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ABSTRACT 

The use of low-density cellular concrete, having an oven-dry unit 

weight of 50 pcf or less, as a backpacking material for deeply buried pro¬ 

tective structures was studied. Cellular concrete was found to be suitable 

for this type of application. A number of physical properties of cellular 

concrete were determined to provide input to design codes. Constrained 

compressive crushing stress levels from 20 to 1,000 psi for slow rates of 

loading were observed. Rapid-loading tests and equation of state measure¬ 

ments were also made to determine the rate sensitivity of the concrete. 

Compressional wave velocities from 2,000 to 6,000 ft/sec were also measured. 

Modulus of elasticity values frcm 20,000 to 220,000 psi were measured for 

concretes in the as-cast condition with respect to moisture. Flexural 

strength to compressive strength ratios from 0.16 to 0.33 were observed. 

Early age stiffening characteristics cf cellular concrete were also studied. 

Some design procedures based on the data analysis r*re suggested. 

Some possible areas of difficulty during prototype use of cellular 

concrete as a backpacking, such as lift heights, cold Joints, temperature 

problems, and water-saturation problems, are also explored. Lift heights 

should not exceed those that cause an increase in density over the desired 

density by more than a stipulated amount in the lower portion of the lift. 

Ihe effects of Joint roughness and curing on the Joint performance are min¬ 

imal. Temperatures over about 120 F tend to cause collapse of the struc¬ 

ture of unhardened low-density cellular concrete. In a free-water environ¬ 

ment, saturation of the cellular concrete is inevitable unless steps are 

taken to prevent the water from reaching the concrete. Suggestions for 

doing this are offered. 
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NOTATICK 

The principal symbols used in this report are listed belov. Special- 

purpose subscripts and symbols are not listed but are explained in the text. 

a,b - equation coefficients 

B ■ beam width 

C « cement content, or elastic wave velocity 

d - density 

D ■ beam depth 

E - modulus of elasticity 

f¿ ■ yiald strength 

k “ water-cement ratio 

L « length 

n - porosity 

p - pressure 

P - load 

r > radius 

R - modulus of rupture 

S ■ strength 

T = time 

u ■ particle velocity 

U - energy, or shock wave velocity 

V ■ compressions! wave velocity; also, volume (with appropriate 
subscripts) 

W ■ weight 

X,Y * rectilinear coordinates 

€ « strain or deformation 

7 ■ unit weight 

p ■ specific gravity 

a » stress 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to metric 

units as follcsrs. 

Multiply By To Obtain 

inches 2.5^ 

feet ® • 30^0 

cubic feet 0.02032 

cubic yard 0.764555 

pounds 453*5924 

pounds per square inch 0.070307 

pounds per cubic foot 16.02 

Fahrenheit degrees 5/9 

foot-pounds O.I38255 

feet per second 0.3048 

centimeters 

meters 

cubic meters 

cubic meters 

grams 

kilograms per square centimeter 

kilograms per cubic meter 

Celsius or Kelvin degrees8, 

meter-kilograms 

meters per second 

a Tc obtain Celsius (C) temperature readings from Fahrenheit (F) 

readings, use the foilcaring formula: C ■ (5/9)(F - 32). To 

obtain Kelvin (K) readings, use: K » (5/9)(F - 32)+ 273*15. 
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CHAPTER 1 

INTRODUCTION 

1.1 DESIGN AND CONSTRUCTION CONSIDERATIONS 

The use of low-density'*' cellular concrete as a backpacking for deeply 

buried structures requires an understanding of the properties and character¬ 

istics of these concretes when they are placed as large volume sections in 

underground environments. The protective structure designer requires num¬ 

bers that represent the physical properties of the in-place concrete; and 

because of the special use of cellular concrete in this situation, these 

numbers are generally not available in the literature. The construction 

engineer is faced with the problem of using a material as backpacking that 

normally is used for roof and floor fills (Reference 1). Some of the con¬ 

struction problems associated with making this transition are unique. 

Hie first area of concern is the in-place physical properties of the 

cellular concrete. Hie effective use of a backpacking requires that its 

compressive strength and deformation capabilities be known (Reference 2). 

A number of external factors will influence the resistance to loading of¬ 

fered by a cellular concrete of predetermined design. The first of these 

will be the degree of constrainment of the concrete when loaded. This con¬ 

straint is a result of the deeply buried configuration (Appendix A). The 

values used to describe the strength of the backpacking should reflect 

this constrainment. Unfortunately, the actual amount of constrainment and 

manner of loading of the concrete are variables that may never be exactly 

known and, therefore, must be approximated. 

Cellular concrete is a load- and strain-rate sensitive material (Ref¬ 

erence 3) • lhe time rate and history of loading of the backpacking are 

variables that will depend on a number of external factors over which a 

designer may have no control; yet these factors can influence the 

Low-density means the concrete has an oven-dried density of less than 

50 pcf. (A table of factors for converting British units of measurement 

to metric units is presented on page 12.) 
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résistance offered by the hschpschln* »hen It 1» loaded. The backpacking 

«y also be subjected to repeated shock loadings, the frequency and Inten- 

sity of *hich may not be taicum. 

Other physical properties such as flexural strength, ccmpressional 

wave velocity, modulus of elasticity, and Poisson's ratio are also essen¬ 

tial for design purposes. These properties and the compressive strength 

of the cellular concrete should be obtained in such a manner that the con¬ 

dition of the concrete when evaluated approaches that of the in-place con¬ 

crete. An important consideration in this respect is the moisture condi¬ 

tion of the concrete when tested. The in-place concrete vill remain at 

essentially the same moisture content as When cast, because it will be 

sealed on the outer periphery by competent rock and on the ends and inner 

periphery by the liner it is protecting. The characterising parameters for 

each type of test should represent concrete in the as-cast moisture 

condition. 
Hie cellular concrete, having been designed properly, must then be 

fabricated and put in place in such a manner that the finished product 

actually represents the designed concrete. Some of the construction prob¬ 

lems associated with the actual use of cellular concrete as backpacking 

have been examined (Reference 4), but some others require additional study. 

Assuming the concrete can be satisfactorily made and brought to the point 

of placement, the depth or lift height to which the concrete can be placed 

at one time must be known. 
In a deep lift, the very high air content of the cellular concrete 

allows the lower regions of the lift to compress or consolidate in the un¬ 

hardened state due to the increasing superincumbent loads resulting from 

the unhardened concrete in the upper region. As will be mentioned later, 

the consolidation problem may be further coepounded by increasing tempera¬ 

tures of and moisture migration in the concrete. In consoUdating, the 

density of the concrete is increased. As the cellular concrete strength 

is a function of the density (Reference 3)» the strength will also increase 

When a particular backpacking design strength is to be uniform throughout 

'he concrete mass, this increase, and hence strength gradient, is not de¬ 

sirable. It is also not desirable from an economy standpoint because it 
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will take more cement to fill a given volume than was initially planned. 

Once a satisfactory lift height is determined, where a controlled amount of 

density change occurs for a given cellular concrete design, construction 

schedules can be established. 

By having to place the cellular concrete in lifts for large sections, 

the problem of joint preparation arises. Because of the planned mode of 

resistance of the buried structure to loading, it is desirable that large 

sections of the bactyacking do not slide across Joints and thus produce a 

more serious loading condition than anticipated. Properly designed cold 

joints should enable the cellular concrete backpacking to act as a single 

mass. 

Associated with both the lift height and cold Joint problems is the 

problem of heat both in and around the cellular concrete. Because of the 

high air content of the concrete and, hence, its insulating characteristics, 

and the possibility of the confining rock medium behaving as an infinite 

heat sink, large amounts of the heat caused by tAe hydration of the cement 

will remain in the concrete for long periods of time. Unhardened cellular 

concrete placed in hot environments will experience a reduction of the sur¬ 

face tension of the air bubbles in the void system and a subsequent expan¬ 

sion of the heated air in the bubble. This causes the bubbles to burst 

with resulting consolidation of the concrete. This hot environment can 

exist in the upper regions of laige placements Where the bottom of the 

placement has begun to stiffen and is developing very hot temperatures. It 

can also exist at the interface between a lift of older hot concrete and a 

lift of new unhardened concrete, or it can exist in the hot air environment 

provided by heat loss from hydrating adjacent sections of concrete. Again, 

this is not desirable from the standpoints of both design and economy. Ap¬ 

propriate steps must be taken to reduce, eliminate, or work around these 

temperature probltuBs. 

Once the cellular concrete is in place it probably will not be seri¬ 

ously affected by any external factors other than loading ( Reference 3) > 

with the exception of water. For the strengths and densities of cellular 

concrete being considered for backpacking in this study, cellular concrete 

should be considered as being susceptible to water infiltration even at 
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very low water pressures (Reference 3)* Th® presence of additional water 

in the concrete reduces the an unt of void space and greatly affects the 

performance of the concrete4 To adequately design against the Infiltration 

of water Into the cellular coi.crete, an understanding of the saturation 

characteristics of this concrete is essential# 

The problems described above will vary in complexity and severity for 

each set of field conditions. Obtaining solutions to these problems for 

all possible situations would be a formidable task. The studies described 

herein were dene, for the most part, in preparation for an actual field Job 

involving buried structures backpacked with cellular concrete ( References 

U and 5). In most cases, the studies were not designed to provide in-depth 

answers to the specific problem area studied, but were meant instead to 

produce qualitative results that would provide guidance to the individuals 

undertaking the actual work. 

