required joint spacing is strongly dependent upon the volume 

changes of the concrete, which is a critical property and is discussed in 

Section 6. 3. 

Distributed Steel. The amount of distributed steel in jointed, re-

inforced concrete pavement is determined from the following equation: 

where 

A 
s 

A 
s 

L 

W 

F 

f 
s 

FLW 
= -zr

s 
- - - - - (6-2) 

= Area of steel required per foot width of slab (in. ) 

= Slab length (ft) 

::: Unit weight of concrete (pef) 

E Friction factor between the slab and the subbase 

= Allowable working stress in the reinforcing 
steel (psi) 
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Note that the amount of steel is dependent upon the weight of the slab, 

all other factors being equal. Inherent in this formulation is the assumption 

that the concrete is sufficient! y strong to support the load. It is reas onable 

to assume that the friction factor F between the pavement and the subgrade 

will be practically the same for each type of concrete. Since the concrete 

strengths for each type are the same for the conc rete unit weights as shown 

in Table 6-1, and for a given slab length, L. the regular-weight concrete 

slab would require 30 per cent more distributed steel per foot width of slab 

than structural lightweight conc rete. Therefore. as with the requi red 



thickness; less material is required for structural lightweight concrete. 

Of course, another important assumption is inherent in using this 

formula for lightweight concrete is that the lightweight concrete volume 

changes are no greater than regular-weight concrete volume changes. 

This will be discussed further in Section 6.3. 

Continuous reinforcement. In the design of continuously reinforced 

concrete pavement without transverse joints, enough steel is placed in 

the slab to f(!)rce the concrete to develop numerous transverse, hairline 

cracks. The steel does not prevent cracking; on the contrary, it induces 

cracking. However, it keeps the cracks tightly closed. This type of 

pavement has been used extensively in Texas with excellent results, as 

well as in many other states. The basic design equation for the steel 

t . . b 31 percen age IS gIven y: 

8 1 

C 

P 
s 

f - nS I 

s c - - - - - (-3) 

P = Required steel percentage (per cent) 
s 

SI = Tensile strength of the concrete (psi) 
c 

f = Allowable working stress in the steel (psi) s 

n = E IE s c 

E = Steel modulus of elasticity (psi) s 

E = Concrete modulus of elasticity (psi) c 

This basic equation has been modified to include a term for the sub-base 

friction factor, F, for inclusion in the AASHO Interim Guide: 32 

SI 
Ps = (1. 3 - O.2F) f _c nSf - - - - - (6-4) 

s c 
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where 

F :: Fricti()n factor between the slab and the subbase 

Using this equatien to compare the relative amE>unts of steel required 

for regular-weight and li~htweight concrete pavement, the only difference 

in the example design parameters (Table 6-1) between the two types of 

concrete is the modulus of elasticity, which affects n. For the selcted 

values, solving fer the steel percentage, 

For regular-weight concrete, 

For li~htweight concrete 

P, yields: 
s 

P II! 0.54% 
s 

P E: 0.56"!o s 

In other w(!)rds, slightly more steel is required for lightweight concrete 

than for regular-weight concrete, but this difference should not affect 

the cost of the resulting pavement any significant amount. One other point 

should be mentioned here. It has been shown that the "useable tensile 

strength" of lightweight concrete can be seriously reduced if unfavorable 

curing conditicns occur. While this is detrimental to the capacity of the 

concrete for carrying external loads, an examinatiGm of equation 6-4 

reveals that this reducti(!)n in tensile capacity would require les s steel 

reinforcement for this type of pavement. While it would be unsafe to re-

duce the required amount c:>f steel, it is an advantage to know that un-

favorable curing will not adversely affect the purpose of steel in the Cl!>n-

crete pavement for this type of pavement censtructiem. 
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6.3 Concrete Pavement Performance 

In the previous Section (6.2.), comparisons were made between 

regular -weight and lightweight concrete pavement structures based upon 

exis ting pavement design formulations. As is the case with almost all 

design procedures, the capability of a given product to meet design re-

quirements does not always insure the design product performance in 

service. There are many material properties which are considered as cri-

tical to the performance of the concrete pavement structure which are not 

considered directly in the design. Some of these critical properties will 

be discussed here. 

