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ABSTRACT

The tremendous growth in the use of concrete masonry units
made with lightweight aggregates has made desirable the accumulation
of data on their performances in order that intelligent decisions can
be made regarding their proper use in building. This study attempts
to fulfill this need in the Michigan area for a cross section of the
products presently available. Evaluation of the performance of the
lightweight products is made by comparison with that of dense pro-
ducts, all under the same condition of test.

Materials were sampled from the regular production of ten
commercial plants and included concrete units manufactured with sev-
eral lightweight aggregates and three dense aggregates. The light-
weight aggregates were: +two cinders, one cinders mixed with fly ash,
one cinders mixed with sand, one cinders mixed with expanded slag,
three expanded slags including Waylite and Celocrete, one Waylite
mixed with Beslite (expanded clay) and one expanded shale (Haydite).
The dense aggregates were two natural sands and gravel and one air-
cooled slag.

The tests conducted include: dimensional properties, unit
weight, moisture content and absorption, compressive strength, flex-
ural strength, elastic properties, freeze-thaw durability, drying
shrinkage, thermal expansion and thermal conductivity. The tests
were conducted on standard, hollow, 3-core, 8-inch block and on

specimens cut from solid L4-inch slabs. Comparative studies were also
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made of the -physical properties of the aggreggtes themselves sampled
at the plants involved.

Methods and results of tests are given in detail and overall
averages are presented. The more important conclusions are:

(1) Adoption of the system of the modular dimensions by the
industry is evident.

(2) Weights of 8-inch thick masonry walls containing the
lightweight units are 29 to 36 psf and for dense units, 43 to 48 psf.

(3) Compressive strength of lightweight units varied be-
tween 58 and 88 per cent of the strength of dense units,

(k) Lightweight aggregate and air-cooled slag products are
more absorbent than sand and gravel products.

(5) The moisture content of six of the products when sam-
pled exceeded the LO per cent maximum allowed by the ASTM specifica-
tion. This requirement is considered of value in limiting shrinkage
and subsequent cracking.

(6) There was no sharp line of demarcation between the -
dense and lightweight aggregate products with regard to the total
shrinkage. Autoclaving resulted in lower shrinkage.

(7) Staining and popouts were shown by cinder products
only.

(8) Flexural strength of dense aggregate products are 1.6
to 3 times higher than those of lightweight aggregate.

(9) Young's moduli for lightweight aggregate products range
between 33 and 80 per cent of the lower value of the two sand and

gravel aggregate products.



(10) Completely saturated lightweight aggregate products
of highly cellular structure, unlike sand and gravel products, are
vulnerable to a limited number of accelerated freeze-thaw cycles.
However, this condition of full saturation is rarely met in service.
At moisture contents of 40 per cent (maximum allowed by ASTM speci-
fications) lightweight aggregate products withstood 500 cycles of
freezing and thawing well.

(11) The coefficient of expansion of cinder products is
lower than that of slag or sand and gravel products.

(12) The coefficient of thermal conductivity of slag and
cinder products is approximately 1/3 to 1/2 that of the sand and
gravel products. Good correlation exists between this thermal co-
efficient and unit dry weight.

It is concluded that lightweight aggregate masonry units
possess characteristics that are desirable in construction materials
for certain types of structures (residential buildings, etc.) such
as their appealing surface texture, comparative lightness, which per-
mits economy of construction, and lower thermal conductivity, which
permits economy in heating and cooling. Methods have been devised
and used with considerable success for reducing the shrinkage of cer-
tain lightweight aggregate products, such as autoclaving, etc. It is
concluded that the continuing growth in the use of lightweight aggre-
gate concrete masonry units for housing and similar types of construc-

tion is based on sound engineering judgment and is well Justified.

vi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS. . ¢ « 2 o o o o « o o o« o o
ABSTRACT. . . . . . c e e e s e s e 4 4 e
LIST OF ILLUSTRATIONS e s e e e e e e e e

LIST OF TABLES. « v ¢ o o o « o o o 3 o o &«
INTRODUCTION. . . . . . .
A. Aggregates. . « ¢« ¢ o 0 o 0 .
B. Concrete Units. . . « ¢« + . .
CHAPTER I. HISTORY . + « o ¢ ¢ o o « o s o
A. Lightweight Aggregate . . « « . . .
B. Precast Building Units. . . . . . .
C. Advancement in Technology - . . . .
D

Research on Lightweight Concrete, Precast

and Aggregates. « ¢« ¢« ¢« « v ¢ o o

1. Precast Concrete Masonry .
2. Plastic Concrete . . . .

(Made with nghtwelght Aggregate)

CHAPTER II. TEST SPECIMENS . . « « . .« .+ .

A. Sampling. . « ¢ ¢« ¢ o 0 e 0 e o .
B. Plant Operation . . . . «+ « + « . .

CHAPTER ITI, AGGREGATES. .+ . ¢ « ¢ o« o ¢ o o

A.  General Discussion of the Characteristics of
Commercially Produced Lightweight Aggregates for

Concrete. o o« ¢« o o o o o o« o s o @

1. Cinders. « « « 2 o « ¢ o « =
2. Slags. « « « » e e 4 e e

3. Expanded Clay, Shale and Slate .

B. Physical Properties of Aggregates .

1. Grading. + « « o « « o o o o
2. Unit Weight. . . « + « « « . &

°

3. Specific Gravity and Absorption.

L, Deleterious Inclusions . . .

vii

.

Masonry

Page

iii

27

28
34



CHAPTER
A,
B.
C.

CHAPTER
A.

BO

CHAPTER

A.
B.

CHAPTER

°

HOqQWwW»

CHAPTER

B.

TABLE OF CONTENTS

(Cont.)

IV. DIMENSIONS OF THE MODULAR UNIT .

Definitions . . o « + « «
Procedure of Test . &« ¢« o o o &
Discussion of Test Results. . .

V. UNIT WEIGHT, MOISTURE CONTENT AND ABSORPTION.

Procedure for Determining Unit Weight, Moisture

Content and Absorption. . . . .
Discussion of Test Results. . .

1. Unit Weight. . . . . .

o

o

o

o

2, Moisture Contents and Absorption .

VI. COMPRESSIVE STRENGTH . . . .

Procedure of Test . . . . &
Discussion of Test Results.

VII., FLEXURAL STRENGTH . . - .
Test Specimen . . o « « o o & »
Apparatus . « « o 5 o o . o
Procedure of Test . - - - . &«
Calculations . . « o « o« o & o

Discussion of Test Results. . .

VIII. ELASTIC PROPERTIES . . . .

Test Specimen ., . . e« o e e
Dynamic (Sonic) Method. . . .

1. Theoretical Discussion . .
2, Test Apparatus . « » o «
3. Procedure of Test. o o« - o
4, Calculations . . . . . .« .
Static Method . &+ &« & o o o o &

. Test Apparatus . « o« o« « &

. Procedure of Test. . o .
o Calculations . « « o« o o &

=W o

Discussion of the Results of Elastic Constants as
Determined by Dynamic and Static Methods.

viii

o Preliminary Investigations .

o

o

o

°

°

°

8

Page
62
62

63
6k

67

68
68

68
T1

>

76
7
87
88
88
91

91
92

100

. 102

103

. 103

110

. 112
. 116

122

. 122

126
127
129

132



CHAPTER

B.

C.

D.
CHAPTER

A,
Bl

CHAPTER

A.
B.

CHAPTER

CHAPTER

BO
C’
D.
F.

CHAPTER

IX. FREEZING AND THAWING DURABILITY. . . . .

Specimen. . .
Apparatus .

Procedure of Test .
Discussion of Test Results.

X. STAINING AND POPOUTS OF CONCRETE MASONRY UNITS.

°

TABLE OF CONTENTS
(Cont. )

()

Procedure of Test .
Discussion of Test Results.

XI.

DRYING SHRINKAGE .

Procedure of Test .
Discussion of Test Results.

XII.

THERMAL EXPANSION

Methods of Test .

1.
2.

*

.

°

e

Extensometer Method.
The SR-4 Gage Method .

Procedure of Test .

1.
2.
3/.

Saturated Specimen .

Dry Specimen - Extengometer Method .
Dry Specimen - SR-4 Gage Method. .

Qo

Discussion of Test Results.

XITII.

THERMAL. CONDUCTIVITY .

Brief Theoretical Analysis.
Test Specimen . « e o s
Test Apparatus.
Procedure of Test .
Calculations. .

Discussion of Test Results.

XIV.

SUMMARY .

.

ix

.

“

e

13

.

.

.

Page
138
1h1
141
ko
145
154

155
156

160

164
167

180
185

186
186

190
190
190
191

191

. 196

204
206
207
209
215
216

221



TABLE OF CONTENTS
(Cont.)

APPENDIX I. AGGREGATES . ¢ « o « o o o o o o o o o o o o
A, Specific Gravity and Absorption . . . . . .

1. Coarse Aggregate . . . « « ¢« « « o« &
2. Fine Aggregate . . « « « « + « « o &

B. Materials Causing Popouts of Concrete . . . . .

APPENDIX II, DIMENSIONS OF THE MODULAR UNIT. . . . . . .

APPENDIX III. UNIT WEIGHT, ABSORPTION AND MOISTURE CONTENT .

A, Unit Weight « ¢ ¢ ¢ ¢« o o ¢ ¢ s o o ¢ o 0 o o o &
B. Absorption. « ¢ o ¢ ¢ ¢ ¢ ¢ ¢ o 0 4 e 0 e e e e
C. Moisture Content. « o ¢« o« ¢ « o o« ¢ ¢ o o o o o =
APPENDIX IV, COMPRESSIVE STRENGTH. . « ¢ ¢ ¢ ¢« o o o« o &
APPENDIX V., FLEXURAL STRENGTH. « ¢« « ¢ ¢ o ¢ ¢ o o ¢ o o o
APPENDIX VI. ELASTIC PROPERTIES. ¢ « o o ¢ a o o« o o o o &
A. Dynamic Method. + « « ¢ « ¢ ¢ o ¢ ¢ ¢ o o o o o &

1. Identification of the Mode of Vibration. . .
2. Calculations of the Elastic Constants. . . .

B. Static Method « « « ¢« o ¢ ¢ o o o o « o o o o o o

1. Preliminary Investigations . . . « « « + o &
2. Calculations .« « « « ¢ ¢ ¢« « o o o o o o o @

APPENDIX VII. THERMAL EXPANSION. « & o o o s o « o o o« « &

APPENDIX VIII, THERMAL CONDUCTIVITY. . . ¢ &« o« « « o o & &
A. Hot Plate Apparatus « . « &+ « &+ ¢ ¢ ¢ o ¢ o o o &
B. Thermocouple Location « « « « o« o o « o o o &

C. Discussion of Test Results: o« « ¢ ¢ ¢ o o o & &

LIST OF REFERENCES. « « ¢ o o ¢ o o o s o o o o o o o

Page
229
229

229
230

231
236
2ko
2ko
2ko
okl
U1
2Lkg
251
251

251
252

252

252
252

301
306
306
308

312



Figure

=

O © N O WU

10
11

12

13

1k
15
16
17
18
19

20

2l

LIST OF ILLUSTRATIONS

Page
Cinder Aggregate Processing Equipment. . . . . . . . 9
Magnet Pulley for Separating Metallic Particles
from Aggregate . . . « 4 « ¢ ¢« o o e e e e e e e e . 9

Pipe Conveyor Transporting Aggregates to Over-Head
Bins for Distribution to Batchers. . . . . . . . . . 10

Open Yard Storage of Progucts. . . . . . . . . . . . 10
Automatic Molding Machine. . o &+ « « « « ¢« « ¢« « . . 12
Scale of Automatic Batcher . . . . . . . . . . . . . 12
High-Pressure Steam Curing Kiln with "Cap" Removed . 13

Low-Pressure Steam Curing Chamber. . . . . « « . . . 13

Saw Used for Cutting Specimens . . . ... . . . . . . 30
Samples of Aggregates for Test . . . . . . . « « « &+ 35
Concrete Specimens After Staining and Popouts Test . 61

Set-Up for the Determination of Net Volume of the

16 T A <
Electrical Automatic Oven Used for Drying Masonry

UNitS. o v v o o o o o o o o o o o v o e o v 0 o .. 69
Compressive Strength Test. « = « « » o ¢ o ¢« « o« « . T8

Schematic Diagram of Apparatus for Flexural Test . . 89
Flexural Strength Test (General View)s v« o + « « « . 90
Flexural Strength Test (Close-up). « « « « « « = . . 90
Modulus of Rupture vs. Unit Dry Weight . . . . . . . 9

Dynamic (Sonic) Test Apparatus for Determlning the
Elastic Constants. . . . . e o o a0 & e & o o o o 113

Schematic Diagram of the Sonic Apparatus . . . . . . 11k

Curve for the Coefficient C;, Calculated by Pickett
for M= 1/6. . v v v v v e L e e e e e e e e e e e s 11T

xi



LIST OF ILLUSTRATIONS

(Cont. )
Figure Page

22 Static Test Apparatus for Determining the Elastic

Constants (Close-up) + « « « v v & v v & v « « « . . 124
23 Static Test Apparatus (General View) . . . . . . . . 124
2L Schematic Diagram of Simplified Wheatstone Brldge

Circuit,. o v v o ¢ ¢ ¢ ¢« ¢ o ¢ o « s o o o o . - 125
25 Static Test Specimen with SR-4 Gages . . . . . . . . 130
26 Stress-Strain Curves for 1C52. . . « « « +. . . . . . 131
27 Young's Modulus (Static) vs. Unit Dry Weight . . . . 137
28 Young's Modulus (Static) vs. Modulus of Rupture. . . 137
29 Schematic Diagram of Freezing and Thawing Apparatus. 143
30 Specimen Chamber of the Freezing and Thawing

Apparatus. + « & 4 4 4 4 e 0 4 b e e e e e e e e .. 1b3
31 Freezing and Thawing Durability of Test Specimens

Before and After Copper Jacket is Added. . . . . . . 1Lk
32 Control Specimen for the Freezing and Thawing Test . 1khk
33 Drilling Hole in One End of Specimen for Cementing

Steel PLUZ « o o o « o o « o o 0 o o o o o o o o o . 166
34 Extensometer with Dial Micrometer Used for Length

Measurements , o« « v 4 4 ¢ 4 ¢ ¢« ¢ 4 4 4 4 4 . .. . 166
35 Moisture Loss - Drying Time Relation . . . . . . . . 171
36 Shrinkage - Drying Time Relation . . . . . . . . . . 172
37 Shrinkage - Moisture Content Relation. . . . . . . . 177
38 Copper Bar with Compensating and Active SR-L4 Gages

for the Thermal Expansion Test . . « + . - . . . . 188
39 Apparatus for Thermal Expansion Test Using the SR-L

Gage Method (Close-up with Oven Open). . . . . . . . 192

xii



Figure
Lo

L1
L2

43
L

L5

bt

L8

k9

50

51
52
53
54
55
56
o7
58

LIST OF ILLUSTRATIONS
(Cont. )

Apparatus for Thermal Expansion Test Using the SR-k4
Gage Method (General View with Oven Closed). .