1.2 OBJECTIVE 

lhe objective of the study was to investigate lew-density cellular 

concrete for use as a backpacking material for deeply buried structures. 

Specifically, the investigation was to determine some physical properties 

of the concrete that were indicative of its desired in-place performance 

and to examine some problems associated with placing large mass sections 

of cellular concrete in underground environment. 

1.3 SCOPE 

1.3.1 Ihyslcal Properties. A constrained compression test was de¬ 

veloped (Appendix A) and used to evaluate numerous mixture designs of cel¬ 

lular concrete for both slow and rapid rates of loading. A limited number 

of test specimens were evaluated for multiple-shot loading capabilities. 

Other physical properties such as flexural strength, ccmpressional 

wave velocity, modulus of elasticity, and Poisson's ratio were also deter¬ 

mined for a number of different mixture proportions. All physical proper¬ 

ties were determined «hile the concrete was in a moisture condition approx¬ 

imating that of the as-cast condition. Some measurements of the response 

of concrete to high-pressure shock loading were also attempted (Appendix C). 
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1.3.2 Conitructlon Problem Area». Selected mixtures were studied for 

hydration temperature development, techniques for reducing this temperature, 

and the effects of this teaq>erature on additional placements of fresh con¬ 

crete. The effect of lift height on density of the concrete and the prep¬ 

aration of cold joints related to lift construction were also studied. 

Ihe effect of free water on In-place cellular concrete was studied and 

an examination of some surface sealers for moisture exclusion was conducted. 



CHAPTER 2 

MATERIALS AND FABRICATION, AND PLACING EQUIPMENT AND PROCEDURES 

2.1 MATERIALS 

2.1.1 Portland Cement. Type III cement wae used for »11 the concrete 

In the program with the exception of «orne Type I cement that vae u* sd in 

portions of the temperature studies. The portland cements representing 

both the Type I (RC-55M and Type III (RC-560) met the requirements for 

Types I and III, respectively, and hsd the follcsring chemical and physical 

characteristics : 

Ch* rical Analysis 

Const it' ents Percent 

Type I Type III 
RC-55^ nc-560 

Physical Properties 

Type I Type III 
RC-551* RC-560 

Si02 20.7 

A1203 
p.2o3 

CtO 

NgO 

SOj 

Ignition loss 

Total 

Insoluble 
residue 

NSgO 

1^0 

Total alkalies 
as NágO 

U .8 
4.1 

64.7 

1.8 

2.3 

1.4 

0.99 

0.10 

0.18 

0.26 

0.35 

6 

60 

21.1 

4.8 

4.0 

64.6 

1.8 

2.4 

1.4 

100.1 

0.01 

0.13 

O.23 

0.28 

6 

58 

Normal consistency, 
pet 

Setting time, Gill- 
more, hours:minutes 

Initial 

Final 

Autoclave expan¬ 
sion, pet 

Air content of 
mortar, pet 

Cospressive strength 
of mortar, psi 

1 day 

3 days 

7 days 

28 days 

25.O 27.2 

3:45 3:20 

5:30 6:50 

0.01 0.01 

8.3 7.2 

- 2,390 

2,850 3.810 

3,765 5,165 

5,1^5 

(Continued) 
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Chemical Analysis Riysical Properties 

Constituents Percent Type I Type III 
RC-551* RC-560 

Type I Type III 
RC-551* RC-560 

17 

12 

Surface exea, air 
permeability fine¬ 
ness (Blaine), 
cnÉ/g 3,845 4,790 

3.14 3.13 Specific gravity 

Heat of hydration, 
cal/g 

28 days 

7 days 77.7 80.8 

89.7 91.4 

2.1.2 Foaming Agent. A foaming agent, AD-186, was used to provide 

the stable air-bubble system necessary for the fabrication of cellular con¬ 

crete. A spectroscopic analysis of the foaming agent indicated the presence 

of de condos it ion products of proteins reacted with aliphatic fatty acids or 

salts of fatty acids. The manufacturer refers to his product as a hydro¬ 

lyzed stabilized protein foaming agent. 

For use, a premixed solution of a predetermined concentration of 

foaming agent and water was prepared. The solution was then placed in a 

pressure container and subjected to a controlled air pressure. The air 

pressure forced the solution through a discharge line into a blending noz¬ 

zle that agitated the solution and combined it with compressed air. The 

resulting product that issued from the blending nozzle was a stable, pre¬ 

formed foam having the consistency of shaving cream obtained from aerosol 

cans. This preformed foam provides the stable air-bubble system in the 

cellular concrete. 

2.2 MIXTURE PROCEDURES AND PROPORTIONS 

All the cellular concrete was batched in a 5.5-ft horizontal-drum 

mortar mixer. The rubber-edged blades of the mixer were modified to obtain 
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better mixing action by adding heavy-duty 1-inch screening between the 

struts of each individual blade. The batching sequence was water followed 

by cement, which was mixed until a well-blended slurry was obtained, ttie 

preformed foam was then added and blended into the slurry until a uniform 

consistency of cellular concrete was obtained. 

The following procedure was used to design all of the neat cellular 

concretes used during the program. 

The total size of a batch of neat cellular concrete can be expressed 

in terms of the volumes of all the constituents in the batch: 

(2.1) 

where 

3 
V. = volume of batch, ft 
b 

3 
V = volume of neat slurry, ft 
s 

3 
= volume of preformed foam, ft 

The volume of slurry is composed of cement, water, and entrained air. 

(2.2) 

where 

3 
V = volume of cement, ft 
c 

3 
= volume of slurry water, ft 

sw 
V 

3 
= volume of entrained slurry air, ftr V 

sa 

The preformed foam volume is composed of the volume of foam air and the 

volume of premixed solution: 

V 
f 

+ V. (2.3) 
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where 

3 
V^a “ volume of foam air, ft 

V- » volume of foam water, ft 
fw 

Substituting in Equation 2.1: 

V + V _ + V__ + + V 
sw sa fa fw 

(2.4) 

lhe proportioning of the cellular concrete begins with the selection 

of the desired freshly mixed density and water-cement ratio for the con- 

ciate. The water-cement ratio by weight of the ingredients of the concrete 

can be expressed as 

k (2.5) 

where 

k = water-cement ratio of the slurry, dimensionless 

W^.w * weight of total water in concrete, pounds 

W = weight of cement in concrete, pounds 

The weight of the total water is conqposed of the weight of the slurry water 

plus the foam water: 

tw 
VÏ + W 
sw fw 

(2.6) 

where 

W » weight of slurry water, pounds 
SW 

- Wîieht of fou water, pounds 

The amount of air needed to form the cellular structure of the concrete 

is determined by the density of concrete desired once the water-cement and 

properties of the cement are known. The density is expressed as: 
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(2.7) d 
c 

where 

dc * freshly mixed concrete density, pcf 

» total weight of mixture ingredients, pounds 

3 
V. » total batch volume, ft 
D 

ïhe total batch weight is: 

Wb " Wc + Wtw 
(2.8) 

u 4. u + u 
"c WSW fw 

Frcœ Equations 2.5, 2.7, and 2.8, the batch volume can be written as: 

Wc+Wt» 

c c 

W 

vb “ r(k + (2.9) 

or 

i a ° £ 
*c k + 1 (2.10) 

The concrete volurue requirement and/or batching equipment capacity will 

then determine the amount of cement in the batch. Having determined the 

amount of cement, the total amount of water needed can be found from Equa¬ 

tion 2.5. The volumes of cement and wtter can then be found as: 
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(2.11) 

and 

where 

V 
c 

(2.12) 

p - specific gravity of the cement, dimensionless 
G 

- unit weight of water, pcf 

The volume of air in the slurry V is usually small with respect to the 
SC* 

air volume provided by the foam. For simplicity in design, the required 

batch air, V , can be written as: 
cl 

sa 
+ V fa fa (2.13) 

and assumed to be provided entirely by the foam. From Equation 2.4, then 

(2.14) 

where , Vc , and have already been determined. 

The foam-producing generator nozzle operates at a constant discharge 

rate and produces a foam of constant density. Assuming all of the solids 

of the foam to be water, the foam density, df , is expressed as: 

W 
df “ Y* (2.15) 
1 f 

From Equations 2.3 and 2.15 

Vfa-Va“Vf -V1V 

dfVf » V- - -i-i 
f 'w 

1 - d. 
V. - V a 'f r (2.16) 
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and 

(2.17) 
f rv-df ‘ 

From Equation 2.17, the exact amount of foam to be put in the batch is 

determined. 

The amount of slurry water that must be initially added to the cement 

can be found from Equations 2.6 and 2.15, '-/hero: 

and 
Mfv ■ Vf 
w a w - W 
sv tv fw 

(2.18) 

(2.19) 

The vater-cement ratio in the slurry before the foam is added is then: 

„ Ww 
“i 'w- 

where ^ * water-cement ratio of ingredients initially added to mixer, 
dimensionless 

O 
As an example, assume that a 4.0-ft batch of 32-pcf concrete with a final 

water-cement ratio of 0.86 is needed. The specific gravity of the cement 

is 3.15; the foam density is 2.3 pof; and the unit weight of wuter is 

62.3 pcf from Equations 2.5, 2.10, 2.11, and 2.12. 