Pavement deflection under load. As discussed, the lower modulus 

of elasticity of lightweight concrete means that it will deflect more under 

load and hence pickup additional subgrade support reducing concrete 

tensile stresses. The fundamental equation for the edge deflection of a 

slab under a concentrated load and on an elastic foundation has been 

33 
developed by Westergaard, and is: 

Z 
1 

(1 + 0.4 
Ld 

:: f.L)-e .J6 kl
Z 

- - ___ (6 -5) 

where 

Z = Edge deflection (in. ) e 

f.L :: Pois son IS ratio 

Ld '" Applied Load (lb) 

(E D3 k 
l/Z 

kl
Z 

o 1:(1 _ ~2) 
D = Slab thickness (in. ) 



k = Modulus of subgrade reaction (psi/in. ) 

E = Concrete modulus of elasticity (psi) 
c 

Notice that the kl term is in the denominator and contains the E 

term, hence, the lower the value of E, the greater the deflection for a 

given lc:>ad L
d

• Substituting I.l. == 0.15 and rewriting the equation 6-5 

yields: 

1. 483 Ld 
= 

(Ek) 1/2 
- - - - -( 6- 6) 

In this form, the equation solves for the parameter, Z h 3 / 2 in 
e 

terms of the applied load, modulus of elasticity, and subgrade modulus. 

Using example values given in Table 6-1, edge-deflection parameters for 

each concrete type were calculated for three different applied loads and 

compared by obtaining the numerical difference in the deflection para

meter Z h
3

/
2 

between regular-weight and lightweight concrete. The 
e 

results were plotted in Fig. 6-4. As expected, the greater the load and 

lower the value of subgrade modulus, the greater the difference in edge 

deflections between regular-weight and lightweight concrete pavement. 

The resulting deflection can be converted to stress and a required thick

ness can be established, 34 but the resulting thickness is based upon a 

single applied load. Therefore, the modified AASHO formula for design 

thicknes s (Eq. 6-1), which is based on a repetitive load, cannot be corre-

lated directly to the deflection sq uation of Westergaard. However the two 

equations show similar results. 

Concrete warping stre s se s. The effects of concrete volume changes 

62 



1.0 

... 
.e ~ 0.8 
~ -
rc')o ~ 

11.111.1 
NO::: 
... ... 
11.1 11.1 to 0.6 
E 11.1 
o .... 
... 11.1 

~ ... -uN c:, 
c: 0 It) 

.2 u c:0.4 ........ 
Us::._ 
11.1 0' ;: .- I 
11.1 11.1 
o :l 11.1 ........ 

s::. 11.1 
11.1 0'''' 

; '.J ~ 0.2 
c: 0 .- c U 

11.1 5 en ........ 
o u s::. 
11.1 ::I 0' ........ -

63 

u ...... E (/) :f; 0.0 ..... ________________ ..... ___ ........ ____ .. 

o 50 100 150 200 

Subgrade Modulus" k" psi/in 

Fig.6-4. Difference in the Edge Deflection 
Parameters Between Regular Weight and 

Structura I Lightweight Concrete Pavement. 
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with changes in temperature are an important consideration when evaluating 

a pavement material which will be subjected to rather severe temperature 

changes and differentials between the top and bottom of the slab. The theo-

retical warping stresses developed from temperature differentials has been 

35 
formulated by Bradbury. 

where 

C = 

CE K T 
c T 

2 - - - - - - - - - - - -( 6 -7) 

maximum stress (psi in the extreme fiber at the 
edge of the slab, in the direction of slab length. 

Coefficient, directly proportional to slab length 

K = Coefficient of thermal expansion (in. jin. jOF). 
T 

T = Difference in temperature between the top and 
bottom of the slab. 

The value for the warping stress is directly proportional to the pro-

duct of coefficient of thermal expansion K and the modulus of elasticity 
'T 

E . Using the typical properties given in Table 6-1, for pavement slabs 
c 

of the same length and thickness, regular -weight concrete would contain 

114 per cent more st ress due to warping than structural lightweight concrete. 