General View of the Hot Plate Apparatus.

Close View of Measuring Instruments and Switch Box
for the Hot Plate Apparatus. . . .

Control Panel for the Hot Plate Apparatus. . .

Source of Electrical Current for the Hot Plate,
Motor-Generator Set. « ¢« « ¢« ¢ o ¢ s o o 0 o o . .

Looking Inside the Cabinet with Hot Plate, Cold .
Plate and Specimen in Between, Clamped Together.

Overall Average Results of Tests on Concrete Masonry
Products « « ¢ ¢ ¢ ¢« ¢ ¢ ¢ e o 0 o e o e e

TIdentification of Flexural and Torsional Modes of
Vibration. . . . .

Stress-Strain Curves for 2CES5 - Preliminary
Investigations . . « ¢« ¢ ¢« ¢ ¢ ¢ ¢« o 6 e o . .

Stress-Strain Curves for 35G5 - Preliminary
Investigations . . « ¢ ¢« ¢« « o o &

Stress~-Strain Curves for 955 - Preliminary
Investigations . . . ¢« ¢« ¢ « ¢ ¢« & o o o

Stress-Strain Curves for 1C51. . . . .
Stress-Strain Curves for 2CES51. « - ¢« ¢ & o o &
Stress-Strain Curve for 2CES52 & & o ¢ o « o &
Stress-Strain Curves for 3C51.

Stress-Strain Curves for 3C52. « ¢ o ¢ « o o « o o
Stress-Strain Curve for 35G51. . . . . . .
Stress-Strain Curve for 3ISG52. o o ¢ « « o o« ¢ o «

Stress-Strain Curves for L4SG51 . . . . .

xiii

Page

192

210

210

211

211

21k

227

251

261

263

265
267
269
270
272
273
275
277
279



Figure

59
60

61
62
63
6k
65
66
67
68
69
70
71
T2
3

Stress-Strain
Stress-Strain
Stress-Strain
Stress-Strain
Stress-Strain
Stress-Strain
Stress-Strain
Stress-Strain
Stress-Strain
Stress-Strain
Stress-Strain
Stress~-Strain
Stress-Strain

Cut~-Away Plan

LIST OF ILLUSTRATIONS

(Cont. )

Curve for Lsgs52.

Curves for 5CS51 .

Curve for 5CS52.

Curves for 6ESS51 .

Curve for 6ES52.

Curves for TWS1.

Curve for TWS52 .

Curve for 8CELS51 .

Curve for 8CEL52 .

Curves for 9S51.

Curve for 9552 .

Curves for 10CA51.

Curve for 10CA52 .

for Hot Plate.

Location of Thermocouples for Two Companion

Specimens.

. . o o o * o

Page
281
283
28l
286
287
289
290
292
293
295
297
299
300

307

309



Table

10
11
12

13

1k

15

16

17
18

19

LIST OF TABLES

Rate of Growth of Production of Concrete Masonry
Units in the Years 1945-1947. . . . . . . . . . .

Rate of Growth of Production of Concrete Masonry
Units in the Last Decade. -« « o o o o » » o o

Summary of Field Reports. . « o o v o o o o o o &

Grading and Unit Weight of Aggregates . . . . . .

Unit Weight Requirements of nghtwelght Aggregate for

Concrete Masonry Units. . . . . . .« . .

Physical Properties of Aggregates . . . . . .

Dimensional Properties of the Modular Units (Average

ValueS ) . e & o o o © o & o e o o o . . . . . . .

Weights of the Masonry Units and the Unit Weights .

Moisture Content and Absorption . o« « ¢ « « o .
Compressive Strength of the Masonry Units .
Physical Requirements . . . « o « o o o o « 4 &
Modulus of Rupture (R) Calculations . . . . . . .

Flexural Strength of Concrete - Analysis of the
Reslllt . . . L . L . L . L] L) . . a L] . e . L] e

Calculations for Young's Modulus of Elasticity
(Dynamic) . C e et e 4 e e s e e e e e e e

Calculations for Modulus of Elasticity in Shear, G,

and Poisson's Ratio, p, (Dynamic) , . e e
Stress-Strain Data (Static) for 1052 (Cinders).

Elastic Constants (Static Test) . . . v v o o . .

Average Results of Elastic Constant from the Static

and Dynamic Tests . + « ¢ v ¢ v v & o v o v 4 o

Comparative Study of Young's Modulus (Static) with
Other Concrete Properties . . v o « « o + o &

Y

XV

.

Page

55

66
70
13
81

85
93

95
120

121
129

133
134

136



Table

20

21

22

23

24
25

27

28

29

30

31

32

33
3k
35
36

37

LIST OF TABLES
(Cont. )

Freezing and Thawing Durability - Initial Young's
Modulus and Weight Measurement. . . « o« o « ¢ o « &

Freezing and Thawing Durability - Effect of Test
on Young's Modulus of Rupture . . . . « ¢« ¢« ¢« o o &

Results of Staining and Popouts of Test of Concrete
Masonry Units . o & ¢ ¢« ¢ ¢ ¢ ¢ 6 o o o o ¢ o o o

Moisture Loss (% of Saturation) - Drying Time
Relation. « o v ¢ ¢ o ¢ o o o« o o o o o o o o o o o

Shrinkage (% of Lengths) - Drying Time Relation . .

Shrinkage (% of Length) = Moisture Content (% of
Saturation) Relations . « « « o o « o « o o o o o

Total Shrinkage and Moisture Content at the End of
Drying. Wet and Dry Weights of Specimen. . . . . .

Coefficient of Thermal Expansion (inch per inch per
LF) X100, v v e e e e e e e e e e e e e

Calculation of the Coefficient of Thermal Conduc-
tivity (k) Btu per (hr)(sq. ft.)(deg. F./inch). . .

Coefficient of Thermal Conductivity (k), Average
Mean Temperature, and Unit Dry Weight . . . . . .

Summary of the Overall Average Results of Test on
Concrete Products . o o o o o o « o o o o o « o o o

Calculation of Specific Gravity and Absorption of
Coarse Aggregate. . . ¢ ¢ v o o o o o 0 s o o a o o

Calculation of Specific Gravity and Absorption of
Fine Aggregate. « v« ¢ ¢ ¢ ¢« v 4 o o o« o ¢ o o o .

Calculation of Absorption (% of Volume) . . . . . .
Popouts Test - Laboratory Concrete Mixes, . . . . .
Calculation of Net Volume of the Modular Units. . .

Calculation of Gross Area and Gross Volume of the
Modular Units . ¢« ¢ ¢ ¢« ¢ o o o « o o

e o . Q@ e o

Net Area as Percentage of Gross Area. . « « o« o o o

xvi

Page

147

148

158

168

170

176

178

194

217

220

228

a31

232
233
235
237

238
239



Table

38

39

Lo
b1

4o

43

Ly

45

b7

k9

50

51.

52

23

LIST OF TABLES
(Cont. )

Weights of Masonry Units (Sampled, Wet and Dry
Conditions) v v v v o v o o o o o 0 0 e e e e

Calculation of Weights of Masonry Units (Sampled,
Wet and Dry Conditions) in Pounds per Cubic Foot,
(Based on Net VOlume) v v v v o o « o 4 o « o o &

Absorption of the Masonry Unit. . . « « « « « .« .

Calculation of Moisture Content of the Masonry Units

as Sampleds ¢« « 4 - 4 o . e 6 3 e e e s o e & s o

Calculation of Gross Cross-Sectional Areas of Masonry

Units Used for Compressive Strength Test. . . . .

Calculation of Compressive Strength of Concrete

Masonry Units Based on Gross Cross-Sectional Area .

Dimensional Analysis of Specimens for the Sonic
Testiio o o 6 v o v 6 v 4 o o o o ¢« 5 o o o o o

Weights and Radius of Gyration - Length of Specimens

for the Sonic Test. v ¢ ¢ ¢ ¢ ¢ o o o o o ¢ o @

Calculation of the Coefficient (C) for the Flexural

Vibration . + ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o o o o

Resonant Frequencies for Flexural and Torsional
Vibration » « v & v v 4 ¢ 4 o 4 v 6 v s s e s e e

Calculation of the Shape Factor (R) for Torsional
Vibration « o o v v 4 v v e e 6 6 v e e e e e e

Calculation of the Coefficient (B) for Torsional
Vibration .« o o o & o o o o o o ¢ o ¢ o o s o + «

Preliminary Investigation - Stress-Strain Data
(Static) for 2CES5 (Cinders and Expanded Slag). .

Preliminary Investigation - Stress-Strain Data
(Static) for 35G5 (Sand and Gravel) . o« o o o .

Preliminary Investigation - Stress-Strain Data
(Static) for 955 (Air-Cooled Slag). « « o o« o + .

Stress-Strain Data (Statiq)for 1051 (Cinders) .

xvii

Page

2h1

2h2

2L3

245

2h7

248

254

255

256

257

258

259

260

262

26k
266



Table

54

25

56
o7
58

59

60

61

62

63

64

65

66
67
68
69
70

T1

Stress-Strain

LIST OF TABLES
(Cont.

Data (Static)

and Expanded Slag). . . . .

Stress-Strain

Data (Static)

and Expanded Slag). . . . .

Stress-Strain
Stress-Strain

Stress-Strain
Gravel) . . .

Stress-Strain
Gravel) . . .

Stress-Strain
Gravel) . .

Stress-Strain
Gravel) . .

Stress-Strain
and Sand) . .

Stress-Strain
and Sand) . .

Stress-Strain
Slag) . . . .

Stress=-Strain
Slag) . . . .

Stress-Strain
Stress-Strain
StressaStrain
Stress-Strain

Stress-Strain
Slag) . . .

Stress-Strain
Slag) . . . .

Data (Static)

Data (Static)

Data (Static)

Data (Static)

® o o e o e o

Data (Static)

. . e o o o o

Data (Static)

e o . e o o e

Data (Static)

Data (Static)

e & o e e o o

Data (Static)

Data (Static)

Data (Static)
Data (Static)

Data (Static)

Data (Static)

Data (Static)

Data (Static)

. ® o o o

)

for

.

2CES51 (Cinders

2CES52 (Cinders

3C51 (Cinders).

3052 (Cinders).

35G51

35G52

Lsas1

.

LsG52

5CS52

6ES51

6ES52

5CS51

.

(Sand and
(Cinders

(Cinders

(Expanded

.

(Sand and
(Sand and

(Sand and

(Expanded

for TW51 (Waylite). . .

for TW52 (Waylite). . .

for 8CEL51 (Celocrete).

for 8CEL52 (Celocrete).

for

xviii

for 9551 (Air-Cooled

9552 (Air-Cooled

Page

268

268
271

271

27k

276

278

280

282

282

285

285
288
288
291

291

294

296



Table

T2
73
7h
75
76

7

LIST OF TABIES

(cont.)
Page
Stress-Strain Data (Static) for 10CA51 (Cinders plus Fly
ASH) o o v e s e e e e e e s e e e e e e e e e e e e e s s . 298
Stress-Strain Data (Static) for 10CA52 (Cinders plus Fly
ASH) & v v v v e e e e e e s e e e e e e e e e e e e e e e . . 298

Calculation of the Coefficient of Thermal Expansion of Water
Saturated Specimen (inch/inch/deg. F) 106. B (05

Calculation of the Coefficient of thermal Expansion of Dry
Specimen--Test Method No. 1 (inch/inch/deg. F) 10 . . . . . . 30k

Calculation of the Coefficient of Thermal Expansion of Dry
Specimen--Test Method No. 2 (inch/inch/deg. F) 10 . . . . . . 305

Final Current and Temperature Determinations for Thermal
Conductivity Tests (Two Runs per Product) . o « o« &« « o o . . 310

xix



INTRODUCTION

This is a laboratory performance study of commercially manu=-
factured precast concrete masonry units made with lightweight aggre-
gate. Evaluation of the performance of these units is made by
comparison with that of dense units (sand and gravel and air-cooled
slag aggregate), all under the same conditions of test. Comparative
studies were also made of the aggregates themselves sampled from the
current production of the plants involved. This study will also offer
comprehensive and useful data on the physical properties of these
materials. The study is designed to provide a cross-section view of
the products in the State of Michigan. For this puyrpose ten plants
were chosen both for reason of their geographical location and the
nature of their production. Four of these are located in Detroit
and the rest are located in different representative areas in the
state.

Materials were sampled from the regular production of these
plants, including concrete units manufactured with ten different
lightweight aggregates, and three dense aggregates. The lightweight
aggregates are as follows: two cinders, one cinder mixed with ex-
panded slag, one cinder mixed with sand, one cinder mixed with fly
ash, three expanded slags including the commercial names Waylite and
Celocrete, one expanded slag mixed with expanded clay (Waylite and
Beslite) and one expanded shale (Haydite). The dense aggregates are
two sand and gravel and one air-cooled blast-furnace slag.

Tests were performed on the most common size hollow blocks

of the modular dimensions 7-5/8 x 7-5/8 x 15-5/8 inches with three
1



rectangular core openings, and on specimens cut from solid slabs of

the modular dimensions 3-5/8 x 7-5/8 x 15-5/8 inch.

The study concerns in detail the following physical proper-

ties of aggregates and concrete masonry units.

A. Aggregates.

1.

2.

Grading.
Unit weight.

Specific gravity (bulk oven-dry basis, bulk saturated surface-
dry basic, and apparent), and absorption.

Deleterious inclusions.
a) Materials finer than #200 sieve.
b) Organic impurities.

c) Materials causing popouts of concrete.

B. Concrete Units.

1.

2.

10.

Dimensional properties of the Modular Unit.

Unit weight, moisture content, and absorption.
Compressive strength.

Flexural strength.

Elastic moduli (static and dynamic).

Resistance to accelerated cycles of freezing and thawing.
Staining and popouts of concrete masonry units.

Drying shrinkage.

Thermal expansion.

Thermal conductivity.

Results of tests, presented and analyzed in the following

chapters, indicate that concrete masonry units having the advantage

of light weight,generally exhibited good performance when compared

with denser units.
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Each plant selected (except one) uses one or more light-
welght aggregates in manufacturing their products. This is true for
a great number of plants in the state. Indeed, the use of light-
weight aggregate, because of its many advantages, has advanced so
rapidly in recent years that it is now dominating the industry. This,
coupled with the very large increase in the use of precast concrete

units in construction, makes lightweight aggregate units highly

important building materials.



CHAPTER I

HISTORY

The use of lightweight building material is known early in
history. The Romans used natural lightweight stones, such as volcanic
cinders, to build their great agueducts to carry water to their cities.
The use of hay to reinforce and reduce the weight of mud bricks was
also known at that time. Until recently the use of lightweight
building material was on a small scale. In this country, following
the introduction of portland cement concrete, the emphasis was, for
a long time, mainly on strength which dense aggregate concrete pro-
duced. It was not until recently by experience, research and modern
technology that lightweight aggregate was fully recognized as an
important building material..