V 
WC ■ kTT - a ^-8 Poundi5 

W. = kw » 0.86(68.8) * 59*2 pounds 
vW C 

vc ■ ^ ■ (3.i“&.3 ■ 0-350 n3 

V - ^ ■ iil " °-950 n3 
The volume of air and foam required can then be found from Equations 2.14 

and 2.17. 
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v« “ VK - v„ - " (4*° - 0-350 - O.950) ft3 a b c tw 

V. - 2.700 ft3 
el 

V V, - . 2.700 it3 
Vf " 77^ va " 52T3 - 2.3 

vf = 2.925 ft3 

The foam and slurry waters can then be found from Equations 2.18 and 2.I9. 

* dfVf = 2.3(2.925) povmds 

6.7 pounds 

w»-wtv-wiw-»-2-6-7 

52.5 pounds 

Hence, if 68.8 pounds of cement and 52.5 pounds of water eure blended in the 

mixer to form a slurry and the 2.925 ftJ of foam is added, the desired con¬ 

crete with respect to density and water-cement ratio should be obtained. 

Small adjustments may have to be meule to condensate for air content changes 

during mixing. 

For comparison purposes throughout the studies reported herein, it was 

attempted to use five specific water-cement ratios by weight, i.e, 0.66, 

O.76; 0.86, O.96, and I.06, and four specific freshly mixed densities of 

23» 32 , 39» and 43 pcf at each water-cement ratio. Exceptions were not 

uncommon and are noted where they occurred. The number of batches pro¬ 

viding test specimens for the slow-loading tests were 13, 3I, 31, 21, and 

36 for the 0.66, O.76, 0.86, O.96, and I.06 water-cement ratios, respec¬ 

tively. Ihe number of batches providing specimens for the rapid-loading 

test were l6, 22, l6, and 30 for the O.76, 0.86, O.96, and I.06 water-cement 

ratios, respectively. 
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2.3 SPECIMEN PREPARATION AND CURING 

Except «here stated otherwise, all specimens were cured in their 

casting molds for 2k hours and upon removal from these molds were immedi¬ 

ately placed and sealed in polyethylene plastic hags and stored at 73 F 

until tested. 

The test specimens for all of the constrained conçression teats were 

cast as 6- by 12-inch cylinders. Forty-eight hours before being tested, 

each specimen was removed from its bag and the top and bottom 3 inches were 

sawed off. Ihe remaining 6- by 6-inch cylinder was then resealed in its 

plastic bag until tested. At testing time, the time lapse from removal of 

the specimen from the bag to the start of test was only a few minutes. 

When a 6- by 12-inch cylinder was used for a specific type of test, the 

unformed end of the cylinder was trimmed with a saw to eliminate surface 

irregularities. 

Each 6- by 12-inch cylinder used for the Poisson's ratio and modulus 

of elasticity determinations was instrumented with two A-9-6 electrical 

strain gages placed vertically and diametrically opposite and two similar 

gages placed circumferentially and diametrically opposite. The gages were 

bonded to the specimens by means of a very low modulus, flexible epoxy 

binder (CRD-EP-l). The binder also was used to cover the gage for water¬ 

proofing purposes. To avoid moisture loss from the specimens during gage 

mounting, a special polyethylene tent was built and the mounting was done 

within the tent at a relative humidity of 9® percent. The surface of the 

specimen was not dried in any way before, during, or after the gages were 

mounted. The gages were mounted after 24 days of continuous bag curing. 

2.4 PLACING EQUIPMENT AND PROCEDURES 

The placing of the cellular concrete in all molds and formwork with 

the exception of the lift height study was done by pouring the very fluid 

concrete from the mixer into a bucket and from the bucket into the desired 

container. No vibration or consolidation of the concrete was attempted. 

The concrete for the columns cast during the lift height study was pumped 

from the mixer to the point of placing using an open-throat positive 

displacement pump and continuous plastic hose. 
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2.5 SURFACE SEALERS 

The following materials were used as surface sealers in the moisture 

studies. 

WES Designation Description 

CRD CM-9 Styrene-butadiene product 

CRD CM-10 Two-component epoxy thinned 
with a volatile solvent 

CRD CM-11 

CRD CM-12 

CRD CM-8 

CRD CM-13 

CRD CM-lU 

RC-560 

Paraffin-resin mixture 

Liquid latex 

Vinyl-based liquid-type solvent 

Asphalt 

Latex wall paint 

Neat Type III cement slurry 

Hydraulic cement slurry 



CHAPTER 3 

TEST EQUIPMENT AND PROCEDURES 

3.1 CONSTRAINEI COMPRESSION TESTS 

The details of the design of the constrained compression teat are con¬ 

tained in Appendix A. 

A split-wall confining pipe was used to provide lateral constraint to 

the concrete tested in compression. Wie steel pipe (Figure A.3) had a 

6-inch-inside diameter with l/4-inch-thick walls and accommodated a 6-inch- 

high specimen. The l/4-incn wall thickness resulted in negligible lateral 

strains for the largest vertical loads experienced during the program. 

After placing the specimen in the pipe, both closure bolts were torqued to 

a final closure of 5 ft-lb. Loads were applied through a 4-inch-diameter 

loading piston centered on the 6-inch-diameter specimen. The constraining 

pipe, loading piston, closure torque, and specimen sise (6- by 6-inch cyl¬ 

inder) were the same for both the slow- and rapid-loading tests. 

3.1.1 Slow-Loading Tests. Load was applied to the specimens using a 

30,000-pound Universal testing machine operating at a constant rate of 

piston movement of O.I8 in/min (3 percent deformation per minute). 
Deformations were measured by a line but slide-wire potentiometer affixed to 

the base platform and the moving leading head of the testing machine. 

Loads were converted to applied stress by dividing the magnitude of the 

applied load by the area of the 4-inch-diameter loading piston. The re¬ 

sulting stress-deformation data from each test were recorded in a graphical 

form (Figure 3.l) using an. X-Y recorder. Figure 3*2 shears the slew-loading 

test arrangement. 

3.1.2 Rapid-Loading Tests. Rapid-loading tests were conducted using 

the Impact Air Hammer Apparatus (IAHA). A cross section of the IAHA is 

shown in Figure 3.3. Load was applied to the specimen through the 4-inch- 

diameter piston on the end of the driving shaft. The driving shaft had a 

wunrtimim travel distance of 4 indies. 

Before beginning a test, a small amouit of gas pressure is placed in 

the trigger actuator chamber to lock the triggering mechanism in place on 

the driving shaft. The specimen is then placed and centered under the 
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loading piston. The upper surface of the specimen is brought In full con¬ 

tact with the bottom surface of the loading piston by means of an adjustable 

tumscrew on the bottom of the base bearing plate of the apparatus. The 

desired amomrc of gas pressure Is then placed in the accumulator tank, and 

the specimen Is ready for testing. By electrically releasing the gas pres¬ 

sure through an orifice In the actuator chamber, the triggering mechanism 

rotates and releases the driving shaft that, due to the accumulator tank 

pressure, drives the loading piston into the specimen. 

Coepressed nitrogen gas was used as the load gas for all tests. The 

amount of gas pressure required for each individual test depended on the 

energy absorbing capacity of the sample being evaluated. Experience with 

the IAHA and the cellular concrete allowed the IAHA operators to vary the 

gas pressure from test to test, depending on the material being evaluated, 

such that the total time of test for a füll 4 inches of deformation of each 

sample never varied from 15 + 3 n»ec. Rise tis •» to the start of the crush¬ 

ing plateau varied between 2 and 4 msec. 

Loads were measured by a recording load cell placed betwti-n the driv¬ 

ing shaft and the loading piston. Deformations were measured usinf a lin¬ 

ear slide-wire potentiometer fastened to the IAHA frame and the driving 

shaft. The output from both the load cell and the slide-wire potentiometer 

was recorded on a dual-trace oscilloscope photograph record such as that 

shewn in Figure 3*4. The electrical inqmlse that released the gas in the 

trigger actuator chamber also operated the shutter on the oscilloscope cam¬ 

era, thus opening the shutter at the instant the test began. Both traces 

on the photograph recori are on a common time basis. The upper trace in¬ 

dicates total deform*sion in inches at any point in time; the lower trace 

indicates the load on the aasp le at any point in time. By combining the 

load and deformation on a common time basis and converting the load to 

stress over the area of the loading piston and deformation to percent of 

total sample heigit, a stress-deformation record such as shown in Figure 

3.1 was obtained. 

3.1.3 Multiple-Shot Loading Tests. The multiple-shot loading tests 

were conducted exactly like the rapid-loading tests (Section 3.1.2) with 

the exception that only enough pressure was used in the accumulator tank 
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to partially deform the epecimen on the first loading. After the first 

leading shot, the driving shaft and piston were reset for firing, the load¬ 

ing surface of the specimen was brought in contact with the piston face by 

means of the baseplate tumscrew, the accumulator tank was recharged, and 

the air hammer was fired again. This behavior would duplicate a rock frag¬ 

ment driven into the backpacking by an initial shock wave and then driven 

in even farther by a second shock wave. 

Two oscilloscope records were obtained for each test, one for each of 

the two shots. Ihe records were combined so that the point Where the first 

record ended was the point where the second record began. Deformation for 

both shots, expressed in percent, was referenced to the initial height of 

the specimen before the testing began. 