This means that the distance between transverse contraction joints, which 

is reflected in the coefficient C, can be increased on pavements construc-

ted with structural lightweight c cncrete, and thereby effect a savings in 

construction costs. This also means that structural lightweight concrete 

undergoes less volume change from changes in temperature and therefore 

is more dimensionally stable over long periods of time. This points to an 



expected increase in the performance capability of structural lightweight 

concrete in terms of warping stresses. 
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Velumechanges-moisture. Velume changes from changes in moisture 

content of the cC!>ncrete constitute another important property which seriously 

affects pavement structure performance. As dis cus sed earlier, these 

volume changes, if the concrete is restrained, can produce severe tensile 

stresses in the concrete thereby drastically reducing the useable concrete 

tensile strength. This reduction in useable tensile strength c(!>uld drastically 

reduce the concrete's capacity to carry external loads which could constitute 

a major disadvantage to the use of structural lightwei&ht Cll>ncrete if not 

properly accounted for in design and construction. By that, it is meant 

that proper curing procedures must be employed to prevent early excessive 

drying of the concrete causing high-tensile concrete stresses. Referring to 

Figs. 2-2 and 2-3, it can be seen that the restrained concrete volume change 

stresses can be almost eliminated during the critical early life of the conc rete 

by plleper curing. Of course, additiC!mal research is needed en li&htweight 

concretes made with I9th~r ag&regates and with curing cenditiens which mere 

nearly appreximate current-field curine practices befl.lre this facter can be 

fully appraised. Hewever, frem the results obtained in this study, a clear 

warnilll has been seunded that restrained lightweight concrete'volume 

changes ceuld be very serieus and IIhl9uld be investigated further. Pavement 

structures cen.tructed with lightweight concrete .heuld be watched clesely 

fer any perierrnance effects which may sh0w up as a re .ult ()f restrained 

V(l}l\lme changes. 



7. CLOSURE 

7 .. 1 Conclusions 

The following conclusions appear to be valid for the parall1eters studied 

m this investigation. 

l. The coefficient of therll1al expans ion for conc rete produced 

with an expanded shale coarse aggregate and norll1al-weigh t fine 

aggregate was found to be 5.3 x 10-
6 

in. lin. per of which was slightly 

lower than the 5.6 x 10 -6 in. lin. per of for concrete produced with 

sand and gravel. While the differences between these two coefficients 

ll1ay be less than anticipated, it can be explained by the fact that 

regular weight fines, along with a fully coated, low porosity, light

weight coarse aggregate, were used in this study. It should be ell1-

phasized that c oncre te ll1ade with other aggregates ll1ay exhibit 

ll1arkedly different therll1al properties. 

2. An incre.ase in air content of 4.6 per cent caused a decrease 

m the coefficient of therll1al expansion of 0.1 x 10-
6 

in/in. per of in 

the concrete using this particular expanded shale coarse aggregate. 

3. This concrete with an expanded shale coarse aggregate in an 

unrestrained condition expanded initially as ll1uch as 300 ll1icro in. lin. 

and then in a bag environll1ent rell1ained in the expanded condition for the 

period observed (28 days). In the other extrell1e of an oven environll1ent, 

the shrinkage at 65 days was as ll1uch as 289 ll1icro in. lin. which is 

low as cOll1pared with concretes produced with other lightweight aggre

gates. It is apparent that the volull1e change can be kept to a ll1inill1ull1 

under a favorable environll1ent. 
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4. The correlation of flexural strengths with either compressive 

strengths or split cylinder strengths was poor which further indicated 

the difficulty of using flexure as an index of strength and more par

ticularly tensile strength. When comparing the compressive strengths 

of the bag cured lightweight concrete with the bag cured regular weight 

concrete cempre s si ve strength, there was reas onable good correlation. 

This was aliso true for the direct ten5lile strengths and split cylinder 

stren~ths. However, the flexural strengths af the lightwei~ht concrete 

were substantially It>wer and more irregular, preventing little corre

lation. Therefore, the flexural strength test appears tt) be a peor indi

cator ef lightweight concrete strength and quality. 