A. Lightweight Aggregate.

Lightweight aggregate for concrete was first used not
strictly because of its physical characteristics. In the western
states, because of economy, natural stones such as volcanic cinders
were processed and used. In the eastern states, factory by-products
such as industrial cinders and blast furnace slag came into use. None
of the concrete so produced was accepted as of structural quality.

The use of cinder concrete as a filler for roofs was common
as early as the year 1896 in the city of New York * but was viewed
with suspicion. This suspicion was greatly lessened by the research

of Columbia University and the Underwriter's Laboratory's full scale

¥ Reference 1. See list of references.
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fire test. Blast-furnace slag was considered a waste product at the
beginning of this century, accumulating in huge quantities which be-
came a major problem for the steel industry. Trying to find some use
for this material, the city of Detroit, for example, used large quan-
tities for surfacing unpaved streets or as aggregate for bituminous
concretee. Not until the year 1930 was it fully recognized as a
concrete aggregate.

Stephen J. Hyde3, a chemist working in his laboratory in
Kansas City in the year 1917, perfected a method of making lightweight
aggregate by heating a certain shale, slate and clay to incipient
fusion, and it was found that this method resulted in lightweight
aggregate of good structural strength and insulating value. Two
years later a huge source of lightweight natural stone commercially
known as Zonolite was discovered in California and used, after pro-
cessing, as concrete aggregate. Soon the possibility of good con-
crete from lightweight aggregate became apparent to the engineers
and builders who started developing methods and techniques for
manufacturing and using these new aggregates. Expanded clay and
shale, processed diatomaceous earth, expanded slag, expanded slate,
sintered, and natural lightweight aggregate came into use.

Today it is estimated that more than 27 million cubic yards
of this aggregate is manufactured annuallyS. This has a variety of
uses. However, the bulk of the product is used for lightweight con-
crete and especially for precast units; - the latter is estimated to

have used about 80 per cent of the total in the year 195.4.
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B. Precast Building Units.

The precast concrete industry was the main consumer and pro-
moter of lightweight aggregate. The use of this aggregate resulted
in lighter units with varied surface textures, better thermal insu-
lation and acoustical absorption and less thermal expansion. It also
resulted in a decrease of compressive and flexural strength and higher
drying shrinkage. Yet the strength of properly made precast units is
usually adequate for the type of structure for which it is used. Dry-
ing shrinkage is still a problem, but methods of reducing it are
currently being investigated.

Precast concrete masonry units were originally frequently
manufactured by the aggregate producers to dispose of an accumulation
of certain sizes of aggregate. Concrete bricks were first manufactured
followed by the two core block. ILater the three core unit was adopted
and became popular because of the ease of cutting the block symmetri-
cally on the Jjob.

Concrete precast units were at first made with sand and
gravel. Later, industrial cinders and blast-furnace slag were used.
The light weight and the availability of these aggregates resulted in
the growth of their use.

By 1930, a number of specifications were written around
these products. This gradually forced out the small manufacturers
because of their inadequacy to meet the requirements of the specifi-
cations. This eliminated very low quality products from the market,
permitting the growth of fewer but better established plants. This
growth was continuous through the thirties and part of the forties

but was greatly increased in the years following World War II.
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This is apparent from Table 1. The unit price of the product did not
change considerably during that time.
This fast rate of increase in production following the year
1946 continued through the fifties as will be seen from Table 2.
Another fact that the data does not reveal is the increase
in the use of lightweight aggregate during that period of time.
Available data estimated a consumption of about 20 million cubic
yards of all aggregate in 1947, against 27 million cubic yards of
lightweight aggregate alone in 1954, Approximately 80 per cent of
the 1954 production of lightweight aggregate was used in manufacturing
lightweight units. These units constitute about 54 per cent of all
the precast units produced with the following percentage distribution:
43 per cent cinder
27 per cent expanded clay and shale
19 per cent expanded slag
7T per cent pumice
I per cent scoria and other volcanic cinder.

TABLE 1. RATE OF GROWTH OF PRODUCTION OF CONCRETE MASONRY UNITS
IN THE YEARS 1934-19L47.

Gross Selling Value in

Year Number of Plants Millions of Dollars
1934 88 1.0
1936 o7 1.7
1938 119 3.2
1940 128 5.3
1942 141 7.3
1944 149 6.6
1946 -——— 1Lko0.0
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TABLE 2., RATE OF (GROWTH OF PRODUCTION OF CONCRETE MASONRY UNITS
IN THE ILAST DECADE
(Data obtained from different sources)

Number of 8-inch Equivalent Units

Year (in millions)
1944 340
1947 1000
1952 1780
1953 1800
1954 1900

C. Advancement in Technology.

Currently, the precast concrete masonry industry msnufactures
about 2 billion 8-inch equivalent units annually of different sizes
and shapes, more than half of which are made with lightweight aggre-
gate of many varieties.

This growth was a result of better products, of advanced
technology, and new methods and materials. The modern plant of today
is far from the plant of two decades ago. It is larger, better
equipped, highly efficient and easier to control by automation.

The improvement, extending to all plant operations7, will
be summarized as follows:

(1) Automation of modern plants resultsin an economy and
facilitate quality control. Automatic screening of aggregate,
batching, mixing, molding and curing (heat and humidity control)
are becoming standard.

(2) Today, manufacturers, especially those using cinder
or slag, frequently have their own aggregate processing equipment.

They also stockpile large quantities of aggregate in storage yards



Figure 1. Cinder Aggregate Processing Equipment.

Figure 2. Magnet Pulley for Separating Metallic Particles
from Aggregate.
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Figure 3. Pipe Conveyor Transporting Aggregates to Over-Head Bins
for Distribution to Batchers.

Figure 4. Open Yard Storage of Products.
Also notice two fork-1lift trucks at left

and metal racks at right.
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and over-head bins. Bulk cement is also stored in such bins and are
all connected to the batcher.

(3) Quality control and the use of lightweight aggregate
have made the once gtandard continuous mixer obsolete. In spite of
its high capacity and its occupying a relatively small area, this
open long drum horizontal mixer has been discarded in favor of the
modern fifty cubic foot mixer which is usually equipped with an
automatic batcher.

(4) Molding machines have undergone a great change. De-
fore 1940, the tamping machine was the standard and is now displaced
by the vibrating machine. The latter is fully automatic. Receiving
the concrete from the mixer (usually located above the molding machine)
it molds by both vibration and pressure. These molding machines are
also superior to the old tamper type by reason of speed, economy and
capability of handling drier mixes without crushing the softer light-
weight aggregates. In addition to its ability to manufacture many
sizes and shapes of units, only one operator is required. His duty
is primarily to remove the units, automatically ejected, from the
front of the machine to a rack by means of an air hoist.

(5) Moist curing, which was standard in earlier plants,
has been supplanted by two more efficient curing methods, high-
temperature (normal pressure) steam and high-pressure gsteam curing.
The tendency of the modern plant is to have many relatively small
curing chambers which are more efficient and easier to countrol.
High-pressure steam curing, although many consider it superior to
other methods and certainly less time consuming, is not asg common

as expected, possibly because of the high cost of equipment.
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Figure 5. Automatic Molding Machine.

Figure 6. Scale of Automatic Batcher.
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Figure 7. High-Pressure Steam Curing Kiln with "Cap" Removed.

Figure 8. Low-Pressure Steam Curing Chamber.
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Some modern plants are mechanically drying their products following
the curing cycle.

(6) Product handling equipment advancement was essential
to greater plant efficiency. Prior to 1938, products were moved by
hand or by rail cars. About that time the spring supported platform
truck was developed which is capable of handling green product racks
and finished products. In the year 1944 the fork-lift truck was
introduced, which is more efficient in handling finished products
and often moves and loads large cubes of the product without neces-
sity of a pallet.

(7) Better quality control has been established. Many
plants have their own small laboratory for daily routine tests.

D. Research on Lightweight Concrete, Precast Masonry and Aggregates.

The foregoing advancement in materials and technique of
manufacture was made possible by research of the industry and public
organizations.

The history of the development of research in any industry
is, usually, timed with the growth of that industry. Twenty-five
years ago there was hardly any important research on lightweight
aggregate and concrete. An early recommendation oz precast masonry
by the American Concrete Institute (A.C.7.), dated 1925, did not
recognize lightweight aggregate for ‘concrete; precsst concrete
masonry (blocks) were classified with so called concrete brick
and with tile. However, a few years later it started to gain
recognition.

The report of the A, C. I, committee, reviewing the above

mentioned recommendations, published in 1930 is interesting8.
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Precast concrete masonry units were reported gaining importance as
building materials with a growing industry of its own (not merely a
device employed by the aggregate producers to dispose of an accumu-
lation of a certain size of aggregate). Cinders and Haydite (burned
shale) were recognized as concrete aggregate. Advancement of technique
of manufacture of precast units, new methods in proportioning, mixing,
curing, and molding were also reported and recommended.

In the following years, as the use of such products was
increasing, research began developing on both o0ld and new materials.
This gained momentum during the last decade when the huge expansion
in the use of lightweight concrete occurred.

Wide study of previous research on this subject would be
out of place here; however, a brief presentation of the more
important work is made.

It would not be significant to study these researches in
sequence of their time of conduct. They may better be divided into
two classes: one dealing with machine molded concrete, the second
dealing with plastic concrete usually poured in forms.

1. Precast Concrete Masonry.

Although the use of industrial cinder as an aggregate
for plastic concrete or concrete masonry was very common by 1930,
there were very few scientific studies on the subject. The
literature available at that time was not extensive. A. C. I.
committee 203 was set up to bring the information on the sub-
ject up to date. Their comprehensive report, published in
19311, started by defining industrial cinders (anthracite and

bituminous ). Chemical composition and their effect on concrete
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was also studied. Results of tests for physical properties of
aggregate were presented and discussed. The making of masonry
units was also presented. Specifications for aggregate, concrete
and its products were offered along with the procedure of the
necessary formal testing. This work helped a great deal in re-
moving doubts about these materials.

One of the earliest researches on shrinkage of concrete
masonry was published by W. D. Allen9, in 1930, aimed at deter-
mining the rate and extent of shrinkage occuring in concrete
walls as affected by the moisture content of the unit at the
time the wall was layed. Twenty-four wall panels, each one block
wide and eight blocks high, were constructed of units made with
sand and gravel, Haydite or cinder aggregate and were two, seven
or ninety days old when tested. Walls were saturated for forty-
eight hours, then dried at a temperature varying from 69 to 80 F
and relative humidity of 32 to 77 per cent. It was concluded
that the use of air dry masonry units will reduce shrinkage
20 to 35 per cent. Recommendations were also offered to reduce
drying shrinkage to a minimum.

An interesting early research on the structural
performance of concrete masonry walls as related to the strength
of the unit was published by the University of Illinoislo in
1931. This relation is important since almost all the building
codes put provision on the required strength of the unit. In
this work, the walls were divided into two general classes,
load-bearing and non-bearing. They were of hollow blocks of

four sizes, with two or three, oval or rectangular, cores.
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Seventy walls, 6 feet long and 9 feet 6 inches high and forty-
four wallettes, two feet long and four feet high, all one block
thick were constructed. These walls were built with units made
of different aggregates, consisting of sand and gravel, Haydite,
crushed limestone, cinders, and crushed air cooled slag. All
units were commercially manufactured and moist cured for twenty-
one days plus seven days storage in air. Walls built with two
kinds of mortar, 1:1:41/2 cement lime mortar and 1:3 cement
mortar containing ten per cent lime, were then stored at T70-75 F
and 50-65 per cent relative humidity (R.H.) for 32 days before
testing. They were tested to failure in compression and cross-
bending. Loading was uniform or concentrated, axial or eccentric.
ILateral and vertical deformations were measured by dial strain
gages. Among the findings were:

(1) The compressive strength of a wall panel depends
on the compressive strength of the unit with an average ratio of
approximately 0.53. But the flexural strength depends on ad-
hesion of mortar to the units with failure following along a
horizontal mortar joint.

(2) Walls, eccentrically loaded at the edge of the
middle third deformed uniformly and developed a strength equal
to approximately 3/h that of axially loaded walls.

(3) As expected, the deformations and working stresses
of concrete masonry walls were less than that of reinforced
concrete walls.

(4) There was a constant ratio between results

obtained for walls and wallettes of the same materials and,
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therefore, wallettes could be used for testing instead of the
larger and more expensive assemblies.

An important research that promoted concrete masonry
units as building material was the full scale fire endurance
test conducted at the laboratory of the Portland Cement Associa-
tion and published in the year 1932. The load-carrying capacity
of concrete masonry walls, made of units of widely varying
characteristics, both during and after exposure to standard fire
test conditiors were investigatedll. Comparative data on similar
walls not exposed to fire were included. These investigations
consisted of tests on more than 200 walls 5-1/2 ft. wide, 6 ft.
high and 4, 8, and 12 in. thick. All the blocks were manu-
factured in the laboratory, using a block machine (tamper) of
standard make, with nine different aggregates including Haydite,
air-cooled slag, cinder and coke breeze. Among the principle
findings were:

(1) The comparative strength of walls both before and
after exposure to fire was directly proportional to the strength
of the unit.

(2) The strength of mortar, type of joints and
characteristics of mortar bedding had a marked effect on
strength both before and after the test.

(3) Substantial load-carrying capacity and safety
were exhibited by walls during and after fire exposure.

The University of Wisconsin test (sponsored by the
National Concrete Masonry Association) published in 1939, is

held by many as being responsible for speeding the decision of
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the industry to shift from tamping to molding by vibration. It
was a comparative study of the physical properties of masonry
units which were manufactured by the two methods from the same

mixesle.

A single grading of each of the seven following aggre-
gates were used: cinders, Haydite, limestone, Pottsco (expanded
slag), sand and gravel, Superrock (expanded slag), and Waylite.
The cement was a blend of four brands. ©Six different batches
were used for each aggregate. From each batch, 30 half units
and 30 full units 8 x 8 x 16 inches were made. These units were
tested for compressive strength, absorption, capillarity, spe-
cific weight, durability, volume change and thermal expansion
coefficient. The findings were numerous and mostly in favor of
molding by vibration.

Staining and popouts of concrete, especially in cinder
masonry units, are common evils of bad quality aggregate. It has
received much attention because of the increase in the practice
of painting exterior walls. The Portland Cement Association,
with the cooperation of a group of cinder block producers, con-
ducted a comprehensive study of the cause and prevention of
staining and popouts in cinder concrete. This report, published
in 19h813, divided popouts into two classes according to whether
or not it 1s accompanied by staining. It also found that stain-
ing, whether or not accompanied by popouts, is usually caused
by one or more compounds capable of decomposition in the presence
of air and moisture, while free lime (or partially hydrated lime)
is the main cause of popouts that are not accompanied by staining.