3.2 FLEXURAL STRENGTH TESTS 

Flexural strength teste were made to determine the modulus of rupture 

of the cellular concrete at various densities and water-cement ratios and 

also to evaluate the effects of cold Joints in the concrete for a selected 

mixture. In both cases, the equipment and testing were in accordance with 

CHD-C 16-66, "Flexural Strength of Concrete (Using Simple Beam with Third- 

Point Loading)." 

3.2.1 Modulus of Rupture Determinations. Six-inc¿h-square by 20-inch- 

long beams were evaluated. The distance between each support and its 

closest loading point and between both loading points was 6 inches. All 

beams were placed in plastic ba-js immediately after removal from the cast¬ 

ing forms and were bag-cured at 73 ï1 until tested at 28 days age. Each 

beam remained in the bag until testing time when it was removed, immediately 

placed in the load apparatus, and tested. 

3.2.2 HorUontal Joint Tests. Cellular concrete with a freshly placed 

density of 32.7 pcf at a water-cement ratio of 0.86 by weight was used to 

fabricate sixteen 2-foot cubes. Each cube was placed in two lifts. The 

first lift was placed to a depth of 1 foot and allowed to ^arden. Before 

placing the second lift, the top surface of the first lift was prepared 

four different ways. Eight cubes had the top surface exposed to air for 

3 days before the next lift was placed. Four of these eight had the 



surface scribed in a waffle pattern to provide some roughness for the next 

lift to bond to. The remaining four air-dried cubes were left in the as- 

cast condition. The last cubes were treated in the same manner as the 

first eitfit with the exception that the exposed surface was sealed in plas¬ 

tic to prevent drying. The seal was removed at the time the fresh concrete 

was placed. 

The scribing was done using a simple apparatus resembling a.i ordinary 

leaf and grass rake. Eight 5/32-inch-diameter by 3/4-inch-long prongs ta¬ 

pered to a point were used as shown in Figure 3.5a. The scribing was done 

at ’’•ight angles to the cube mold, with the first indentation occurring at a 

distance of 3/4 inch from the mold. The resulting pattern is shown in Fig¬ 

ure 3.5b. The depth of scribing was approximately l/2 indi. All loose 

material resulting from scribing was removed with a vacuum cleaner. 

The second lift was placed to the top of the mold. The top surfaces 

of the first eight blocks were again exposed to air drying while the sur¬ 

faces of the second eight were sealed in plastic. After the second lift 

had cured 28 days, the forms were removed and the blocks sampled. The 

sampling originally was to involve drilling some 6-inch-diameter cores 

from each block and also to saw some 6- by 6- by 24-inch beams from each 

cube. The sampling arrangement is shown in Figure 3.6. Half of the beams 

shown in the top view were to have been drilled cores. The drilling op¬ 

eration was extremely difficult; and because of the weak, brittle nature 

of the concrete, very few intact cores were obtained. None of the cores 

were tested because no useful comparison data could be obtained from 

the small number of cores available. Only 11 of the 16 blocks were cored. 

A no-joint control beam was obtained from each lift. The other beams 

from each block included the joint at their center. Immediately after saw¬ 

ing, each beam was placed in a plastic bag and stored until the concrete in 

the second lift was 60 days old, at Which time each beam was tested in 

third-point flexure. This method placed the cold joint in the region of 

maximum moment and presented a severe loading situation for the joint. The 

plane of failure was noted for each beam along with the maximum failure 

load. 
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A U-inch cube was sawed from each half of each broken flexure beam and 

oven-dried to a constant weight. The densities of the cubes were then de¬ 

termined in order to establish if density variations between the two lifts 

of concrete were influencing the failures of the beams. Compressive 

strengths of each cube were also determined in accordance with ASTM C513* 

3.3 ULTRASONIC PULSE VELOCITY TESTS 

Ultrasonic pulse velocity equipment and tests were in accordance with 

CRD-C 51-68, "Tentative Method of Test for Pulse Velocity Through Concrete." 

All samples were 6-inch-diameter by 12-inch-(normal) high cylinders that 

were continuously bag-cured with interruptions in curing occurring only for 

the few minutes required to obtain a pulse velocity reading at a given age. 

Velocities were determined for all pulse velocity samples at ages of 3, 7» 

14, 28, and 60 days and also at 90 and I80 days for concrete samples made 

with water-cement ratios of 0.86 and O.96. 

3.4 RATE-OF-HARDENING TESTS 

Rate of hardening of the cellular concrete was determined in accord¬ 

ance with CRD-C 68-69, "Time of Setting of Concrete Mixtures by Penetration 

ResJ tance," with the exceptions that none of the specimens were consoli¬ 

dated by mechanical means and that the minimum spacing between penetration 

points was 2 inches. Specimens of concrete made at water-cement ratios of 

O.76, 0.86, O.96, and I.06 with nominal densities of 23 , 32 , 39» and ^3 pcf 

at each water-cement ratio were evaluated at varying time intervals to 

90 hours total elapsed time after batching. 

3.5 MODULUS OF ELASTICITY AND POISSON'S RATIO TESTS 

The modulus of elasticity and Poisson's ratio were determines in ac¬ 

cordance with CRD-C 19-66, "Static Young's Modulus of Elasticity and Pois¬ 

son's Ratio in Compression of Cylindrical Concrete Specimens." 

The test specimens were 6- by 12-inch cylinders with sawed ends so 

capping was not necessary. All specimens were bag-cured from the time of 

removal from the mold until tested. The curing of each specimen was in¬ 

terrupted for a few hours at 24 days of age for the instrumenting of the 
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specimen with electrical-resistance strain gages. Care was taken during 

instrumentation to prevent moisture loss from the specimens. Two 6-inch 

gages were mounted diametrically opposed in a vertical direction with two 

similar gages mounted circumferentially opposed at the midpoint of the 

specimen. After the gage installation, each specimen was returned to its 

curing bag where it remained until testing at 28 days age. With the excep¬ 

tion of the ends of each cylinder that were in contact with the testing 

machine, the curing bag remained around the specimen during test to prevent 

surface drying of the cylinder. When tested, each cylinder had a moisture 

content approximating that of the as-cast condition. Data were obtained in 

the form of stress-strain records for both sets of gages by using an X-Y 

recorder. 

3.6 TEMPERATURE STUDIES 

3.6.1 Adiabatic Temperature Rise. The adiabatic temperature rise of 

cellular concrete made with Type III cement (RC-560) with a water-cement 

ratio of 0.86 and a freshly mixed density of 43.9 pcf was determined in ac¬ 

cordance with CRD-C 38-66, "Method of Test for Temperature Rise in Con¬ 

crete," with the exception that the concrete was not vibrated when placed. 

3.6.2 Mixture Water Temperature Study. Because of the expense in¬ 

volved in conducting the quantitative adiabatic tests, a sinqpler but quan¬ 

titatively less accurate test was used to obtain qualitative heat develop¬ 

ment results that would reflect the general effects of varying the mixing 

water temperature. 

Eight thick-walled polystyrene picnic coolers were used as both the 

container and insulator for the concrete. Each cooler was filled with one 

batch of concrete. Each batch of concrete was a different combi'ation of 

the cement type and mixing water tenperature variables. Using thermometers, 

two concurrent temperature measurements were made in each cooler at points 

near the center of the concrete mass. The measurements were made at vari¬ 

ous time intervals through 15 hours total elapsed time. 

3.6.3 Lift Heat Effects. This test was designed to produce qualita¬ 

tive results relating to the effects of the heat generated in a hardened 

lift of concrete on the tenperatures developed in fresh cellular concrete 



placed on the surface of the hardened concrete. 
Two 2-foot cubes of concrete were cast, each cube being coetposed of 

two 1-foot lifts. Three thermocouples were placed ln eadh lift. In each 

cube, the first thermocouple was placed 1-1/2 inches below the top surface 

of the lift and at the center of the horiiontal area of the lift. The 

second and third thermocouples were placed directly below the first but at 

depths of 6 and 10-1/2 inches below the lift surface, respectively. The 
concrete placed in each lift was not vibrated. After placing the concrete 

in the first lift, the thermocouples in that lift were monitored to deter¬ 

mine the heat development in the lift. After initial stiffening of the 
first lift had occurred, the second lift was placed and its thermocouples 

were monitored along with the first lift thermocouple nearest the Joint be¬ 

tween the two lifts. The heat development as indicated by these thermo¬ 

couples was measured until it appeared to reach peak values and began to 

decline. 
-).6,4 Allaient Air Tesccraturc Effects. Three 6- by 12-inch cylinders 

were made from each of four different densities of cellular concrete. Im¬ 

mediately after casting, one cylinder from each density was placed in air 
temperatures of 80, 100, end 120 F and allowed to harden. After 24 hours 

curing, one-half of the cylinder mold was removed and the amount of damage 

to each cylinder noted. 

3.7 LIFT HEIGHT STUDY 

TVo columns of cellular concrete were placed and sançled to determine 

the variation in density of the concrete with increasing lift height. The 
first column was cast in a 6-inch-inside-diameter by 30-foot-long plastic 

pipe (Figure 3-7). The pipe was plugged on the lower end and placed in a 

9-inch-inside-diameter cased hole in the ground. Concrete with a unit 

weight of 32.4 pcf and a water-cement ratio of 0.86 was pushed into the 
pipe through a 50-foot-long, 2-inch-inside-diameter plastic hose. Pumping 

was done with an open-throat, positive displacement pump. The end of the 

discharge hose was kept at a distance of approximately 1 foot from the 
freshly placed concrete surface with the hose being continually withdrawn 

from the pipe during placing. 
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nie concrete vaa allowed to harden and cure for 3 days at which time 

the annulua between the hole casing and the pipe was gradually filled with 

water, nie water caused the pipe to be displaced and float out of the 

casing. As the pipe moved out of the casing, sections of the pipe approxi¬ 

mately 12 Inches long were cut off and Immediately measured and weighed. 