5. The split cylinder strengths for the three different envir~n

ments resulted in the air envirflnment specimens testing at apprexi

mately 91 per cent of the bag environment and the oven envirtmment 

5Ipecimens testing at approximately 77 per cent of the bag environment. 

This test sh.w. considerable promise as an indicator of c~ncrete 

strength and quality. 

6. It appears that frem this investigation has corne a prt!)cedure 

that not only accurately determines the tensile strength of concrete but 

alsC!) pravides a measure of resi.ual tensile stress develeped by 

volume change. It can also be used to establish the influence of different 

aggregates, mix designs, admixtures, envirenments, etc. on tensile 

strength and the development ef residual stress from volume changes. 

7. When this lightweight aggregate concrete was restrained by 

a r~inforcing bar, it developed either compressive Dr tensile residual 

stresses depending on the curing environment. Residual compressive 

stresses as high as 80 psi were developed with a bag environment whereas 

residual tensile stresses as high as 140 psi were developed in an oven 
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The intermediate environment in air resulted in residual tensile 

s tres ses as much as 100 psi. 

8. For this lightweight aggregate concrete the (direct) tensile 

strength was found to be related to the split cylinder strength and 

compressive strength as follows: 

f :c o. 66 f :: 0.07 ft 
t s c 

9. The useable tensile strength for this lightweight aggregate 

concrete was found to be significantly reduced under unfavorable en-

vironmental conditions during the curing period. Further it was deter-

mined that neither the split cylinder strength test nor the compression 

strength test indicated the useable tensile strength of the reinforced 

concrete. 

10. Since the expanded shale used in this inve stigation is a low 

absorption aggregate. it is anticipated that aggregates with higher ab-

sorptions might result in even lower useable tensile strengths under 

restrained volume change and unfavorable environmental conditions. 

11. For all practical purposes the modulus of elasticity fciIY both 

tension and compression for concrete made with this particular expanded 

shale coarse aggregate was found to be the same except for several 

values which were affected by experimental inconsistencies in curing. 

12. For the tests made in this investigation. the relationship of 

modulus of elasticity to unit wei8ht and compres sive strength was found 
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to be: 

E = 37.6w3 / 2 f,1/2 
c 

19 
This relationship is reasonably close to Pauw's value of: 

E = 33. 6 w 3/ 2 fl 1/2 
c 

13. Using the values obtained in this study for the properties in-

vestigated, the following design comparisons can be made for the various 

types of concrete pavements. 

a. The required pavement thickness for lightweight concrete is 

around 0.3 in. less than regular -weight concrete of the same 

strength. A higher Poisson's ratio for lightweight concrete 

would reduce this difference. 

b. For jointed reinforced concrete pavement, regular-weight 

concrete requires 30 per cent more distributed steel than 

lightweight concrete of the same joint spacing. 

c. For continuously reinforced concrete pa vement, lightweight 

concrete requires slightly more steel (0.56 per cent) than 

regular-weight concrete (0.54 per cent). 

14. In evaluating the expected pavement performance the following 

comparisons can be made. 

a. Lightweight concrete, with its lower modulus of elasticity, 

will deflect more under load than regular -weight concrete, 

thereby reducing extreme fiber tensile stresses. This is re-

flected in the required thickness, but, in addition, t his greater 

deflection indicates a better compatibility and interaction 

between the pavement and its supporting subbase. This 
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interaction should result in better performance for lightweight 

concrete, from an external load standpoint. 

b. For given slab dimensions, concrete warping stresses due to 

temperature differentials between the top and bottom of the 

slab for regular-weight concrete will be 114 per cent greater 

than for lightweight concrete. 

c. Volume change of lightweight concrete, if unfavorably cured, 

can result in sizeable residual stresses in the concrete; and 

if restrained such as they would be in a concrete pavement, 

these volume changes could be extremely deterimental to the 

performance 0f the pavement structure. 