Free magnesia and calcium sulphate are considered responsible
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for very few cases of this type of popouts. The results are
based on the chemical and microscopical analysis of several hun-
dred cases of stains and popouts and analysis of aggregates
collected from forty different sources. Procedure of determining
the amount of this deleterious material is based on physical and
chemical tests. Methods of treatment were offered for such im-
purities, ranging from simple magnetic separation (which is
usually used for all kinds of cinder aggregate) to a steam or
lime treatment for cinders containing msny such impurities.

Attention was always focused on the important problem
of drying shrinkage of concrete masonry units. Two important
researches dealing with the subJject were published recently.

The first is a progress report of A. C, I. committee
716, working on the physical properties of high-pressure steam

cured concrete blockslu

» focusing the study on drying shrinkage
of blocks. The research was conducted by four laboratories using
three different procedures, called the "Reference Method",
"British Method" and "Rapid Method". Shrinkage was measured by
either the Whittemore strain gage, the "Ames" dial comparator
or both. In the Reference Method, the blocks were immersed in
water for 96 hours at 13 + 3 F; then dried in cabinets at 73 +
3 F over a saturated solution of sodium hydroxide (equivalent
to 10 per cent R. H.). In the British Method the blocks were
immersed in water for 96 hours at 73 + 3 F; were then dried in
cabinets over a saturated solution of calcium chloride (equiv—
alent to 17 per cent R. H.) at 122 + 3 F. In the Rapid Method

the blocks were immersed in water for 24 hours and then dried

at 220 to 230 F in the oven.
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Tests were conducted on blocks made in four commercial
plants with sand and gravel, cinder and expanded clay. Silica
dust was also used with some of the mixes. Some of the main
findings were:

(1) Twenty-four hours of immersion is adequate for
total saturation.

(2) The quantity of the moisture lost was independent
of the method of drying.

(3) The British Method and the Reference Method gave
approximately the same total shrinkage; the Rapid Method gave
approximately twice the wvalue obtained by either of the other
methods.

It was also suggested that if the foregoing provision
(3, above) is made, the Rapid Method might be convenient to adopt.

The second research at the University of Toledo was
aimed at the relation of shrinkage to moisture content in con-
crete masonryl5. This was a broad program, ranging in scope
from studies in the chemical make-up of the cementitious phase
to dealing with the shrinkage cracking of restrained wall panels
under controlled condition of moisture and humidity. The blocks,
all 8 x 8 x 16 inches were manufactured under commercial con-
ditions with sand and gravel, cinders, expanded shale, expanded
slag, sintered shale and pumice. Curing was done by five methods:
"moist-air curing", "low-temperature steam" (120 F), "high-
temperature steam" (170 F) plus drying at 150 F and "high-pres-
sure steam." The finished blocks were saturated under water

for forty-eight hours; then stored in air at 25 + 3 per cent R.H.
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and 73 + 3 F temperature with air circulation at 5-10 mph.
Shrinkage measurements were taken until equilibrium was reached.
The specimens were then resaturated for forty-eight hours and
dried in air at 70 per cent R. H. and 73 + 3 F until their
shrinkage was again stabilized; then drying was continued at

25 per cent R. H. and 73 + 3 F until the final shrinkage was
also stabilized. Among the main findings were:

(1) High-pressure steam curing, except for pumice
aggregate, reduces the drying shrinkage of the product by
approximately one-half that which resulted when other methods
of curing were used.

(2) A forty per cent moisture content ( the usual
specification requirement) is not accompanied by a marked
reduction in shrinkage. Considering all factors, only about
one-fifth to one-half the potential shrinkage has developed at
this moisture content; the balance of shrinkage taking place
when the shrinkage reached equilibrium at 25 per cent R. H.

2. Plastic Concrete (Made with Lightweight Aggregate).

Since cinders and Haydite were among the first used as
lightweight aggregate, early studies of their properties are
found. One of these, on cinders, was previously presented on
page 9. Another study conducted at the University of Illinois
in 1930, was on the physical properties of Haydite aggregate
and concrete (plain and reinforced)l6. Two types of Haydite
concretes were considered, one with sand as fine aggregate, and
the second with "all-Haydite" concrete. The construction and

design features were also studied for the two types of concrete,
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providing data and recommendations to facilitate the design
and construction of this type.

Waylite was the subject of the same type of study at
the University of Wisconsinl7, sponsored by the Waylite Company,
Chicago, Illinois. The physical properties of Waylite aggregates
and concrete (plain and reinforced) were investigated. Mix de-
sign and methods of mixing were also developed. Data on weight,
strength, absorption, stiffness, and damage by freezing and
thawing were also presented. Limited study was also done on
reinforced Waylite concrete.

Burned shale and expanded slag aggregate in concrete
were studied at the National Bureau of Standards. The physical
properties of three grades of concrete from each aggregate were
testedlB. Tt was found that if the cement content was low (3
sacks per cubic yard) workability was very poor. This was
corrected by entrained-air, up to 25 per cent. For reinforced
concrete, bond and flexural stresses were also studied.

A comprehensive research on lightweight plastic concrete
was sponsored by the Housing and Home Finance Agency and con-
ducted, separately, by both the National Bureau of Standards
and the Bureau of Reclamation. The first mentioned, investi-
gated aggregates available in the eastern part of the United
States, and the second, aggregates available in the west. The
Bureau of Standards worked on 11 lightweight aggregate samples
including exfoliated vermiculite, expanded perlite, three sam-
ples of expanded blast-furnace slag, sintered fly ash, pumice,

19, 20

expanded slate and clay The Bureau of Reclamation
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worked on 19 samples obtained from 17 different producers,
including two samples of expanded shale, one scoria, three
expanded slag, five pumice, five expanded perlite, two exfoli-

19, 2L potn 1abo-

ated vermiculite, and one diatomaceous earth
ratories included sand and gravel aggregate in their tests for
comparison with the lightweight aggregate. Both studied the
physical properties of aggregate and concrete. In the making
of concrete, the Bureau of Standards used the aggregate in the
same grading as furnished by the producers, adding Vinsol resin,
an air-entraining agent, to the mix to lend workability to the
concrete while the Bureau of Reclamation tried to make workable
concrete without the use of an air-entraining agent, when aggre-
gates were of suitable grading, or by altering the grading, such
as crushing or regrading; however, the addition of air-entraining
agents was a necessary step for a number of aggregates.
Four grades of concrete per aggregate, approximating
a cement content of three, five, seven, and nine sacks per cubic
yard of concrete, were tested by both laboratories. Concrete
was mixed by a drum mixer, molded by hand and cured by fog.
Both researches resulted in useful data on the
following physical properties of aggregate and concrete:
(1) On aggregate: sieve analysis, unit weight,
bulk specific gravity, absorption, and crushing
strength.
(2) On concrete: unit weight, absorption, compres-
sive strength, modulus of elasticity, modulus
of rupture, thermal conductivity, resistance

to freezing and thawing, drying shrinkage,
sawability, and nailability.
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Both laboratories analyzed their data, drawing con-
clusions and offering recommendations:

(l) The use of air-entraining improves workability
to a large degree, especially in leaner mixes.

(2) Drying shrinkage is the most unfavorable physical
property of lightweight aggregate concrete, because of higher
absorption of aggregate and because higher cement contents for a
given strength are required.

(3) Thermal conductivity of lightweight aggregate
concrete is much lower than that of dense concrete.

(4) Certain lightweight aggregate concretes, contain-
ing suitable amounts of entrained air, have a high resistance to
freezing and thawing, despite the fact that their densities and

strength are relatively low.

Much early work was conducted on plastic concrete made
with lightweight aggregate. In these early studies, concrete
mixes were designed to suit the purpose of the study, i.e.,
concrete manufactured by laboratory methods and controls and
poured in forms. The result of such investigations will not
necessarily represent commercially produced concrete masonry.

Much research was also done on concrete masonry, some
described in the foregoing pages, conducted on specimens which
are either manufactured in the laboratory, using block making
machines, or are obtained from commercial plants, which, in
some cases manufactured the units especially for the tests.

Moreover, the majority of this research is aimed at studying



-6

one property of closely connected properties, such as drying
shrinkagé and absorption, or a comparative study of a certain
method or technique of manufacture.

Therefore, a comprehensive, comparative study of the
physical properties of commercially produced concrete masonry
units made with lightweight aggregates and sampled from the
regular production is desirable. After all, these are the
products actually being used in building today.

In a study of this nature, it will be practical to
conduct research on products selected to represent a certain
locality. The present work, as said before, was designed to
glve a cross-section study of the products in the State of

Michigan.



CHAPTER IT

TEST SPECIMENS

Discussion will now be made of procuring the test specimens.
Each of the ten participating plants was visited to obtain samples and
to prepare a field report on materials and methods of manufacture.

These field reports are summarized in Table 3 , which will be discus-

sed later.
A. Samgling.

Concrete units were sampled from the lots of the regular
products available at the plant at the time. The procedure of sampling
was according to the requirements of ASTM Designation C1k0-52 (Methods
of Sampling and Testing Concrete Masonry Units)ge. Aggregate samples
were also obtained from the processed materials at the plant. The
procedure followed in sampling the aggregate was according to the
requirements of ASTM Designation D75-48 (Methods of Sampling Stone,
Slag, Gravel, Sand, and Stone Block for Use as Highway Materials)ea.

A number was assigned to each producer participating in
this study. Starting at number one, each number represents a single
producer. After each number a letter(s) has been used to represent
the aggregate(s). This procedure has been followed throughout this
work (see Table 3, column 1).

Plants #2, #3, and #7 each submitted two types of products
(made with two different aggregates) while the remaining plants sub-
mitted one type each, making a total of thirteen different products

submitted by the participating plants.

27
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(1) Twenty-five hollow three-core masonry units (blocks)
of the modular dimension 7-5/8 x 7-5/8 x 15-5/8 inch were obtained.
(2) Also from each product except 2H and TBW (see Table
3, column 1 ), ten solid masonry units (slabs), of the modular dimen-
sion 3-5/8 x 7-5/8 x 15-5/8 inch, were obtained. Slabs were not
available from 2H and TBW.

(3) From all the plants, except #2 and #9, aggregate
samples were obtained. Aggregates were not available from these two
plants at the time of sampling.

Upon arrival at the laboratory, the samples were marked for
identification. Five specimens were selected from the hollow masonry
units for immediate testing (ASTM Designation C140-52; see also Chap-
ter V); the remainder of the specimens and the concrete aggregate
samples were stored in the laboratory under normal temperatures and
humidity conditions.

Full size hollow blocks were used for testing whenever
possible, otherwise specimensof desirable sizes were cut from the
slabs. Since products 2H and TBW were not available in slabs, it was
not possible to conduct tests on these in which such specimens were
needed. Details of each specimen used for each test will be given
when discussing that test.

B. Plant Operation.

Plant operation is meant to include materials, methods and
equipment used in making the products, mix data, methods of mixing,
molding, curing, and storage.

Plant operations were studied and data obtained from the

producers to prepare the field report. These operations, as expected,
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differed from one plant to another, but in general, all were found
to have certain features of the modern plant described in Chapter I.
The field reports are summarized in Table .3.. Column 1 of this
table gives the identification number to aid interpretation of the
letter symbols. The fine and the coarse aggregate from which the pro-
ducts were made are listed in columns 2 and 3. Column 4 indicates
types of cement. All plants except #l and #3 use high early cement
(plant #3 uses high pressure steam curing). Column 5 covers ad-
mixtures and indicates that only plants #1, #5, and #7 use added
air-entraining agents (plant #1 also uses a wetting agent); plant
#10 adds fly ash to its mix. Mix data are given in columns 6 to 11.
Methods of measuring the mix are given in column 6 from which it is
seen that all but plants #1 and #4 measure by weight. Plants #1 and
#4 measure by volume but, as will be seen later, they also use a
different method of mixing. The mixing water reported in column 7,
variable in most cases, does not permit precise calculation of the
water cement ratio. This is because the moisture content of the
aggregate, which stands in large piles in open yards, is variable,
and the consistency of the mix is actually measured by that required
for molding by pressure and vibration and permitting subsequent
stripping of the unit without physical damage. Columns 8, 9 and 10
give the cement, fine and coarse aggregates used in making one batch.
It is to be noticed that the maximum size of the coarse aggregate is
usually 1/2 inch; some plants use combined fine and coarse aggregate
due to the small top size. Column 11 gives the amount of admixture,
if used, and is normally added to the mixing water. Methods of mixing

are sumarized in column 13 from which it is observed that except for
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Figure 9. Saw Used for Cutting Specimens.
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plants #1 and #4, batch mixers are used, usually of fifty foot capacity
and with an automatic control for batching by weight. Mixing by this
method is accurate and efficient, the mixer is located under the ce-
ment and aggregate bins and over the molding machine. Some are capa-
ble of traveling on rails to serve more than one molding machine.
Plants #1 and #4 use continuous mixers and thus proportion their mixes
by volume; the horizontal mixer has a capacity of about ten cubic

feet. All plants, except #1 and #&4, use approximately the same pro-
cedure of mixing, although they differ as to mixing time; the light-
weight aggregate is first mixed with most of the water, then the cement
and the rest of the water added and mixing continued. This mixing
sequence is considered to add to the workability and strength of light-
welght aggregate concrete. By mixing first with water the surface
cells of the aggregate are filled, preventing cement paste from occu-
pying these spaces and thus keeping the water available for worka-
bility and cement hydration. Plants #1 and #4 use the procedure of
mixing cement and aggregate dry, then adding the water; the same
method is used by plant #3 for sand and gravel products. Molding
methods are summarized in column 14 from which it can be seen that

all the plants use the vibration method, which is considered advan-
tageous (see Chapter I). Most of the plants use a rather complex,
fully automatic machine which molds by vibration and pressure.

Usually located under the mixer, the molding machine receives con-
crete through a hopper and ejects the molded products to the front
automatically. It is capable of molding many shapes and sizes of
masonry at a speed of about 900 blocks, 8-inch equivalent, per hour.

Curing is summarized in column 15 which indicates that all the
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plants use low pressure steam (plant #3 uses, in addition, high-
pressure steam for its cinder products). The procedures are similar
although the cycles are different, depending on the size of the curing
chamber and the equipment used by the plant. The green products on
the racks are moved to the curing chamber until it is full, which usu-
ally allows the product more than an hour of setting. With the chamber
élosed, live steam is injected until the temperature reaches 170-180 F.
The concrete is "soaked" for several hours before opening the chamber.
Soaking means the storage of the product in the steam chamber after
the steam is turned off, thus permitting gradual cooling in the atmos-
phere of residual moisture.

The length of the cycles given in the table varies from 12
to 24 hours. Plant #3 uses high-pressure steam curing for cinder pro-
ducts, and employs a cycle of 5 hours. The product is moved from the
curing chambers to the storage yards where it normally remains from
one to three weeks before it is distributed to the comsumer. From
column 16 it is apparent that most of the plants use open storage

yards; some cover their product during the winter.



CHAPTER IIT

AGGREGATES

Properties of the aggregates used by the various plants
for producing precast concrete units are covered in this chapter. The
study consists of a general discussion of the characteristics of
commercially produced lightweight aggregate and discussion of the phys-
ical properties of the specific aggregates in this program.