Twenty-nine sections were obtained. At a later date, the concrete in each 

section was removed and the weight of the pl&itic pipe determined. By sub¬ 

tracting this weight from the original weight measurement that included the 

pipe, the density of the concrete in each section was calculated. 

Hie second column was cast in a 48-inch-diameter by 16-foot-long cor¬ 

rugated culvert pipe (Figure 3*8). The cellular concrete mixture had a 

unit weight of 31*8 pcf. Hie pumping equipment and procedures were the 

same as for the 30-foot column. After hardening and curing for 3 days, 

3-foot sections of the corrugated pipe were removed from top to bottom of 

the pipe and 1-foot-thick slices were cut from the exposed concrete by 

means of a chain saw. Each slice was immediately quartered with an 8-inch 

cube being cut from the center of each quarter by a diamond saw. Hie weight 

and measurements of each cube were determined immediately after cutting. 

Cutting was done without the use of water or oil so as not to change the 

density of the concrete through the addition of some fluid which might have 

ueen absorbed. Hie average density of the four cubes from each slice was 

reported as the as-cast density of the concrete at that point. The cubes 

were then oven-dried, and the oven-dry density of the concrete was obtained 

so as to get an indication of moisture variations in the column. 

3.8 MOISTURE STUDIES 

3.8.1 Saturation Study. Five 6- by 12-inch cylinders were used to 

determine the amount of available voids in a selected design of concrete 

that could be filled with free water. Hie 28-day bag-cured and oven-dried 

densities of the concrete were 51 and 33 pcf, respectively. 

Each cylinder, in the bag-cured condition, was placed in a pressure 

pycnometer (Figure 3.9)* The pycnometer was filled with measured amounts 

of water until it contained a specified volume of material (specimen plus 

water). Hie water cosqpletely covered the specimen. Pressure was then 



applied gradually to the surface of the water, thus forcing the water into 

the specimen. Additional measured amounts of water were continually added 

to the pycnometer to maintain a constant filled volume as the water in the 

pycnometer was forced into one specimen. When a pressure of 1,200 psi was 

reached, no additional water could be added to the system, thun indicating 

saturation of the specimen. The amount of voids available for filling by 

water was determined from the volume of water forced into the specimen plus 

the volume of water initially in the specimen (bag-cured weight minus oven- 

dry weight divided by 62.3). During the buildup to 1,200-psi water pres¬ 

sure, the amounts of water forced into the specimen at pressures of 50, 150, 

300, and 600 psi were also noted. 
3.8.2 Flow and Erosion Tests. A low-head, unlimited reservoir perme¬ 

ability unit (Figure 3-10) was used to determine the water flow character¬ 

istics and erosion possibilities of the cellular concrete. The unit, as 

used, tested six 6- by 6-inch test cylinders simultaneously at pressure 

heads that were determined by the head losses through the system. 

Each specimen was bag-cured 28 days before being placed in a specimen 

container (Figure 3.11). The specimen container was constructed from a 

standard 6- by 12-inch concrete cylinder mold that was held between two 

8- by 8- by l/U-indi-thick steel plates by means of four bolts. Rubber 

gaskets were used as seals between the container and end plates. A 1-inch 

nipple was welded in the center of the top plate for connection to the 

water reservoir. A deflection flange was placed directly under the nipple 

opening to prevent surface erosion of ¿he specimen by water coming into the 

container. The bottom plate had a 1-inch-diameter hole in its center to 

allow water passing through the concrete to discharge from the container. 

Immediately after removal from the curing bag, the peripheral area of 

the cylinder was given an initial coating of vinyl-based sealer and the 

specimen was replaced in the curing bag. Approximately 4 hours later, a 

second coat of sealer was applied over the first; and before it could 

harden, the specimen was placed in the bottom half of the split-trailed 

specimen container that was then tightly closed about the specimen to pre¬ 

vent leakage. Molding clay was used to seal the top edge of the specimen. 

The water reservoir consisted of an elevated barrel of a constant 

36 



volume. Tut barrel waa continually filled with water, with an overflow 

outlet at the top of the barrel providing a constant water level in the 

barrel. Outlets at the bottom of the barrel provided the source of water 

for the test specimens. 

Wie bottom of each specimen container was immersed in water contained 

in a metal trough (Figure An overflow was provided in the trough to 

maintain the water level in the trough at a constant level. The overflow 

was constructed so it would allow the collection of overflow water. 

After the specimen was in place in the container and the hoses from 

the reservoir to the container were connected, water was allowed to flow 

through the system with any air in the system being bled off through a 

bleeder tube. Wie head on each specimen was determined from piezometer 

tubes. After 13 minutes of flew time, the initial flew determination was 

made by collecting the overflew water in a Known volume container and meas¬ 

uring the time it took to collect it. The water saiqple was also used to 

determine total solids cf the water passing through the specimen. Addi¬ 

tional measurements of the same type were made over the duration of the 

test. Wie total elapsed flow time did not exceed 80 hours for any test. 

3.8.3 Surface Sealer Tests. A falling head permeameter was used to 

determine the effectiveness of various types of surface sealers. By plac¬ 

ing a known head of water on a sealed concrete surface and then measuring 

the loss of head with time as the water passes through the sealed surface, 

an indication of the sealers' effectiveness can be obtained. 

The permeameter was constructed by placing a 6-inch-inside-diameter by 

6-foot-long Plexiglas pipe on the cealed surface of an 18-inch cellular 

concrete cube (Figure 3*12) • The concrete had a freshly mixed density of 

31 pcf and water-cement ratio of I.06 by weight. Ten cubes were cast and 

cured 7 days in the wooden forms in which they were cast. The exposed top 

surface of the concrete was covered with a polyethylene sheet during curing 

to prevent drying. On the seventh day, the polyethylene sheet was removed 

and surface irregularities of the concrete were scraped off. The coating 

was then applied over the entire surface and allowed to dry for 3 days. 

The coating thickness varied from material to material because of the 

widely different consistencies of the various material sealers. 
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Manufacturers' guidelines for coating application were followed when pro¬ 

vided. In all cases only one coat was applied. The average thickness of 

the paraffin and cement slurry coatings was approximately l/l6 inch. 

After the coating had dried for 3 days, the bottom of the wooden form 

was removed and the cube with the side forms still on was placed on wooden 

supports in a large tank as shown in Figure 3.12. The tank was filled with 

water to the level of the top surface of the concrete, with an outlet pro¬ 

vided in the tank to maintain that level. The vertical Plexiglas pipe wa:3 

centered on the block and sealed around the outer edge with modeling clay 

to prevent water leakage. The pipe was then filled to its top with water 

and the test observations were immediately begun. The filling of the pipe 

took approximately 2 minutes. Care was taken not to erode or damage the 

sealed surface during filling. 

Water-level determinations were made visually using a tape measure 

affixed to the pipe. The total elapsed time at which any given water level 

was observed was measured with a stopwatch and referenced to the time at 

which the pipe was completely filled. 

The same procedure was used for all nine sealers. The control block 

(no sealer) was evaluated at 10 days age using the same procedures. 
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Figure 3.2 Slow-loading constrained 

compression test configuration. 
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Figure 3**+ Tÿpical test record for a 
rapid-loading test. 
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FRONT VIEW SIDE VIEW 

a. JOINT SCRIBER 

Figure 3.5 Joint scriber and scribe pattern 



Figure 3.6 Horizontal joint study sampling schedule. 
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Figure 3.11 Specimen container. 
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Figure 3«12 Sealer study falling head permeameter. 
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CHAPTER U 

TEST DATA AND ANALYSIS PLAN 

4.1 CONSTRAINED STRENGTH DETERMINATIONS 

All measured loads were converted to stress in pounds per square inch 

of area of contact of the loading piston. The stress to yield strain is 

predominantly a congressional stress and from yield strain to 40 percent 

deformation is a combination of compressive and shear stresses. The defor¬ 

mation of each saoule was expressed as the amount of deformation per unit 

length of sample times 100 to equal percent deformation. Typical stress- 

deformation curves for the cellular concrete are shram in Figure 5.1. 

In order to describe the stress-deformation characteristics of each 

sample tested in constrained conpression, three values of stress are deter¬ 

mined. These values in pounds per square indi are: (a) yield stress , 

(b) average stress to 40 percent deformation õ0 , and (c) stress at 

40 percent deformation Oq^. The percent of deformation at which the 

average stress õQ ^ occurs is midway between yield strain and 40 per¬ 

cent deformation. Yield strain can be assumed to be approximately 2 per¬ 

cent when not specifically given. 

The values of yield strain €y , yield stress Oy , and stress at 

40 percent deformation o^q are obtained directly from the output records 

from each test. The average conpressive stress between yield strain and 

40 percent defomation for curves such as those shown in Figure 5.1 can be 

calculated by fiist determining the amount of plastic energy (nonrecover- 

able) Up absorbed per unit volume of material. The general case for de¬ 

termining the absorbed plastic energy is : 

U_ (4.1) 

where Up is equal to the area under the stress-deformation curve between 

the yield strain ey and 40 percent deformation e0 ^ . The average 

stress CTq<lK) to 40 percent deformation can then be expressed as: 
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« 

" *o.uo - ‘y 
(U.2) 

Various techniques con be used to determine U . Ttie stress- 

deformation records obtained from the constrained loading tests of this 

program were integrated by mechanical means. 