7.2 Recommendations 

1. Since the technique developed in this investigation provide s a 

measure of both the tensile strength and useable tensile strength that 

might occur under a restrained volume change conditiem it is recommen

ded that the etfects of the following be investigated: 

a. properties of aggregates, particularly absorption and Poisson's 

ratio. 

b. mix design 

c. limiting and practicable curing environment 

d. use of molecular films to reduce evaporation 

e. percentages of steel. 

2. Additional tests for the determinatit'>n of the coefficient 0f 

expansion should be made with regard for the following paramete rs: 

a. age of concrete 

b. cement factor 

c. air content 



d. aggregate type. 

Also testing of several specimens of each mix investigated would 

minimize error due to experimental inconsistencies. 
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3. The effects of curing environment on bond strength should be 

investigated for at least two lightweight aggregate types: one with a 

relatively high absorption capacity, and one with a relatively low ab

sorption capacity. 

4. Dynamic tensile propertie s should be investigated for a 

structural lightweight concrete. 

5. Test sections of structural lightweight concrete pavement 

should be constructed and evaluated over a period of time to verify 

the laboratory conclusions reached in this study. 

7.3 Correlation of Results With Research Objectives 

Inasmuch as this is the third and final report under this contract with 

the Texas Highway Department and Bureau of Public Roads, it is de sirable 

to review the research objectives of the original contract and indicate wherein 

these three reports met the objectives. 

The fdrst objective was to establish the critical mechanical properties 

of structural lightweight concrete. This objective wasaovered in all three 

reports for one lightweight concrete. The critical properties of strength, 

curing environment, and age were investigated. 

The second objective was to ::levelop mathematical relationships between 

such factors as strength, mGdulus of elasticity, volume changes, and concrete 

age for various design parameters. Using the design parameters of two 

cement factors, three curing environments, and two air contents; relation

ships between volume changes and age were introduced in the first report and 
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developed further in the second report, and relationships between modulus 

of elasticity and age were developed in this the third report. Finally. in 

this third report additienal informati~n was presented and interrelationships 

between all properties and parameters were presented. 

The third objective was an ultimate objective whereby enough infor

mation would be furni.hed to the hi,hway designer to enable him to reliably 

predict the properties of structural lightweight concrete of importance in 

design. In this investigatil!:m a definite start has been made toward this ul

timate objective. In the final report design comparisons were made between 

lightweight and regular wei,ht concrete pavements. An overall plan of 

research has been formulated which will yield meaningful results if the 

research is cCDntinued. 



8. APPENDIX 

8. 1 Data 

This sttctiom contains a taDulati.n 6f some data used to prepare 

figures in this rCp0rt. 
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CIF 
sksl cu yd 

5. 0 

5. 0 

TABLE 8-1 

COMPRESSIVE, FLEXURAL, AND INDIRECT TENSILE 
STRENGTH VALUES 
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Air 
Cornpre s sive split cylinder 

o/a Cure Age 

psi 

2 Bag 1/2 612 

2 2645 

7 3516 

28 3863 

Air 1/2 557 

2 2223 

7 3244 

28 4070 

Oven 1/2 607 

2 2690 

7 3539 

28 3424 

6 Bag 1/2 813 

2 2470 

7 3590 

28 4685 

Air 1/2 630 

2 2475 

7 3285 

28 3780 

psi 

143 

410 

507 

406 

128 

296 

354 

381 

130 

297 

287 

383 

164 

406 

486 

425 

164 

320 

317 

364 

f 
sp 

psi 

84 

308 

379 

453 

63 

261 

391 

425 

71 

310 

348 

355 

101 

293 

391 

442 

86 

339 

376 

400 



C/F Air 
sks/cu yd 0/41 Cure Age 

Oven 1/2. 

2. 

7 

2.8 

4. 0 6 Bag 1/2. 

2. 

7 

2.8 

Air 1/2. 

2. 

7 

2.8 

Oven 1/2. 

2. 

7 

2.8 

5. 01 1 Bag 1/2. 

2. 

7 

2.8 

4.0 2. Bag 7 

2.8 

TABLE 8-1 
(Cont'd) 

Compre s sive 

f' ff c 
psi psi 

970 176 

2.765 32.6 

2.945 2.52. 