Tests were conducted on samples obtained from the production
lines of the plants concerned. The samples obtained and the procedure
of sampling and marking were discussed in Chapter II. Upon arrival
at the laboratory, these samples were marked and left to dry at room

temperature until tested.

A, General Discussion of the Characteristics of Commercially Produced
Lightweight Aggregates for Concrete.

Lightweight concrete products in this study are made of
three general types of aggregate: cinders, expanded slag, and expanded
clay and shale. The general characteristics of these lightweight
aggregates and the common methods of their production will be discussed.

1. Cinders.
Cinders suitable for use as concrete aggregate are the in-

organic residue from the high temperature combustion of coal or coke
and are sometimes called "industrial cinders'" as distinguished from
the product of small domestic furnaces. The latter product is not
usually considered desirable as concrete aggregate. In this study,

the word "cinder" will be used to mean the so-called "industrial

3L
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Figure 10. Samples of Aggregates, Continued
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cinder" as defined above. Two types of cinders are produced by burn-

ing two coals: anthracite and bituminous. These are somewhat differ-
ent in their properties but both have proven suitable, under favorable
conditions, for use as a concrete aggregate.

Physically, cinder particles are porous with an angular
shape and uneven faces. Their physical characteristics depend on
both the type of coal and the temperature of burning.

Chemically, cinders are composed of silica, alumira, lime
and iron with small gquantities of magnesium, titanium and alkali
compounds. ©Small amounts of sulphur are generally present in the form
of sulphides and sulphates. Carbon from unburned coal or coke is
practically always present in cirnders due to incomplete combusion.

When used as concrete aggregates, cinders must be processed
to a specified grading by crushing and screening. They must be cleaned
of deleterious materials. Deleteriovs materials in cinders are ex-
cessive amounts of carbonaceous materials, sulphur compounds, iron
compounds, and free lime.

(1) Carbonaceous materials: These are present as a result
of incomplete combustion. 3ituminous cinders contain carbonaceous
materials in the form of coke, while anthracite cinders may contain
unburned coal. No relationship has been established between the
carbon content of cinder aggregate and the strength of concrete,
probably because of the difficulty, in comparative tests, of con-
trolling the consistency of the mix when varying the percentage of
dense coal and porous coke. However, the Underwriter's Laboratories
found by tests that the combustible content of cinder aggregate

should not exceed 35 per cent by weight of dry mixed aggregate.
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(2) Sulphur compounds: Unburned coal in cinders may contain
pyrites and marcasite (both iron sulphide), or organic sulphur com-
pound; both are deleterious. Sulphur compounds may also be present
as sulphide or sulphate in ashes but these are not necessarily harm-
ful if present in small quantities.

(3) Iron compounds: The presence of some iron oxide, such
as (Fe203) or (Fe30,) in cinders is not by itself harmful to concrete.
Other iron compounds, such as iron sulphide (pyrite), may cause stain-
ing and popouts in concrete. Free metallic iron can, by oxidation,
have the same deleterious action in concrete exposed to moisture, but
it is usually separated out during the processing of the aggregate.

(4) Free lime: Free lime in cinder aggregate is very de-
leterious. It is usually formed by the decomposition at high tempera-
ture of the calcium carbonate or the mineral gypsum or anhydrite
(calcium sulphate) which may be present in coals. Free lime in cin-
ders occurs as small hard-burned particles which hydrate very slowly,
accompanied by a large expansion, often causing popouts.

2. Slags.

Slags are formed by many metal producing processes in-
cluding the iron blast furnace, the open kettle furnace, the Bessemer
converter, copper or lead smelters and others. Slag used for con-
crete is the by-product of the iron blast furnace and the term "slag"
is so meant in this study.

Slag (iron blast furnace) is defined by the American
Society of Testing Materials as the "non-metallic product consisting of
silicate and aluminosilicate of lime bases which developed simultaneously
with iron in blast furnaces." The development of the slag is essential

for the separation of the metal from the ore.
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Cooling of the molten slag is done by three methods. The
resulting products are called "air=-cooled", "granulated", or "expanded
slag" and are produced under many commercial names.

a) Air-cooled Slag. The bulk of the slag is produced by this

method, in which molten slag is run to a large pit where it is left to
cool slowly in air. Many kinds of pits are used but the most common
are the "furnace pit" and the "modified pit". The furnace pit may be
40 ft. wide and 200 ft. long into which the molten slag runs directly
from the furnace. Two such pits are usually used, one for receiving
the molten material while the hardened slag is being excavated from
the other. Modified pits are of several kinds but they are usually
long and narrow. Molten slag is dumped on the side of the pit fram
large ladles moving on rails along the side. Hardened slag may be
excavated from one end of the pit while molten slag is dumped in the
other end. In both kinds of pits, hardened slag is formed in layers
which can be dug out easily with a power shovel. It must be further
processed by crushing and screening to the required specification
sizes before it is used as concrete aggregate.

Air-cooled slag is characterized by sizable internal cavi-
ties, broken surfaces and rough texture. Air-cooled slag is normally
not recommended as concrete aggregate if it has a unit weight, com-
pacted dry, of less than 70 pounds per cubic ft. It is therefore,
considered as dense aggregate even if it produces concrete lighter
in unit weight than does sand and gravel.

b) Granulated Slag. Granulated slag is produced by cooling the

molten slag suddenly in water, causing it to expand and form a glassy
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lightweight material different in physical properties from the air-
cooled slag. Three methods are used in producing granulated slag
commercially:

(l) The pit method: Molten slag runs directly into a
pool of water.

(2) The jet method: Molten slag is poured slowly on a
strong Jjet of water, expanding suddenly in air and falling in the
pool of water to quench further.

(3) The dry method: For this a special machine is used to
break the stream of molten slag into small particles before it is
introduced into the water. A lesser amount of water is used by this
method, and the still hot, granulated slag usually dries rapidly.

c) Expanded Slag. This is also produced by cooling molten slag

suddenly. It is different from the granulated slag in that only a
limited and predetermined amount of water is used. It is commercially
produced by two methods:

(1) The Jjet method: A high pressure jet of water impinges
on a stream of molten slag which expands in air and falls into a dry
pit with slight further expansion.

(2) The machine method: Molten slag is broken into parti-
cles which expand by coming into contact with a limited amount of
water thus generating steam for quenching. Aggregate is produced
practically dry by this method and may be processed directly.

Expanded slag is a friable foamed material with a cellular
structure containing a large number of vesicular internal cavities.
It is, therefore, light in weight and has a rough texture. It is

produced under many commercial names, among which are Waylite and

Celocrete, both of which are included in this study.
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Mineralogically, iron blast furnace slag is crystalline.
The formation of the crystals depends on the rate of cooling. Crys-
tallation usually starts at 2640 F and continues until the mass is
solidified. Crystals may range in size from submicroscopic to about
1/4 inch long.

Slag is relatively free of deleterious materials. Being
formed at a very high temperature, this eliminates organic materials
unless it is contaminated later during storage or handling. Under
unusual furnace operations, small quantities of metallic iron, coke
or fluxing stone might escape from the furnace into the slag. But
the metallic iron is separated out if properly processed and the coke
does not usually exceed one per cent. However, fluxing stone in-
completely consumed by the furnace may be very deleterious and may
cause popouts and spalling upon long exposure of concrete to moisture.

3. Expanded Clay, Shale and Slate.

Lightweight aggregate suitable for use in concrete is
produced by heating clay, shale or slate by a special method to a tem-
perature of incipient fusion when "bloating" occurs, forming, upon
cooling, hard lightweight cellular particles. The basic mineral
structure of the clay does not have a larée effect on the bloating
process. Common clay or shale (kaolinite énd/or hydromica) may bloat
successfully, but the montmorillonite typés of clay may be equally
good bloaters. The essential requirement is that they contain a
small percentage of potential sources of expansive gases such as
carbonates, sulphides, sulphates or carbonaceous materials. Commer-
cially, there are two widely used methods of bloating: the rotary

kiln method and the sintering method. They are different methods
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but the essential process is the same: The raw material is heated
to incipient fusion, between 1000 C and 2000 C, at which time the
material should be in a pyrophastic condition with gases evolving
throughout the mass. In this state, the gases cannot escape readily;
some become entrapped, causing the bloating to occur.

a) Rotary Kiln Method. The raw clay is usually crushed to the

size of 1-1/2 inch or larger and fed to slowly rotating kilns in
which it is heated. The temperature is allowed to rise slowly until
a determined high temperature is reached at which time the temperature
is raised suddenly to that of incipient fusion where the bloating
occurs. The bloated materials will then solidify by cooling. The
hardened material must be processed to a suitable grading before it

is used for concrete.

b) Sintering Method. Raw clay, crushed to the required sizes,

between 3/4 inch and #16 mesh is blended with five to fifteen per
cent coal, coke or charcoal that has been ground to pass #16 mesh.
The blend is then fed to a pelletizing machine. Pelletizing is
important because it has a considerable effect on the type of bloat-
ing experienced; each clay appears to have individual pelletizing
characteristics. The sintering process is commercially done by two
methods:

(1) The continuous method: The pellets are fed to traveling
grates less than one foot deep traveling in a continuous cycle. At
the beginning, the grates pass under the ignition hood which is fired
by gas or oil to ignite the fuel in the pellets which will then burn
by induced draft as the grates pass a series of wind boxes. By this

method, the clay pellets are heated rapidly to the softening point
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when the bloating occurs. The fuel in the pellets will soon be ex-
hausted, and the bloated material starts to cool to form cakes of hard
cellular materials which are ready for processing.

(2) The batch method: This process is essentially the same
as that for the continuous method except that the sintering is done
by the batch in stationary inclined grates. Each hearth is charged,
ignited, bloated, cooled and discharged individually.

Expanded clay, shale or slate is light friable aggregate
with visicular structure. When well graded, these aggregates fre-
quently provide strong concrete. It has been found possible to make
concrete having compressive strength as high as 7000 psi with some
expanded shales. These aggregates are produced commercially under
several names, among them are "Haydite", which is produced by the
rotary method, and "Beslite", which is produced by the sintering

method. Both aggregates are included in this study.

B, Physical Properties of Aggregates.

The physical properties of lightweight aggregate are diffi-
cult to test using normal techniques because of their cellular struc-
ture, low specific gravity, rough surface and high absorption.
Modification of the standard methods of test are sometimes required,
and the reproducibility of the results is more difficult than for
dense aggregate. Probably because of this, the literature is brief
and results are not comparable, due to differences in method or in
conditions of test. The ASTM methods of tests for dense, and those
suitable for lightweight aggregate, were followed in this work when-

ever possible. The physical properties studied were the following:
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1. Grading
2. Unit weight
3. ©Specific gravity and absorption
4, Deleterious inclusions
a) Materials passing #200 sieve

b) Organic impurities
c) Popouts

1. Grading.

Grading, maximum size and surface texture of aggregate,
including those of lightweight, have important effects on concrete.
The workability and consistency of plastic concrete, the amount of
cement required to produce a certain strength and surface texture of
hardened concrete are all influenced by these properties of the
aggregate.

Sieve analysis is a measurement of the grading of the
aggregate which in turn is essential for the designing of concrete
mixes.

Fineness modulus (F.M.) is a factor used for "identifying"
the grading. Defined by the ASTM as an "emperical factor obtained
by adding the total percentage of a sample of aggregate retained on
each of a specific series of sieves and dividing the sum by 100."

The fineness modulus alone does not supply the complete information--
the grading of aggregate must be known because two aggregates having
the same fineness modulus may differ sharply in their grading.

a) Procedure of Test. Samples of aggregate of suitable size

were obtained from the original by using a sample splitter and were
dried to constant weight prior to the test. The procedure used in

conducting this test is as that described by the ASTM Designation
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C136-46 (Method of Test for Sieve Analysis for Fine and Coarse
Aggregates).22 Standard woven wire sieves, conforming to the require-
ments of the ASTM Specifications were used. The following sizes were
included: 3/8 inch, Nos. 4, 8, 16, 30, 50 and 100 sieve. Sieving

was done with a mechanical shaker. Shaking time of approximately

five minutes for lightweight aggregate was found to result in thorough
sieving without breaking the aggregate particles.

b) Discussion of Test Results. Results of the grading test are

given in Table 4. Aggregate samples are identified in the first col-
umn of the table in accordance with the procedure of marking discussed
in the second chapter, while the second column gives the type of aggre-
gate and grade (fine, coarse or combined) as sampled. The ASTM Desig-
nation C136-46 (Method of Test for Sieve Analysis for Fine and Coarse
Aggregates) divides aggregates into find and coarse on #4 sieve. In
the second column, the aggregates are defined as they were used in

the plant mix (see also Table 3). Such a division was attempted
because it is more useful for a comparative study of the aggregates

in the condition used in the plant mixes.

(1) sieve analysis: Results of the analysis are given in
column 3 of Table L4 and are reported as both passing and retained
percentages on each of the sieves used. Comparative study of these
values is difficult, because the aggregates are of different materials
or sources. Suitable grading of a certain aggregate is determined
by physical properties and those required for the concrete. Almost
all the plants included in this study have their own processing
equipment (see Chapter I) and can therefore choose the most suitable

grading for their purpose.
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Workability of plastic concrete is an important factor
influenced by the grading of aggregate. Research has generally indi-
cated that to obtain a given workability, lightwelght aggregate requires
a larger percentage of the material passing #4 sieve than dense aggre-
gate. This is probably because the lightweight aggregate contains a
higher percentage of voids. From column 3, it can be seen that such
is got the case for the aggregates under test. ©Some plants (see
Table 3) used air entraining admixtures or add a certain percentage
of sand to their mix. It should also be noted that the workability
is not such an important problem when molding by vibration and pres-
sure; the addition of fine material to the mix may, therefore, be to
improve the surface texture of the concrete rather than to provide
workability.

TABLE 5.% UNIT WEIGHT REQUIREMENTS OF LIGHTWEIGHT
AGGREGATE FOR CONCRETE MASONRY UNITS

Dry loose weight,

Size Designation Max. 1b. per cubic
ft.
Fine aggregate 70
Coarse aggregate 55
Combined fine and coarse aggregate 65

Limitations on the grading of lightweight aggregate have
been tentatively established by the ASTM Designation C331-53T
(Specifications for Lightweight Aggregate for Concrete Masonry Units).

The grading of the aggregates in Table U4, except for 6ES29 (Expanded

* ASTM Desig. (C331-53T - Tentative Specification for Lightweight
Aggregates for Concrete Masonry Units).
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Slag, fine) and 8CEL19 (Celocrete, coarse ) are found to be in agreement
with these limits. Fine expanded slag is found to be coarser and
coarse Celocrete found to be finer than these limits; but it should

be noted that the same designation permits waiving the grading require-
ments to acquire special characteristics for the concrete, such as
texture or weight, etc.