4.2 MODULUS OF RUPTURE DETERMINATIONS 

The flexural strength of concrete as determined from the third-point 

loading of simple beams (Test Method CRD-C 16) is characterited by a param¬ 

eter, R , called the modulus of rupture. When the fracture occurred within 

the middle third of the span length as it did for all the flexural strength 

test beams and horixontal joint beams in the study, the modulus of rupture 

was calculated as 

(M) 
.2 

BD 

where 

R - modulus of rupture, psi 

P » maximum applied load, pounds 

L » span length, inches 

B * average width of beam specimen, inches 

D = average depth of beam specimen, indies 

4.3 ULTRASONIC PULSE VELOCITY DETERMINATIONS 

The compressional wave velocity of concrete as determined from the 

ultrasonic pulse velocity test (Test Method CRD-C 5l) is characterized by a 

parameter, V , called the pulse velocity. It is determined singly as 

(4.4) 
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where 

f i; iirpi 'pt »l,rf* m ü i 1 t 'r;« T^rfr 

V ■ pulse voloclty, ft/sec 

L ■ path length, feet 

T ■ effective time it takes the pulse to pass through the specimen, 
secords 

4.4 MODULUS OF ELASTICITY AND POISSON'S RATIO DETERMINATIONS 

ïhe electrical resistance strain gages provided output for both ver¬ 

tical and circumferential strains. X-Y recorders were used to put the 

output in the form of stress-strain curves. By using each test record 

separately and the secant technique at 40 percent of the yield strength of 

the concrete as shown on the record being used, the modulus of elasticity, 

E , was determined. Poisson's ratio was determined at the same point. 

4.5 REGRESSION ANALYSIS 

Where a sufficient range of freshly mixed densitiee and characteriza¬ 

tion parameters associated with these densities existed for a particular 

cellular concrete water-cement ratio, a relation between the density and 

the test pf; meter was developed. This was done for the characterization 

values representing stress, modulus of rupture, ultrasonic pulse velocity, 

and secant modulus of elasticity. Inspection and analysis of the data in¬ 

dicated that the line-of-best-fit as determined by least-squares techniques 

for the relations developed could be expressed in most cases in the form of 

a curvilinear regression of the equation 

Y = aX* (4.5) 

where 

Y = characterization value (o, R, V, or E) 

X * freshly mixed density, pcf 

a,b » equation coefficients 

The graphical presentations of these relations include statistical 
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tolerance limits for the data. 111686 limits were 

standard error of the estimate* y * where: 

A (yi - y)2 

Sest,y " Lé n - 2 
1-1 

and 

established from the 

(•*.6) 

- observed dependent variable 

y - predicted dependent variable 

n - number of observations 

An expression of +2 SeBt y established statistical tolerance limits that 

enclosed the range within which approximately 95 percent of all future ob¬ 

servations can be expected to fall. 

4.6 DATA DICFERSION 

When a number of observations were made of particular test measure¬ 

ments involving specified test variables, the measure of dispersion used 

for those observations was the standard deviation of a single observation. 

It was calculated as 

(^.7) 

where 

s(x) * standard deviation of a single observation 

X = observed dependent variable 
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CHAPTER 5 

TEST RESULTS 

5.1 CONSTRAINED COMPRESSION TEST RESULTS 

5.1.1 Slow-Loading Test Results. Each test produced a stress- 

deformation record similar to those shown in Figure 5.1. The curves in 

Figure 5.1 are typical of those obtained over the range of densities at 

each water-cement ratio. Using the stress characterization values, a rela¬ 

tion between density and stress for each water-cement ratio was obtained. 

These relations are summarized in Table 5«1 and are shown graphically in 

Figures B.l through B.I5. Summaries of the curvilinear regressions for 

each characterization stress are shown in Figure 5.2. 

5.1.2 Rapid-Loading Test Results. The stress-deformation curves were 

obtained by combining, on a conmon time basis, the two traces from each 

oscilloscope photograph. In each case, the resulting stress-deformation 

curve had the same general shape as the curve obtained from the slow-loading 

test of a companion specimen (see Figure 5.I). The characterizing stress 

values were different, however, and were used to develop the stress-density 

relations shown in Figures B.I6 to B.27* These relations are summarized in 

Table 5.I and in Figure 5.3. 

5.1.3 Multiple-Shot Loading Test Results. Four cylinders each at 

densities of 21 and 45 pcf, and five cylinders each at densities of 29.5 

and 40 pcf wero evaluated. All the concrete had a water-cement ratio of 

0.86. The stress-deformation curves were derived from oscilloscope records 

and were combined for each density so as to obtain an average stress- 

deformation curve for that density. The average curves for all four den¬ 

sities are shown in Figure 5.4. 

5.2 FLEXURAL STRENGTH TEST RESULTS 

5-2.1 Moiulus of Rupture Test Results. A total of I80 flexure beams 

were tested. Concretes with water-cement ratios of O.76, 0.86, O.96, and 

I.06 were evaluated with the number of beams for each water-cement ratio 

being 51, 44, 51, and 34, respectively. The beams for each water-cement 

ratio represented 11 batches of concrete with the exception of the 
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1.06 water-cement ratio where only 8 batches were made. 

The results of the modulus of rupture determinations were related to 

the freshly mixed density and are shown in Figures B.28 to B.31* A summary 

of the regression analyses for this data is shown in Figure 5»5 and 

Table 5-2. 

5.2.2 Horizontal Joint Test Results. A summary of the horizontal 

joint teat results is shown in Table 5-3- In the few instances where data 

omissions occur, the samples from those blocks were not suitable for test¬ 

ing. One entire block (for the moist-cured, unprepared surface variables) 

did not have any satisfactory samples. 

None of the joint beams experienced a failure across the joint. Oniy 

one of the fifty beams tested did not fail in the concrete from the lower 

lift. 

5.3 ULTRASONIC PULSE VELOCITY TEST RESULTS 

A total of 172, 6- by 12-inch cylinders were tested. Concretes with 

water-cement ratios of 0.66, 0.?6, 0.86, and O.96 were evaluated with the 

number of cylinders for each water-cement ratio being 36» 36, U8, and 52, 

respectively. The cylinders for each water-cement ratio represented 12 

batches of concrete. In most instances, the ultrasonic pulse velocity was 

determined for each cylinder at ages of the concrete of 3» 7» I1* » 28, and 

60 days. The 0.86 and O.96 water-cement ratio concrete cylinders were also 

evaluated at 90 and 18O days age. 

Ultrasonic pulse velocity versus freshly mixed density relations were 

developed for each water-cement ratio and concrete age and are summarized 

in Figures 5.6 and 5.7* The line-of-best-fit in each case can be repre¬ 

sented by the relation X » aXb . A summary of the regression coefficients 

and related statistical information is given in Table 5.4. The effect of 

water-cement ratio on the pulse velocity for the range of densities evalu¬ 

ated at 28 days age is shown in Figure 5*8. 

5.4 RATE-QF-HAHDENING TEST RESULTS 

One sample each from concretes with water-cement ratios of O.76, 0.86, 

0.96, and I.06 and nominal densities of 23» 32 , 39» •ßd 43 pcf at each 
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water-cement ratio was evaluated. The resulting penetration resistance 

versus elapsed time curves (from the time the water in the mixture first 

came in contact with the cement) for each sample are shown in Figures 5-9 

and 5.10. The median value of the freshly mixed density for the four 

batches representing each nominal density is also indicated along with the 

variation in density that occurred. 

5.5 MODULUS OF ELASTICITY AND POISSON'S RATIO TEST RESULTS 

Modulus cf elasticity and Poisson's ratio determinations were made for 

concrete with nominal densities of 23, 32, 39, and 43 pcf each at water- 

cement ratios of 0.66, O.76, 0.86, and 0.96. One batch of concrete at each 

density and water-cement ratio provided the specimens for those variables. 

A summary of the data is shown in Table 5-5* The modulus was determined 

using the secant technique at 40 percent of the yield strength of the con¬ 

crete cylinder being tested. Poisson's ratio was determined at the same 

point. 

Relations between the freshly mixed density at 28 days age and the 

secant modulus at the same age are shown for each water-cement ratio in 

Figures B.32 to B.35 and are summarized in Figure 5»11 and Table 5*6. The 

line-of-best-fit for the limited amount of data available was in the form 

Y = aX*3 in each case. 

5.6 TEMPERATURE STUDY RESULTS 

5.6.1 Adiabatic Temperature-Rise Results. Three batches of concrete 

were used to fill the adiabatic container. The concrete had an average 

freshly mixed density of 43.9 pcf and a cement content of 6.78 bags/cu yd. 