2.365 455 

182. 60 

1342. 2.96 

2.2.2.0 32.0 

2.770 374 

2.36 78 

132.5 2.43 

1775 2.53 

2.480 2.95 

2.48 92. 

1370 2.44 

1750 2.2.3 

1930 390 

450 

2.42. 0 

372.0 

4510 

2.2.60 

2.785 

75 

split cylinder 

f 
sp 

psi 

12.6 

32.3 

2.99 

2.97 

2.3 

196 

2.76 

337 

33 

191 

2.03 

32.2. 

35 

172. 

2.18 

2.38 

60. 5 

369 

460 

52.5 

2.89 

32.9 



CIF Air 

TABLE 8-1 
(Contld) 

Compressive 

sksl cu yd "I. Cure Age fl ff c 

Note: 

psi psi 

Air 7 1590 

28 2257 

Oven 7 1')63 266 

28 1664 245 

For explanantion of symbols, see section 8- 2 
1. This mix is regular-weight Qoncrete (SCi) 
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split cylinder 

f 
sp 

psi 

213 

268 

213 

206 
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TABLE 8-2 

SUMMARY OF MODULUS OF ELASTICITY DATA 

Air 
Cement Content Age 

Modulus. of Elasticity x 10-
6 

psi Factor Per in Curing 
Sacks / cy Cent Days Condition Compre s sion Tension 

4 2 7 Air 2. 17 

7 Bag 2.46 2.56 

7 Oven 1. 87 

28 Oven 1. 77 

4 2 7 Air 2. 33 2.42 

28 Air 2.02 

28 Bag 2.81 2. 74 

7 Oven 1. 80 2.00 

28 Oven 1. 77 3.33 

4 6 2 Air 2.00 

1/2 Bag 0.705 

7 Bag 2.56 

28 Bag 2.52 

28 Oven 1. 96 

4 6 7 Air 2. 59 1. 86 

28 Air 2.21 2. 12 

7 Bag 2.43 2.25 

28 Bag 2.60 2.70 

7 Oven 1. 55 1. 62 

28 Oven 1. 83 1. 33 

5 2 2 Air 2. 19 

28 Air 2.64 

2 Bag 2.52 



Air 
Cement Content Age 
Factor Per in 

Sacks / cy Cent Days 

7 

2 

5 2 7 

28 

7 

28 

5 6 28 

28 

7 

5 6 7 

28 

7 

28 

7 

28 

5 1 7 

Regular-Weight 28 

• 

TABLE 8-2 
(Cont'd) 

Curing 
Condition 

Bag 

Oven 

Bag 

Bag 

Oven 

Oven 

Air 

Bag 

Oven 

Air 

Air 

Bag 

Bag 

Oven 

Oven 

Bag 

Bag 

78 

Modulus· of Elasticity x 10-
6 

psi 
Compression Tension 

2.72 + 
2.35 

2.64 2.92 

3.09 2.52 

2.32 2. 14 

2.02 

2.50 

2.46 

2.38 

2.62 + 2.38 + 

2.46 2.45 

2.81 + 2.29 + 

3.29 3.36 

2.Q4 + 2. 15 

2.55 1. 93 

4.43 + 4.30 

4.45 + 4. 50 

Secant modulus of elasticity taken as slope to O. 5 fl C or O. 5 ft" 

+ These values are averages of 2 or more tests. 
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8.2 List of Symbols 

C.F. 

F 

f' c 

w 

Cement factor - sacks per cubic yard 

Cubic yard 

Concrete tensile strain (Total) 

Concrete strain from restrained volume changes 

Concrete static modulus of elasticity, psi 

Degree Fahrenheit 

Friction Factor 

Concrete compressive strength, psi 

Concrete split cylinder strength, psi 

Concrete direct tensile strength, psi 

Concrete useable tensile strength, psi 

Coefficient of linear thermal expansion, in. lin. per of 

Sack 

Concrete tensile stress 

Unit weiight of concrete, pounds per cubic foot 

Other symbols used in this report which are not defined here are 

defined where they are used. 
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