(2) Maximum size: The maximum size of the aggregates are
given in column 5 of Table 4 which were calculated by permitting a
tolerance of 15 per cent; thus if 15 per cent or less of the aggre-
gate is retained on a certain sieve, the sieve opening will be con-
sidered as the maximum size for the aggregate, but if more than 15
per cent of the aggregate is retained, the next largest size will be
considered as the maximum size of the aggregate. The maximum size
of the aggregate as given in column 5 are 3/8 inch for fine and 1/2
inch for coarse aggregate. Coarse sizes would be unsuitable for
producing hollow precast concrete units which have thin sections.

(3) Fineness Modulus (F.M.): The F.M. of the aggregates
differ considerably as can be seen from column 4 of the table. Be-
cause of the maximum sizes, the F.M. of the coarse aggregates are
comparatively low. Combined aggregates - lightweight - have a higher
F.M, than dense aggregates, with sample 5C9 having the highest value,
which might explain the addition of the natural sand to the plant mix.

2. Unit Weight.
Expressed in pounds per cubic foot, the unit weight of
the aggregate provides useful information. It is used in calculating
the percentage of voids in the aggregate which enters into the calcula-

tions of concrete mixes or in predicting the weight of the concrete. For
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air-cooled slag and lightweight aggregates, it is used to indicate
the quality of the aggregate, which is covered by specifications.

a) Procedure of Test. The unit weights of dry compacted

aggregates were determined by following the procedure described by the
ASTM Designation C29-L42 (Method of Test for Unit Weight of Aggregate).22
Samples were dried to constant weight and compacted by the jigging me-
thod for lightweight aggregate and the rodding method for dense aggre-
gate in a steel container of 0.10 cubic ft. capacity.

b) Discussion of Unit Weight Test Results. Results of the

test are given in Table 4 which represents the average of five
determinations.

The unit weight of the dry aggregate depends on the bulk
specific gravity and the volume of external voids it contains. The
volume of external voids depends on the grading of the aggregate and
the shape and size of the particles. It is observed from Table L4 that
Beslite (7B9, combined) is the heaviest of the lightweight aggregates,
having a unit weight of 66.9 pcf compared to 118.0 pef for sand and
gravel (4SG9, combined). Celocrete is the lightest, having a unit
weight of 28.5 pcf for coarse aggregate (8CEL19) and 46.3 pef for fine
aggregate (8CEL29). Unit weights of all these aggregates are suffi-
ciently low so as to conform to the requirements of ASTM Designation
C331-53T (Tentative Specifications for Lightweight Aggregates for
Concrete Masonry Units).

3. Specific Gravity and Absorption.

Knowledge of the specific gravity of the aggregate is im-
portant for the calculation of its solid volume contribution in con-
crete mixes. It is sometimes used in the comparative study of the

weight of lightweight aggregate independently of the gradation. For
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some aggregates it is also used for judging their quality. The "bulk
specific gravity" (B.S.G.) and the "apparent specific gravity" (A.S.G.)
are most commonly used in these calculations. There is some confusion
in the literature as to the meaning of the different terms used for
the specific gravity, but in this study they bear the meaning contained
in the following definitions of the ASTM Designation E. 12-27 (Definition
22
of Terms Relating to Specific Gravity):
"Apparent Specific Gravity (of solids). The ratio of the
weight in air of a given volume of the impermeable portion of a
permeable material (that is, the solid matter including its im-
permeable pores or voids) at a stated temperature to the weight
in air of an equal volume of distilled water at a stated
temperature...."
"Bulk Specific Gravity (of solids). The ratio of the weight
in air of a given volume of a permeable material (including
both permeable and impermeable voids normal to the materials) at
a stated temperature to the weight in air of an equal volume of
distilled water at a stated temperature...."
Absorption of the aggregate and natural moisture content
aid determination of the amount of water to be added to the mix to
obtain the required water-cement ratio. Certain physical character-
istics of the concrete were studied in terms of the absorption of the
aggregate. It has been found that the absorption of conhcrete and,
‘therefore, its shrinkage is affected by the absorption of the aggre-
gate. An attempt has also been made to correlate the durability of
the concrete with the absorption, porosity characteristic and the
specific gravity of the aggregate.
Different methods of tests were used for the fine and coarse

aggregate in determining the specific gravity and absorption.

a) Coarse Agpregate. Four different coarse aggregates, all

lightweight, were tested by the standard procedure of the ASTM
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Designation Cl27-42 (Method of Test for Specific Gravity and Ab-
sorption of Coarse Aggregate),22 with slight necessary modifications.
Because of the relative lightness of the aggregate tested, a smaller
sample (by weight ) was used, and since the maximum size of the aggre-
gate is 1/2 inch, it was decided to reject the part of the sample
passing #4 sieve instead of 3/8 inch.

Results of the tests are given in Table 6 and will be
discussed later (in part c). Detailed data and equations used in
the calculations of the results are presented in the appendix.

b) Fine Aggregate. Six combined and three different fine aggre-

gates also were tested by this method. Combined aggregates were con-
sidered as fine aggregates because they consist of mostly fine materials
(passing #4 sieve).

In preparing test samples for the dense aggregates, the pro-
cedure specified by the ASTM Designation C128-42 (Methods of Test
for Specific Gravity and Absorption of Fine Aggregate)22 was followed.
However, modification of this procedure was necessary to determine the
saturated surface dry condition of the test samples of the lightweight
aggregates. This will be discussed in part c. A procedure different
than that specified above was used in conducting the test.

The Le Chatelier Flask was used for determining specific
gravity. It has a bulb in the bottom which has a capacity of approx-
imately 250 cc and is equipped with a long graduated neck of 24 cc
capacity. A clean flask was filled with distilled water to a point
reading between 0.0 to 1.0 cc, stoppered and left standing in a
bath of water at 20 C while preparing the aggregate sample. Upon

reaching the saturated surface dry condition, the sample was mixed
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thoroughly and divided into two pertions, the small portion (35 to
50 gms.) weighed and immediately introduced inside the flask while
the rest of the sample, used for determining the absorption, was
weighed and placed inside an oven to dry to constant weight at 210 F.
Just before introducing the sample to the flask, the reading of the
water was taken and recorded as the "initial reading". Rolling the
stoppered flask on its side was found to help remove the air bubbles
from the water; after this, the flask was placed again in the water
bath which was constantly maintained at 20 C for one hour before taking
the "final reading”. The volume of the aggregate sample inside the
flask is, of course, equal to the difference between the initial
reading and the final reading. When the aggregate sample (of the
absorption test) inside the oven reached =z constant weight, it
was taken outside to cool to room temperature and weighed. The
difference in weight between the saturated surface dry condition
and the oven dry condition of the sample is, of course, the weight
of the water of absorption.

Results of the test are given in Table 6 and will be
discussed later (in part c).

Detailed data and the equations used in the calculation of
the results are presented in the appendix.

c) Discussion of Test Regults for Coarse and Fine Aggregates. It

is difficult to determine the saturated surface dry condition of light-
weight aggregate. A%t this condition the aggregate must contain no

free surface moisture and must absorb no water; but because of the
rough surface texture and the large number of open surface voids, the

drying of these surfaces without drawing out water of absorption, is
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a careful and time consuming process, especially for fine aggregates.
The "cone method", which was specified by the ASTM Designation C128-42
(Method of Test for Specific Gravity and Absorption of Fine Aggregate)
for determining the saturated surface dry condition of fine dense
aggregate was found to give inconsistent results when applied to
lightweight aggregate. This is, probably, because the rough and
angular shapes cause them to interlock when compacted inside the

cone by this method, providing a mechanical bond causing the cone

of the aggregate to retain its shape in absence of surface moisture.
Several other methods were therefore tried and it was decided to
establish a procedure actually including three methods simultaneously,
as a criterion of the surface dry condition: (1) wusing a modified
cone method in which the aggregate was tamped inside the cone with

a wooden rod 15 times only, (2) determining the point at which the
aggregate will run loose through the fingers and (3) by noticing the
change in color of the aggregate when it loses its surfare sheen when
dried.

Results given in Table 6 for the specific gravity and ab-
sorption, which are the average of two determinations, will be discus-
sed separately. Calculations are given in Tables 31, 32 and 33 in
the appendix.

(1) Specific Gravity: ©No great difficulty was met in
determining the specific gravity and the absorption of saturated
surface dry samples of coarse aggregates. The Le Chatelier method
proved difficult to apply for some lightweight aggregates of low
specific gravity. These aggregates have a few particles that have

a specific gravity close to 1.0 which will float. The number of
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these particles is so small in comparison with the test sample that
it should not affect the results but does make the final reading
difficult.

Results are given for the bulk specific gravity and the
apparent specific gravity of the aggregates; the bulk specific
gravity is calculated on both the saturated surface dry basis and the
oven dry basis. Any one set of these results, such as those of the
bulk specific gravity oven dry basis, should be adequate for compari-
son. Thus from Table 6 it is observed that the latter gravity for
cinders, except for one sample, range from only 1.7l to 1.74, while
expanded slag, Waylite and Beslite have close results ranging from
1.47 to 1.5 for coarse aggregate and from 1.78 to 1.80 for fine
aggregate. Celocrete has the lowest specific gravity, 0.97 for
coarse and 1.49 for fine. Dense aggregate gave relatively high re-
sults of 2.63 and 2.66 for combined aggregates. It is also to be
noticed that, generally, fine aggregates have a higher specific
gravity than coarse aggregates which may be explained by the fact
that coarse aggregates contain a higher percentage of internal voids.

(2) Absorption: No difficulty was experienced in deter-
mining the absorption of lightweight aggregate after establishing a
criterion for the saturated surface dry condition of the sample. It
should te noted that the resuits given in Table 6 represent partial
saturation due to 24 hours immersion in water at room temperature.
The result of such a test is used in concrete mix calculations be-
cause only partial saturation is considered to occur inside the mixer.

The absorption ig reported in Table 6 in both percentages

of dry weight and dry compacted volume. Absorption as percentage of
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dry weight is the most commonly used in the calculation but it is not
significant in a comparative study of aggregates with widely varied unit
weights as in the case of lightweight aggregate. Considering, therefore,
values based on dry compacted volume, it is observed in Table 6 that
lightweight aggregates, as expected, have a higher absorption than
dense aggregates, and the lightweight coarse particles absorb: more
water than the fine particles. Waylite, fine (7W29), has the low-

est absorption for lightweight aggregate of L4.66 per cent, while

dense aggregate has the value of 2.50 per cent and 2.47 per cent for
(35G9) and (L4SG9) respectively. Cinders have a high absorption value,
ranging between 7.73 per cent and 8.26 per cent; Waylite and Ex-
panded Slag have lower values while Celocrete and Beslite have a
higher value than cinders. In fact, Celocrete has the highest ab-
sorption, approximately six times that of dense aggregates. The
number of tests conducted are too limited to draw any conclusions as
to the relationship between the specific gravity and absorption; how-
ever, others found that absorption is not necessarily related to

the specific gravity nor to the total pore space; it has been found
possible to produce lightweight aggregate of low specific gravity

and absorption due either to an impervious shell or to a visicular
structure with a discontinuous pore space.

L4, Deleterious Inclusions.

Although lightweight aggregates are relatively free
of deleterious materials such as organic impurities, they may contain
other materials that are injurious to concrete, such as potential stain-
ing or popout materials. Three types of extraneous inclusions, all

potentially deleterious, will be studied separately: (a) materials
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finer than #200 sieve, (b) organic impurities, and (c¢) materials
causing popouts of concrete.

a) Materials Finer Than #200 Sieve. Excessive amounts of this

very fine material are deleterious to concrete. Two types of such
material may occur, both present in the form of surface coating to
aggregate particles. These are:

(1) That resulting from dust accumulation which might be
procduced by crushing the aggregate. This does not adhere firmly to
the surface of the particles and can be removed by washing. Inside
the mixer this will increage the amount of fines and require more
water for workability. An excessive amount of thig material is there-
fore deleterious.

(2) Materials that are clayey in nature. These materials
are very deleterious because when wet they will adhere to the surface
of the aggregate partiéles up to the time they are imbedded in con-
crete, thus preventing proper bond with the cement.

The purpose of this test is, therefore, to determine the
amount of suzh materials in the aggregate. The procedure used for
this test is the same as that degcribed by the ASTM Designation
C117-49 (Method of Test for Amount of Material Finer then No. 200
Sieve in Aggregates).22 Results are reported in Table 6 as percentage
(by weight) of the total aggregate; each result is the average of
three determinations. Care was employed to prevent the decantation of
coarse particles of some lightweight aggregates that have low specific
gravity. In general the results indicate that aggregates are free
of excessive amounts of such materials. Dense aggregates showed less

than the maximum allowed by the ASIM. There are presently no
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limitations specified by the ASTM for the amount of these materials
in lightweight aggregates. In this test, .the coarse aggregate showed
a small percentage of materials finer than #200 sieve, but combined
and fine aggregate showed a higher percentage than coarse aggregate
alone. Cinders have a widely varying result ranging from 3.7 per cemt
for (5C9) to 10.7 per cent for (1OCA9), with the latter showing the
highest value obtained. Of the fine aggregates, Celocrete showed a
high result of 8.7 per cent.

b) Organic Impurities. This test provides a quick method for

determining the presence of deleterious organic materials in aggregates.
The amount of such materials and effect on concrete are to be deter-
mined by further tests. (See ASTM Designation C87-52 - Method of Test
for Measuring Mortar-Making Properties of Fine Aggregate, and Desig-
nation C123-44 - Method of Test for Coal and Lignite in Sand).

Slag and expanded clay are relatively free of organic
impurities because of the very high temperature at which slag is
formed or at which expanded clay is bloated. Cinders are usually
free of such materials unless they contain coal or lignite due to
poor firing of the furnace. But it should also be kept in mind that
aggregate originally free of such materials may be contaminated during
storage or handling. Therefore, such a test is necessary.

The procedure described by the ASTM Designation CLO-48
(Method of Test for Organic Impurities in Sands for Concrete)22 was
used on aggregate samples weighing less than one pound and which was
obtained from the original samples by a sample splitter.

Table 6 contains the results of this test. These results

indicate that none of the aggregates have important amounts of
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organic impurities. Lightweight aggregate caused no change in color
in the sodium hydroxide solution after 24 hours of soaking; one dense
aggregate sample (4SG9) caused a slight change in color while the sec-
one sample (3CSG9) showed a little darker but much lighter than the
reference color which was also prepared to the requirements of the
ASTM Designation mentioned above.

These results indicate that further testing for organic
impurities in the aggregate and the effect in concrete is not necessary.

¢) Materials Causing Popouts of Concrete. Popouts in concrete

masonry units are a very undesirable characteristic which is the re-
sult of a disruptive expansion of considerable magnitude usually
generated beneath the surface. It is caused by the presence of cer-
tain deleterious materials in the concrete. In cinders, popouts are
usually caused by iron compounds, freelime or organic sulphur; in slag
they are caused by incompletely fused fragments of flux stones which
may be discharged with the slag during unusual operation of the
furnace; in expanded clay, raw clay lumps might cause popouts of
concrete.