The temperatures of the mixture ingredients and resulting concrete at time 

of placement are shown in Table 5 «7 • 
The adiabatic tenperature development curve for the concrete is shown 

in Figure 5.12. Testing was terminated at 213 F because of the possibility 

of equipment damage due to the increasing water vapor pressure in the 

concrete. 
5.6.2 Mixture Water-Temperature Results. The initial tençeratures of 

the mixture ingredients and the temperature of the concrete when placed are 



shown in Table 5.?. The temperature development curves for concretes made 

with mixing water temperatures of 40, 60, 80, and 100 F for both ^ype I 

(RC-554) and Type III (RC-560) cement are shown in Figure 5.13* 

5.6.3 Lift Heat Effects Results. Hie concrete, made with both Type I 

(RC-554) and Type III (RC-560) cement, had a water-cement ratio of 0.86 

with average (for both lifts) freshly mixed densities of 36.8 and 35.2 pcf, 

respectively, and cement contents of 4.75 and 4.95 bags/cu yd, respectively. 

The heat development curves for both lifts of both mixtures are shown in 

Figure 5.14 in the form of a temperature increase from the initial placing 

temperature versus elapsed time from initial placing of each lift. Peak 

tenperatures of 170 and 182 F occurred in the bottom of the second lifts 

for the Type I and Type III mixtures, respectively. 

5.6.4 Ambient Air Temperature Effects. The concrete was made at nom¬ 

inal densities of 23, 32, 39, and 43 pcf, all with a water-cement ratio of 

0.86 by weight. The measure of damage due to the increased curing tempera¬ 

ture was by visual inspection and resulted in only qualitative comparisons. 

These comparisons can be made from the photographs in Figures 5.15 and 5-16. 

5.7 LIFT HEIGHT RESULTS 

Figure 5.17 shows the hardened densities for both lift heists as func¬ 

tions of the depth of concrete in the lift. In the as-cast condition, the 

density appeared to vary approximately 7 pcf in a l6-foot lift and approxi¬ 

mately 20 pcf in a 30-foot lift. The first l6 feet of the 30-foot lift 

showed a density change of approximately 12 pcf. Hie amount of evaporable 

water in the l6-foot lift appeared to be a fairly uniform amount over the 

entire lift height, varying from approximately 11 pcf near the top of the 

lift to 13 pcf at the bottom. 

5.8 MOISTURE STUDY RESULTS 

5.8.1 Saturation Results. Hie saturation data for the five cylinders 

evaluated were averaged and are presented in Figure 5.I8 as the relation 

between available void space filled and water pressure. No measurable 

amounts of water, as dictated by the degree of sophistication of the 



pycnometer, could be forced into the specimens after a water pressure of 
1,200 psi was reached. 

^.8.2 Flow and Erosion Test Results. Two specimens each of concrete 
with water-cement ratios of 0.?6, 0.86, and O.96 and nominal freshly mixed 

densities of 23, 32, and ^3 pcf, respectively, were tested. All specimens 
were bag-cured 28 days before testing. 

ttie waterhead was determined at any given time by the varying losses 

in the system. The densities of 23, 32, and 43 pcf had average heads of 

5.IO, 6.09, and 6.6I feet, respectively, over the test time period and 
range of water-cement ratios used. 

The results of the flow portion of the tests are shown in Figures 5.19 
and 5.20 for the 23- and 32-pcf concrete, respectively. The total flow 

time was approximately 50 hours for the 23-pcf concrete and 80 hours for 

the 32-pcf concrete. No flow was observed for the 43-pcf concrete. 

The results of the erosion portion of the test are shown in Figures 
5.21 and 5.22 for the 23- and 32-pcf concrete, respectively. The average 

total solids in the tap water prior to its passing through each specimen 
was 333 ppm. This determination and the other total solids measurements 
were made by evaporating the water samples at 194 F and drying the residue 
at 210 F. 

5.8.3 Surface Sealer Test Results. The results of the sealer study 

are shown in Figure 5*23 in the form of a waterhead-time relation. The 
sealers shewing little reduction in head with time can be considered as 

being more effective than those that show a rapid head loss with time. 

The reference numbers in Figure 5.23 correspond to the following sealer 

types: (1) no sealer, (2) styrene-butadiene product, (3) two-component 
epoxy thinned with a volatile solvent, (4) paraffin-resin mixture, 

(5) liquid latex, (6) vinyl based liquid-type solvent, (7) asphalt, (8) la¬ 

tex wall paint, (9) neat Type III cement slurry, and (lO) hydraulic cement 
slurry. 
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TABLE 5.2 SUMMARY OF MODULUS OF RUPTURE VERSUS FRESHLY MIXED DENSITY, COR¬ 
RELATION REGRESSION COEFFICIENTS, R = a(d)b +2 S , psi 

- est,y 

Water- Freshly 
Cement Mixed 
Ratio Density 

Reuige 

No. of Regression Standard Correlation 
Samples Coefficients Error of Coefficient 

--^-£— the Estimate 

Sest,y 

pcf 

0.76 23 to 42.8 51 

0.86 23 to 43 44 

O.96 22 to 43 51 

I.06 23 to 42 34 

2.740 X 10”3 2.665 

6.983 X 10-4 2.970 

6.569 X 10"4 2.962 

-4 
7.022 X 10 2.930 

5.2 

4.0 

4.7 

2.9 

O.953 

O.971 

0.969 

0.979 
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TABLE 5.6 SECANT MODULUS OF EIASTI CITY 
E - a(d)b +2 S 

est,y 

VERSUS HARDENED DENSITY RELATION. 

All concrete made with Foaming Agent M and evaluated at the as-cast 
moisture condition. 

^ater- No. of Density a b S . Correlation 
Cement Specimens Range 63 ,y Coefficient 
Ratio 

0.66 19 
0.76 17 
0.86 20 
O.96 19 

pcf 

22.8 to 43.2 O.GOO23 
23.6 to 43.8 O.OO797 
23.6 to 43.O 0.00449 
23.2 to 43.O O.OO914 

3.637 14.15 
2.623 9.90 
2.765 6.70 
2.507 6.10 

0.993 
O.990 
O.992 
0.9Ö3 

TABLE 5.7 SUMMARY OF TSMPERATURF-RISE STUDY BATCHING DATA 

Cement Round Water- Freshly 
No. Cemen t Mixed 

Ratio Density 

Type I 1 
(RC-566) 2 

3 
4 

Type III l 
(X-567) 2 

3 
4 

pcf 

0.86 35.6 
0.86 35.2 
0.86 35.0 
0.86 33.6 

0.86 37.6 
0.86 36.8 
0.86 35.6 
0.86 36.4 

Adiabatic Test: 

Initial Temperature, 

Water Cement Slurry 

40 65 50 
60 65 64 
80 65 82 

100 65 94 

40 65 45 
60 65 65 
80 65 8l 

100 65 95 

Type III Avg of 0.86 43.9 k2 
(RC-567) three 

batches 

50 

Concrete 

58 
67 
80 
92 

58 
69 
82 
92 

52 

65 
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Figure 5.2 Summary of stress versus freshly 
mixed density relations, slow-loading tests, 
28-day strengths 
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a. YIELD STRC8S 

Figure 5.3 Summary of stress versus freshly mixed den¬ 
sity relations fo: rapid-loading tests, 28-day strength. 
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Figure 5*5 Summary of the modulus of rupture versus 
freshly mixed density relations. 
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o, WATER-CEMENT RATIO 

Figure 5.6 Summary of ultrasonic pulse velocity versus freshly 
mixed density relations for water-cement ratios 0.66 and O.76. 
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Figure 5-7 Summary of ultrasonic pulse velocity versus freshly 
mixed density relations for water-cement ratios 0.36 and O.96. 
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rigure 5.8 Sunnary of ultrasonic pulse velocity versus freshly mixed 
density relations shoving effect of vater-cemtnt ratio, 28 days age. 
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Figure 5.9 Penetration resistance versus time relations for 
23“ and 32-pcf nominal density concretes. 
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Figure 5.10 I^netration resistance versus time relation for 
39- and 43-pcf nominal density concretes. 
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Figure 5.U Summary of secant modulus of elasticity 
versus freshly mixed density relations. 
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Figure 5.13 Effect of nrlxture water tençerature on 
early-age heat. 
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Figure 5*lU Fffect of hydration heat on adjoining 
lifts of concrete. 
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a. Top view.

b. Side view.

Figure 5.15 Effect of 100 F air-curing tenperature.
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b. Side view.

Figure 5«l6 Effect of 120 F air-curing temperat\ire
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Figure 5.17 Effect of lift height on concrete density. 
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Figure 5*19 Flow data for 23-pcf concrete. 
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Figure 5.20 Flow data for 32-pcf concrete. 
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Figure 5.22 Erosion data for 32-pcf concrete. 
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CH -PTER 6 

DISCUSSION OF TEST RESULTS 

6.1 CONSTRAINED STRENGTH-DEFORMA”ION CHARACTERISTICS 

6.1.1 Slow-Loading Rcaulta. Ab shewn in the typical constrained 

stress versus deformation curves in Figure 5.1» the cellular concretes 

studied have a curve shape STproximating that considered to be better for 

an efficient backpacking material (Reference 2). In most cases, the slopes 

of the initial (elastic) portion and the crushing (plastic) portion of the 

curves increase with increasing densities. locking of the curves generally 

did not begin to occur until after 40 percent deformation was reached; but 

in a few instances involving the higher density, higher strength concretes, 

the locking regia« may have begun between 35 and 40 percent deformation. 

The start of the locking, in these cases, was not as distinct as that ob¬ 

served for lower densities. 