The test was conducted on concrete specimens made in the
laboratory with the aggregates under test and a constant slump and
cement-aggregate ratio. This was in accordance with the ASTM De-
signation C331-53T (Tentative Specifications for Lightweight Aggregate
for Concrete Masonry Units).22 Specimens were then autoclaved for
three hours using the procedure ASTM Designation C151-52 (Method of
Test for Autoclave Expansion of Portland Cement).22

Two concrete specimens, 2 x 2 x 11 inches were cast from

each aggregate sample. Data on concrete mixes are shown in Table 34
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in the appendix. Proportioning was done by dry volume, but all
measurements were done by dry weight. A constant proportion of 1:6
was used for all mixes, that is, one part of cement to six parts of
combined aggregates by volume. Aggregates were combined in the
laboratory in the same proportions as used by the producers in their
plant mix unless they were sampled from materials that had already
been combined by the producers. Regular cement was used without an
air-entraining agent.

Mixing was done by hand which was more convenient for the
small concrete mixes. Trial batches were made to determine the amount
of water to be used with the mix to produce a constant slump of ap-
proximately 2.7 to 2.9 inch. Workability was poor for lightweight
aggregate at such consistency and without the use of an air-entraining
agent, but it was found possible to improve the workability by mixing
the aggregate and approximately one-half of the mixing water first,
then adding the couoni 2ud the rest of the water and continuing mixing.

Moist curing was employed at normal pressure ard a tempera-
ture of 80 F for 24 hours after which the specimens were taken outside
the chamber, weighed and autoclaved immediately.

Table 6 contains the results of this test which indicates
that none of the concrete tested showed any popouts (or staining)
on the surface. This fact was determined by visual inspection of the
specimen and by reweighing to determine any loss of weight which might
result from autoclaving. It may, therefore, be concluded that the
aggregates under test are free from deleterious material capable of
causing popouts in concrete. See Chapter X, however, for results of

staining tests on full size commercially manufactured units.
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Figure 11. Concrete Specimens After Staining and Popouts Test.



CHAPTER IV

DIMENSIONS OF THE MODULAR UNIT

The term "modular unit" is used here to mean a hollow pre-
cast concrete masonry unit having the nominal dimensions of 8 x 8 x 16
inches. The actual overall dimensions of this unit are specified as
7-5/8 x 7-5/8 x 15-5/8 inches, thus allowing 3/8 inch for a standard
mortar Jjoint.

Although a large number of different shapes and sizes of pre-
cast concrete units are available, the bulk of the product is presently
being made from these modular units. Substantial economy is the reason
for this modular coordination; it requires the dimensional standard-
ization of building materials and equipment on the basis of a certain
module and the fitting of these materials into a building planned and
dimensioned on this modular basis. The "American Standard Module" is
equal to 4 inches; nominal dimension of the modular unit is a multiple
of this. Flexibility in building dimensions equivalent to this module
is accomplished by using supplementary units or cutting the modular
unit.

In this chapter study will be made of the dimensional prop-
erties of the modular unit including its actual overall dimensions,
gross cross-sectional area, net volume and their interrelation.

A, Definitions.

(1) Gross cross-sectional area: ASTM Designation C].LLO-‘5222
defines the gross cross-sectional area of the modular unit as the
"total area of a section perpendicular to the direction of the load,

including areas within cells and within re-entrant spaces unless these

62
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spaces are to be occupied in the masonry by portions of the ad jacent
masonry. "

(2) CGross volume: The gross volume of the modular unit is the
total volume included within its overall dimension.

(3) Net cross-sectionai area: The net cross-sectional area of
the modular unit is the average of the areas of concrete present in
sections perpendicular to the direction of load.

(h) Net volume: The net volume of the modular unit is the total
volume of concrete in the unit.

(5) Hollow masonry unit: The A. S. A. defines the hollow masonry
unit as "a masonry unit whose net cross-sectional area in any plane
parallel to the bearing surface is less than 75 per cent of its gross
cross-sectional area measured in the same plane."29

B. Procedure of Test.

The overall dimensions of the unit were measured directly
by a caliper and a scale which reads to 0.0l inch. Five specimens
were tested for each type of product; the length, depth and thickness
were separately measured at the two faces of the specimen and averages
recorded.

A different procedure (using the same specimens) was used
for determining the net volume (ASTM Designation C140-52 - Methods of
Sampling and Testing Concrete Masonry Unitsgg). Each specimen was
saturated with water for 24 hours, then weighed suspended in water,
removed from the water and left to drain for one minute over a 3/4 inch
wire mesh; visible surface moisture was then removed and the specimen
immediately weighed in air. The net volume of the specimen is, in

the metric system, numerically equal to the difference between the
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weight of the saturated specimen in air and its weight suspended in
water. Further details on this procedure will be presented in
Chapter V.

C. Discussion of Test Results.

Dimensional properties of the modular units are reported
in Table 7. Only average results (of the 5 specimens) are given in
this table, while detailed data and calculations are presented in
Tables 35, 36 and 37 in Appendix II. The industry's adoption of the
system of modular coordination of dimension is evident in these tables.
In columns 3, 4, and 5 of Table 7, the average overall dimensions
(height, thickness and length) of the modular units are presented.
These results correspond to standard dimensions of 7.625 x 7.625 x
15.625 inches. Specifications (see references 28 and 29) permits a
maximum deviation in the dimension of the individual unit of + 0.125
inch; only three types of the products tested (see Table 36 in
Appendix II) showed units with deviations exceeding this. These pro-
ducts are 1Cl, 3Cl, and 8CELl; of these, 8CELl has the largest devi-
ation, +0.225 inch. It is also noticed that no single specimen of
a given product showed deviation from the average exceeding that
permitted.

Columns 6 and 8 of Table 7 present the average grcoss volume
and gross area of the units: both are useful in estimating, for exam-
ple, total requirements for a building. Column 10 presents the average
net areas as percentage of the gross areas: these values fall between
50 to 60 per cent which indicates all are within the definition of
hollow masonry units (see definition on page 63 ); data for calculations

of these percentages are given in Table 37 in the appendix.
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Figure 12. Setup for the Determination of Net Volume of the Unit.



TABLE 7.*% DIMENSIONAL PROPERTIES OF THE MODULAR UNITS (AVERAGE VALUES)

1 2 3 1p 5 6 7 8 9 10
Gross Dimensions Net
Thick- Gross Gross Area
Type ness Length Height Volume Net Area Net as % of
Sample of t L h (t°L-h) Volgme (t'L) Area Gross
No. Aggregate in. in. in. in3 in in2 in2 Area
1C1 Cinders T.70 15.68 T.74 935.6 k77.2  120.7 61.7 51
2CES1 Cinders & 7.67 15.63 T7.67 918.4 517.3 119.8 67.5 56
Expanded
Slag
2H1 Haydite 7.68 15.65 7.67 922.5 515.2 120.3 67.2 55
3C1 Cinders 7.69 15.7h4 7.63 92k.1 554.3  121.1 72.6 60
35G1 Sand & 7.67 15.64 7.62 91k.5 502.3 120.0 65.9 55
Gravel
kscl Sand & T.72 15.74 T.71 937.6 k69.4  121.6 60.9 50
Gravel
5CS1 Cinders T.70 15.61 7.67 921.7 keh.5 120.2 60.4 50
& Sand
6ES1 Expanded T7.70 15.65 T7.70 927.7 k59.0 120.4 59.5 50
Slag
TW1 Waylite 7.68 15.63 7.67 921.3 b7k L 120.1 61.8 51
TBW1 Beslite & 7.63 15.65 7.65 913.9 k70.6 119.5 61.5° 51
Waylite
8CELL Celocrete T.77 15.72 T7.73 9kl 4 507.0 122.1 65.5 54
9s1 Air-Cooled 7.6L4 15.61 7.62 908.3 512.6 119.3 67.3 56
Slag
10CA1 Cinders & T.71 15.67 7.67 925.7 503.1 120.7 65.6 5k
Fly Ash
* Notes:
1. Values are average of 5 specimens.
2. Net Volume - see Table 35 in the appendix.
3. Net Area = Eethﬂ (See Tables 35 and 37 in Appendix II.)
k. Net Area as per cent of Gross Area = _Net Area 150 (Table 37).

Gross Area



CHAPTER V

UNIT WEIGHT, MOISTURE CONTENT AND ABSORPTION

The weight of the masonry units, as sampled, and in the wet
and dry conditions, moisture contents and absorption are considered
in this chapter.

Sampled weight of the masonry unit is useful for calculating
its moisture content at the time of sampling and for estimating its
dead load on structural members. Wet weight is the weight in air of
the units after 24 hours of submersion in water, used in calculating
the absorption. Dry weight is the weight of the unit after drying in
an oven to an essentially constant weight.

Unit weight of the concrete (in pounds per cubic foot) was
determined under three conditions (l) as sampled, (2) wet, and (3) ary.
These unit weights were calculated using the measured weight of the
unit under these conditions and the net volumes of the individual units
(presented in Chapter IV). Unit weight (dry) is probably the most
convenient basis for the correlation of the physical properties of the
various concretes.

The moisture content of the unit when sampled (sometimes
called "natural moisture content") is usually expressed as percentage
of 24 hour absorption. Specifications frequently limit the permissible
natural moisture content to prevent excessive shrinkage of concrete
masonry walls.

Drying shrinkage of concrete is also found to be correlated
with absorption of the aggregates with which it is made.l9 It is more

pronounced in those having high absorption. Resistance of concrete
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to the action of freezing and thawing and the attack of silage acids

is found to be correlated with the rate of absorption.12

A. Procedure for Determining Unit Weight, Moisture Content and

Absorgtion.

Five full size units were used for each product. They were

selected at random upon bringing the samples to the laboratory, marked
and weighed in air. This weight, called here the "sampled weight", was
determined for the specimen within less than 12 hours after sampling
at the plant.

In determining the moisture content and absorption of the
units, the procedure of the ASTM Designation C140-52 (Methods of Sam-
pling and Testing of Concrete Masonry Units)22 was followed: Specimens
were submerged in water at room temperature (60 to 80 F) for 24 hours.
They were then weighed suspended in water, taken from the water,
allowed to drain for one minute and weighed in air (see Chapter IV,
part B). This latter weight is called "wet weight". Specimens were
then dried in a forced ventilation oven at 210 F-230 F for more than
2k hours. Drying was discontinued when two successive weighings at
2 hour intervals showed a loss in weight less than 2 per cent of the
last previously determined weight of the specimen. This last weilght
is called the "dry weight'".

B. Discussion of Test Results.

1l. Unit Weiggt.

Unit weight of the specimens (as sampled, wet and dry)

are given in Table 8. These are calculated from the weights of the
units in the three foregoing conditions (also given in Table 8) and the

unit volume as first reported in Chapter IV. Each value in Table 8
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Figure 13. Electrical Automatic Oven Used for Drying Masonry Units.
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TABLE 8. WEIGHTS OF THE MASONRY UNITS AND THE UNIT WEIGHTS

1 2 3 4 5 6 T 38
Weignt of the Masonry . (uased oy net volure)
Volume (pef)
Sample As of the As
No. Sampled Wet  Dry Unit  Sampled  Wet Dry
cu, ft.
1C1 26.8 29.3  25.1 .276 97.1 106.1  90.9
2CESL 29.7 32.1  27.9 .299 99.1 106.7  93.1
2H1 27.8 29.4 25,1 .298 93.1 98.7 8k.2
3C1 27.7 32.1  26.7 .321 88.5 100.1  83.4
35G1 39.6 h1.1  38.2 .291 136.3 141.2 132.8
LsGl 36.4 38.3  35.5 272 134.1 140.8 129.2
5CS1 27.3 29.3  26.1 .269  101.5 108.9 97.1
6ES1 28.8 30.9 26.9 .266 108.L4 116.3 101.3
W1 27.3 29.7  26.7 .275 99.3 108.3  97.3
TBW1 28.7 3.k 27.8 272 105.3 114.1 102.2
8CEL1 2k.6 26.8 22.6 .29 83.0 90.3 T6.2
951 38.3 Lo.8  37.5 .297  129.2 137.7 126.3

10CAL 26.4 28.9 24.8 .291 90.7 99.0 85.2
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is the average of the resuits of the five specimens tested from each
product. Detailed data and calculations of the results are given in
Tables 38 and 39 in Appendix IIT.

The unit weight in dry condition is the most convenient form
for a comparative study. Returning to column 8 of Table 8, it can be
seen that the weights of the products vary, ranging between a minimum
of 76.2 pcf (pounds per cubic ft.) for 8CELL (Celocrete) to a maximum
of 132.8 pcf for 3SGL (sand and gravel). The other sand and gravel
product (4SG1) had a similar weight of 129.3 pcf. Air-cooled slag
(951) averaged 126.3 pcf. Concrete made with such aggregate is usually
classified as dense. The maximum weight of the products made with
strictly lightweight aggregate is 97.3 pef for TWl1l (Waylite).

Rough correlation exists between the unit weight of dry
aggregate and concrete. This can be seen by comparing the values in
Tables 4 (of Chapter III) and 8. Good correlation is not to be ex-
pected because of the difference in plant mixes and the fact that some
plants add air-entraining agents to their mixes.

2. Moisture Contents and Absorption.

Moisture contents and absorption of the masonry units
are presented in Table 9. Each value is the average of the results
of five specimens tested for each product. Detailed data and calcu-
lations are given in Appendix ITI (Tables 4O and L41).

a) Absorption. Absorption is presented in two forms: as
pounds of water absorbed per cubic foot of concrete (pcf) and as per-
centage of dry weight of the unit. The latter form, although it is
a common and convenient method of expressing the absorption, is not

very useful for a comparative study of aggregates of widely varying
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specific gravity, as in these tests. The prior method of reporting
the absorption (as pcf) is based on the net volume of the unit.

Concrete made with lightweight aggregate generally absorbs
more water than does that made with dense aggregate (see column 4 of
Table 9). All-cinder products gave high absorptions with 3Cl producing
the maximum of 16.8 pef followed closely by 1Cl, also cinder, averaging
15.1 pef. Cinders mixed with sand (5CS1) or fly ash (10CAl) produced
lower results of 12.3 and 13.9 pcf, respectively. Other lightweight
aggregates showed varied results, ranging between 14.9 pcf for 6ES1
(expanded slag) and 11.0 pef for TWl (Waylite). Dense aggregate
gave absorptions of 8.5 pcf for 3SGL (minimum value) and 10.3 pcf for
4sGl (both are sand and gravel), while air-cooled slag had a higher
absorption of 12.7 pcf.

The ASTM Designation C90-52 (Specifications for Hollow
Load-Bearing Concrete Masonry U'nits)g2 specifies a maximum permissible
absorption of 15 pcf. Only two of the products under test had absorp-
tions exceeding this maximum, both are cinder products, namely 1Cl and
3C1.

There is very slight correlation, if any, between the con-
crete absorption and the unit dry weight or between the absorption of
aggregates and concretes. Research has indicated that type of aggre-
gate, mix proportion, use of admixtures and, probably, the method of
curing all affect the absorption of the units.

b) Moisture content. Moisture contents, as sampled, of the

masonry units are presented in Table 9, column 7, as percentages of
the absorption. Results varied, ranging between a low 19.4 per cent

for 3C1 (cinders) and a high 62.6 for 2H1 (Haydite). The ASTM
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TABLE 9. MOISTURE CONTENT AND ABSORPTION
T 2 3 N 5 [ i ]
Moisture
Absorp- Moisture Content
Water tion Content As
Type Ab-  Absorp- % of As Sampled Month
Sample of sorbed tion Dry-- Sampled % of of
No. Aggregate gms . pcf Weight gns. Absorp- Sampling
tion
1c1 Cinders 1896 15.1 16.6 795 h1.9 May
2CESL Cinders & 1900 1k.0 15.0 8Ll 43.7 May
Expanded
Slag
2H1 Haydite 1972 4.1 17.3 1236 62.6 May
3C1 Cinders 2441 16.8 20.2 476 19.4 May
3SG1L Sand & 1110 8.5 6.4 503 ks, L4 May
Gravel
LsG1 Sand & 1264 10.3 7.9 LeT7 37.5 May
Gravel
5CS1 Cinders 1503 12.3 12.7 557 37.2 May
& Sand
6ESL Expanded 1797 14.9 4.7 874 48.6 May
Slag
TWL Waylite 1369 11.0 11.3 266 19.7 June
TBWL  Waylite & 1602 13.0 12.7 408 25.5 June
Beslite
8CELL Celocrete 1895 k.0 18.8 93k 49.7 June
951 Air-Cooled 1529 12.7 9.0 Lol 7.7 June
Slag
10CA1 Cinders & 1833 13.9 16.3 727 39.7 October
Fly Ash

Designation C90-52 specifies a maximum moisture content of 40O per cent.

Table 9 shows six different products having moisture contents exceeding

that value.

It will also be noted that in Table 3 (Chapter II) that
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almost all the products are normally stored in open yards and, there-
fore, their moisture content varies considerably from time to time,
being higher in damp seasons. Column 8 indicates that most of the
sampling was done during the normally moist months, May and June.

It may also be repeated here (see Chapter I, page 22) that
some investigators actually consider the usual specification require-
ment of the maximum moisture content (40 per cent) as being too lenient
in view of anticipated later shrinkage. But it may also be pointed
out that these investigations are based on gradual drying in air rather
than the rapid drying in oven which was used in this test. Other re-
search also indicated that rapid drying in the oven at over 210 F
results in an abnormally high valué for shrinkage or absorption. They
concluded that such drying "causes not only the withdrawal of the
mechanically suspended water which might be absorbed or withdrawn at
ordinary temperatures, but also a certain amount of absorbed or col-
loidal water more tenaciously held in the cement gel. Hence the ab-
sorptions are too large and do not reflect the condition or behavior

25

of the concrete in its usual temperature-humidity environment."



CHAPTER VI

COMPRESSIVE STRENGTH

Compressive strength is perhaps the most thoroughly studied
physical property of concrete. It is variously employed in mix design
studies and in testing concrete-making qualities of cement and aggre-
gates. Many of the other physical properties of concrete are studied
in terms of, or correlated with, the compressive strength. It was
found that the elasticity of concrete, its tensile and flexural
strength, wear, permeability and fire resistance are affected (besides
the affect of the physical characteristics of the aggregates) by the
compressive strength.e5 What makes this physical property of con-
crete even more important is that the usual methods of design are
based on allowing concrete to carry compressive stresses only. This
makes compressive strength, in this case, the sole criterion of the
strength of the concrete.

This wide use of the compressive strength of concrete is
(among other reasons) because of its economy and simplicity of test.
However, the evaluation of the results is, indeed, not as simple as
the test itself. It involves many factors affecting the actual
strength of concrete and its "indicated strength" (strength indi-
cated by tests which is not necessarily equal to the actual strength).
Among factors affecting the actual strength of concrete is the type
and quality of the ingredients and their proportions in the mix,
water-cement ratio, methods of mixing and curing.... Other factors

further affecting the indicated compressive strength are the age of

[P
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the specimens, shape and size, capping, speed of testing and even
temperature during the test. Some of the factors affecting both types
of strengths will be discussed in more detail later. It may also be
noted that the strength of concrete structures is not necessarily
proportional to either the actual or indicated strength. In plastic
concrete the test specimens must be made (mixed, cured...etc.) in the
same manner and from the same materials used for the concrete in the
structure. In concrete masonry, workmanship is found to affect the
strength of the walls. This will also be discussed later.

A. Procedure of Test.

The procedure of the ASTM Designation Cc1Lko-52 (Methods of
Sampling and Testing Concrete Masonry Units)22 was used for this test.

Five full size units were selected at random from samples
of each product, capped and tested not later than 60 hours from the time
of their arrival at the laboratory. Test load was applied in a direc-
tion the same as that for the unit when built in the wall.

The two bearing surfaces of the specimen were capped with a
paste made of one part (by volume) of cement and one part of calcined
gypsum (plaster of paris) mixed with water so that it was plastic and
spread evenly without excessive flowing. A cap not thicker than 1/8
inch was placed in the same manner described by the ASTM Designation
mentioned above. Allowing the first cap to harden for six hours, the
specimen was turned over for capping the opposite surface. Capped
specimens were then aged for 24 hours before testing. Imperfect,

cracked or damaged caps were completely removed and replaced by new

caps.
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The 300,000 pound test machine was equipped with a circular,
spherically seated upper bearing block which has the same diameter (10
inches) as the lower bearing block. The blocks did not, therefore,
cover the bearing area of the specimen, and two tearing plates having
machine polished plane surfaces, were placed at top and bottom, be-
tween the bearing blocks and the specimen. These plates were 16 inches
long, 12 inches wide and l~3/h inches thick, thus covering the bearing
area of the specimen. During test they were placed so that a vertical
line passed through their centers and the centers of the specimens
and the bearing blocks of the machine. Placed thus, the distance be-
tween the edge of the bearing blocks and the corner of the plate is
5 inches which is less than 3 times the thickness of the plate as
required by ASTM Designation C140-52.

Loading was applied at the rate of 40,000 pounds per minute
which conforms with the ASTM requirement. Most of the specimens were
broken within 2 to 3 minutes.

B. Discussion of Test Results.

Results of the compression test are summarized in Table 10,
which contains the averages of the results of five specimens tested
from each product. Detailed data and the calculation of the results
of all the specimens are given in Table 43 in Appendix IV.

In Tabkles 10 and 43 the compressive strength (psi) is re=-
ported on the basis of the gross cross-sectional area of the unit
(defined in Chapter IV). These areas were found by the actual measure-

ments of the overall dimensions of the units using the procedure dis-

cussed in Chapter IV.
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.

Compressive Strength Test.

1L

Figure
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In Table 10, the compressive strengths are also given on
the basis of the net cross-sectional area (defined in Chapter IV) of
the units (column 7). These areas are also reported in column 5.
They are, unlike the gross areas, not found by measurements of the same
specific test specimens, but are the average results (also five speci-
mens per product) of measurements on companion units. Thege latter
units were also used for the dimensional properties studied in Chapter
IV and which are reported in Table 7, column 9. The reason for this
is that it was considered that the compression test specimeng should
be tested in the sampled condition and without being exposed to any
preliminary conditioning. Net sectional areas of the unit are calcu-
lated from their net volume. Testing for net volume (see Chapter IV,
part B) involves submerging the specimen in water for 24 hours. The
effect of this saturation on the strength of units made with those
various dense and lightweight aggregates is not accurately known, and
it was further found detrimental to successful capping. Drying of the
specimen is not desirable because drying by heat (after soaking) is
considered by some to adversely affect the strength of the concrete.
Drying in air at room temperature is not practical because it requires
considerable time, while the ASTM Designation (140-52 (Standard Me-
thods of Sampling ard Tezting Concrete Masonry Units)gg requires that
compression tests should be performed within 72 hours after sampling.
The results reported in Table 10 of the compressive strength (net
cross-sectional area tasis) should not deviate much from the results
that would be obtained bty using the actual net areas of the tested
specimen. This can be concluded by comparing the gross cross-

sectional areas of the units used for the compression test and those



-80-

used for the dimensional analysis (of Chapter IV and which are also
used in these calculations) which are presented in Tables Lo (Appendix
IV) and 36 (Appendix II) respectively. It is obvious, from this com-
parison, that the gross areas of a certain product in both tables are
very similar and the corresponding net areas may, therefore, be ex-
pected to be also similar.

Referring again to Table 10, study of the compressive
strength based on the gross area of the unit reveals that:

(1) The highest strength of concrete made with any of the
aggregates (dense and lightweight, 1332 psi) is given by 2H2 (Haydite),
followed by 952 (air-cooled slag) with 1243 psi.

(2) Products made with sand and gravel show a lower
strength of 1208 psi for 3SG2 and 994 psi for L4SG2.

(3) Products made with all-cinder aggregates show a lower
strength than those made with cinders mixed with other materials.

For example, 1C2 and 3C2, both made with all-cinder aggregates, give
strengths of 698 psi and 754 psi respectively, while 2CES2 (cinders
mixed with expanded clay) gives 1004 psi. Cinders mixed with sand
(5¢s2) or fly ash (10CA2) give 877 psi and 906 psi respectively.

(4) Products made with expanded slag generally gave lower
results of 695 psi by 6ES2, 777 psi by TW2 (Waylite) and 647 psi by
8CEL2 (Celocrete). Those made with expanded slag mixed with expanded
clay (Waylite and Beslite) TBW2, have higher strength of 989 psi.

In the beginning of this chapter it was noted that the actual
compressive strength depends on numerous factors, among which are the
types of cement and aggregates, proportioning, water-cement ratio, use

of admixtures, method of mixing and curing. Further affecting the
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TABLE 10. COMPRESSIVE STRENGTH OF THE MASONRY UNITS

1 2 3 L 5 6 1
Compres- Compressive Strength
Type . sive - Gross Net  Based on Based on
Sample of Force Area Area  Gross Area  Net Area
No. Aggregate 1bs. in® in® psi psi
1c2 Cinders 83,900 120.0 61.7 698 1357
2CES2 Cinders & 120,000 119.6 67.5 1004 1778
Expanded
Slag
2H2 Haydite 158,620 119.1 67.2 1332 2361
3C2 Cinders 90,900 120.5 T72.6 754 1252
35G2 Sand & 145,770 120.8 65.9 1208 2212
Gravel
LsGe Sand & 120,700 121.4 60.9 995 1983
Gravel
5Cs2 Cinders 104,400 119.0 60.k4 877 1728
& Sand
6ES2 Expanded 83,000 119.9 59.5 695 1395
Slag
w2 Waylite 92,900 119.4 61.9 777 1506
TBW2 Beslite & 118,300 119.6 61.5 989 1923
Waylite
8CEL2 Celocrete 78,600 121.7 65.6 647 1199
952 Air-Cooled 147,800 119.0 67.3 1243 2195
Slag
10CA2 Cinders & 109,120 120.5 65.6 906 1663
Fly Ash

indicated compressive strength are the size, shape and age of the
specimens. Some of these factors will be discussed in the following.
(1) Type of cement: In Table 3 (Chapter II) it is reported

that all but plants 1 and 3 use high-early strength cement. Plant 1
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(product 1C2) and Plant 3 (product 3C2 and 3SG2) use regular cement.
Since the age of samples is not reported, the effect of the type of
cement on strength cannot be evaluated.

(2) Crushing strength of aggregate: The effect of the
crushing strength of the aggregates on the strength of the units cannot
be evaluated because such tests were not conducted. However, it is
believed that it does not have a marked effect at such comparatively
low strength as exhibited by the units tested. It has been pointed
out previously that some of the lightweight aggregate products have a
higher strength than those made with dense aggregates. The lightweight
aggregates tested are recognized to have lower crushing strength than

20 to

dense aggregates. It was found possible by some researchers
make concrete from expanded shale having a strength (based on standard
test cylinders) of 7000 psi. Compressive strength as high as 4000 psi
(much higher than the present test values) is not uncommon with con-
crete made with lightweight aggregates.

(3) Proportioning: Accurate study of the cement content
of the plant mixes (Table 3) is not possible. All mixes (except for
products 1C2, 3C2 and 4SG2) are reported by weight and since the
specific gravity of the aggregates varies widely, a comprehensive
study on weight basis cannot be attained. However, rough analysis
was employed by converting some of the mixes to volume using the
available unit weights of the aggregates as determined by tests and
reported in Table 4 (Chapter III). The conclusion on the basis of this
rough analysis is that there is no correlation existing between the

cement content and the strength of the product.
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(1) Water-cement ratio: An accurate determination of the
water-cement ratio of the plant mix is not possible because in most
cases the amounts of water added vary with the moisture contents of
the aggregates at the time of mixing. Many plants find it necessary
to adjust the amount of water several times during the day. In many
cases the consistency of the mix is measured by‘that required for mold-
ing by pressure and vibration and permitting subsequent stripping of
the units without physical damage (see Chapter II). It may therefore
be expected that the consistency varies slightly from one mix to a-
nother in the same plant and that the variations are even larger in
the mixes of different plants. The effect of the water-cement ratio
on strength cannot be over-stressed and is believed responsible for
the observed variations in the strength of some units in the same
product (see Table 43, Appendix IV).

(5) Age of the specimen: The effect of the age of the
specimen on the indicated strength is important. Most of the plants,
however, do not specifically classify their products according to
age and its effect is, therefore, undetermined in this study.

The compressive strength of the units based on their net
cross-sectional areas (Table 10, column 7) gives a better view of
the strength variation of concrete in the units. However these
strengths are not equivalent to those in design codes (or literature
in general) which are usually determined by tests on standard 6 x 12
inch cylinders. Research indicates that the size and shape of speci-
mens have an important effect on the indicated compressive strength.

Correlation between the compressive strengths and the unit

dry weight of the products is attempted but such relations were found
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not to be existing. Correlation between the compressive strength
and the flexural strength or the modulus of elasticity of concrete
will be discussed later.

The ASTM Designation C90-52 (Specifications for Hollow
Ioad-Bearing Concrete Masonry U'nits)22 specifies for the compressive
strength at the time of delivery to the site of the work to be as in
Table 11.

The compressive strengths in Table 11 are based on gross
cross-sectional area of the unit. By comparing the average results
of tests in Table 10 in terms of the values specified in Table 11,
the following may be concluded:

(1) Only four prbducts have average strengths higher than
1000 psi (column 6). These are 2CES2, 2H2, 3SG2 and 952. The product
35G2 has one individual unit showing a strength below 800 psi (see
Table 43).

(2) Three products display a relatively high result;
these are 45G2 (995 psi), TBW2 (989 psi) and 10CA2 (906 psi). None
of these showed a unit to have a strength lower than 700 psi.

(3) The remaining products (cinder or expanded slag aggre-
gates) have average results ranging between 877 psi (5CS2) and 64T psi
(8CEL2). It may also be noticed that except for the latter, all of
the remaining products averaged h