Cellular concrete is limited as far as strength is concerned by the 

inherent strength of its constituents and by the formulations necessary to 

produce the desirable characteristics of a backpacking. Neat cellular con¬ 

crete is basically a hardened cement paste with a large void content. For 

the purposes of this study, porosity, n , will be defined as the volume of 

these voids divided by the total volume of the concrete where the voids 

consist of the pores in the cement paste (both gel pores and capillary 

pores) plus the entrained and entrapped air voids. 

Numerous investigators have related the strength of hardened cement 

paste to porosity either directly or indirectly. As shewn in Reference 6 

it was found that: 

S - 120,000 - 3,600 (6.1) 

where S is strength of the hardened paste and VJB is the constant in the 

BET surface area equation. is proportional to the surface area of the 

cement gel, Which in turn is proportiona.'. to the amount of cement gel. 

W is the original water content after bleeding. It was later suggested 

in References ? and 8 that the strength of the hardened paste could be 
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empirically related to a volume of gel/epace ratio by a power function 

where: 

s . 30(X)b (6.2) 

where X ■ gel/epace ratio and could include the effects of entrained and 

entrapped air (Reference 8) and b varied somewhat but was approximately 

equal to three. 

As shown in Reference 9» it was found from experimental evidence that: 

3 - V1 - V*'7 (6.3) 

Where Vp is the porosity. Based on a single geometric model, it was sug¬ 

gested in Reference 10 that: 

(6.4) 

It was suggested in Reference 11 that the du‘■a for strength as given 

in Reference 6 be plotted against (W - W ) - W , i.e., the original water 
O at © 

content less the nonevapor able water content, where W is more closely 
© 

related to porosity than V^/W . As shown in Reference 11, it was then 

found that: 

8-(1- We)6 (6.5) 

and it was further speculated that the strength of hardened cement paste 

could be approximated as: 

(6.6) 

In all of the above cases, it is readily obvious that a decrease in 

porosity will reflect an increase in the strength of the paste. 

For backpacking design purposes, a suggested approach is to relate 

the desired strength to the porosity of the cellular concrete which, in 
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turn, i* » function of the vater-cement ratio, concrete denaity, and spe¬ 

cific gravity of the cement. Ihis provides some latitude in the selection 

of a cellular concrete design for a particular requirement. 

Using the notation of Section 2.2, the volume of water in the concrete 

will be considered as being composed of both evaporable and nonevaporable 

water (Reference 12), that is: 

♦ V nw (6.7) 

where 

V ■ volume of evaporable water 

V « volume of lunevaporable water 
nw 

The space left n the concrete after the evaporable water leaves is con¬ 

sidered as void space. The theoretical porosity, n , for a neat cellular 

concrete, as defined above, is then: 

n (6.8a) 

(6.8b) 

V + Y ♦ V 
*c nw V 

The density expression: 

Wt 
4--è 

w + w 
c w 

(6.8c) 

c Vt 
(6.9) 

can be rewritten in terms of water-cement ratio and specific gravities to 

be: 

(1 ♦ h)W„ 
« Vc+Vnw+Vv 

(6.10a) 
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(6.10b) 
(1 * “»Ve’» 
V + V + V 
c nw V 

«here 

Pc " «pecific gravity of the cement 

7m ■ unit weight of water 

The volume of voids is then expressed as: 

VV ■ rf1 * k)vcpcr* • 4c(Vc + Vm,)] 

Using an average value of 0.20 for the ratio of hydration water to 

by weight ( Reference 12) 

or 

^P-0.20 - 
Wo Wc 

V_ » 0.20 p V 
nw wc c 

Equation 6.11 can then be written as 

[< 1 ♦ ‘OW,, - dc(Vc * 0.20 pcvc5] 

V 

■ r L(1 +11V* - 4c(1 * o-20^)] c 

Substituting in Equation 6.8a, 

Vc [(1 + 1 + 0-202,.)1 

“■‘c 

[a * »p.r, - dji > 0.20po)1 

vc (l + k)Wc A 

[U * - 4CU * 0»20pc)] 

c ''c^1 + k)2crw 

(6.11) 

cement 

(6.12) 

(6.13) 

(6.1U) 
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n 1 - 
dc(l + 0.20pc) 

imnvv 
(6.15) 

Equation 6.15 is the expression for the theoretical porosity of the cellu¬ 

lar concrete in terms of density, water-cement ratio of the freshly mixed 

concrete, specific gravity of the cement, and the unit weight of water. It 

has been assumed in this development that the specific gravity of water is 

unity. 

Using the values of specific gravity for the Type III cement of this 

study and a unit weight of water of 62.3 pcf, Equation 6.15 can be ex¬ 

pressed as 

0.00834d„ 

(1 - n) = 
1 + k 

(6.16) 

In relating the constrained strength of the cellular concrete, as 

measured in this study, to porosity, only the yield stress should be con¬ 

sidered as it is basically a compressive stress whereas past the yield 

point the stresses are more complex, being functions of both compressive 

action and punching shear. These complex stresses may not relate directly 

to porosity. Backpackings are usually designed for an average crushing 

stress, that is, the average stress value of the crushing plateau of the 

stress-deformation curve. To relate porosity to this design value, the re¬ 

lation between Oy and Oq j^q must be known. The stress-density rela¬ 

tions of Table 5.1 suggest that for a common density, the two stress values 

are related in a power function form of 

J0.40 (O B (6.17) 

where B = Eq ^q/1> and a 
0.40 y . In analyzing the relation between oy 

in the form ãQ = a(Oy)b for each water-cement ratio, correlation co¬ 

efficients between O.96 and O.99 were obtained. Comparing the regressions 

obtained in each instance, it was found that statistically they were not 

significantly different, thus indicating an independence from the influ¬ 

ence of water-cement ratio. By being independent, all the data were then 

: . 
;.'„1,S .5 ailui.d.JUâÊtâtÁ 
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combined and analyzed with the resulting relation of 

- 1.109(o )1,008 + 76 psi 
* (6.18) 

at the 95 percent statistical tolerance limits. The correlation coeffi¬ 

cient was O.97I. For the sake of simplicity, Equation 6.18 can be approxi¬ 
mated as 

(6.19) 

The data for the 525 constrained slow-loading tests are shown in Fig- 

Tire 6.1 in the form of a yield stress versus theoretical porosity plot. A 

separate least-squares regression analysis of the data for each of the water- 

cement ratios indicated that the line-of-best-fit in each instance was in 

the form 

ay “ ao(l ‘ n>b (6.20) 

where the coefficients aQ and b varied somewhat between each water- 

cement ratio. Statistically, however, the lines-of-best-fit were not sig¬ 

nificantly different from each other. Correlation coefficients varied be¬ 

tween 0.9^ and O.98. The relation for all the data together can be approx¬ 

imated by the expression 

a = 42,000(1 - n)3 (6.21) 

where the 95 percent statistical tolerance limits are at +81 psi and the 

correlation coefficient is O.94. 

Combining Equations 6.1? and 6.17, the yield stress can be expressed 

as a function of the two principal variables, i.e., water-cement ratio and 

freshly mixed density, plus the specific gravity of the cement, where 

ay " a° (l + k)pc7w 

dc(l + 0.20pc) ]b 

(6.22) 

91 



or 

/ dc \b ¡X * o.aod.V’ 

°y ” °o \ PerB y (6.23) 

From Equations 6.I6 and 6.I8 6.18 

(6.24) 

Equation 6.24 is shown graphically in Figure 6.2. The relations between 

d^(1 + k) and the freshly mixed density, dc , are shown in Figure 6.3. 

Using these two figures together, along with Equation 6.19* » starting 

point in the design of a neat cellular concrete for particular backpacking 

requirements of density and strength can be obtained. 

The curve in Figure 6.1 represents the results from a particular ce¬ 

ment. Other cements may produce slightly different results. A possible 

approach to a more universal design curve for all cements if to put Equa¬ 

tion 6.23 in the form 

Reasonable limits of specific gravity for portland cements are from 3.1 to 

3.2. The last term in Equation 6.25 varies then between (O.OO8388) and 

(0.008226)b , respectively. Assuming the value of b to be of the same 

order and magnitude as indicated in Equation 6.24, the specific gravity 

term can be assumed to be fairly constant for the practical range of spe¬ 

cific gravities, and hence 

(6.26) 

The value of the coefficient b for a wide range of cement brands and 

types should be determined by test. The data from the Type III cement of 

this study indicate that the value is approximately threu. As a third 

power function for a range of specific gravities, Equation 6.25 Is shown 
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in Figuro 6.4. This curve, together with Figure 6.3, may provide a design 

technique applicable to most portland cements. 

The range of densities and water-cement ratios used in this study i. 

not necessarily the limits of design that can be used to satisfy backpack¬ 

ing requirements. From practical considerations, however, the lower limit 

of density is approximately 18 pcf. It is also doubtful that water-cement 

ratios below 0.55 could be used without creating fabrication problems. The 

upper limits of density with respect to backpackirv, use are not so well de¬ 

fined. Densities of 60 pcf have been used (Reference 3) with very good 

success. Water-cement ratios above 1.0 (by weight) begin to create fabri¬ 

cation problems because of the excess of free water, which tends to destroy 

the stability of the preformed foam. 

6.1.2 Rapid Loading. The results of a rapid-loading test often pro¬ 

vide only qualitative results. Different loading systems, techniques, and 

rates will provide different test results for the same material. The 

rapid-loading test does provide twofold information, however. First, it 

does show if the material is strain and/or load rate sensitive; second, it 

gives sexué indication of the magnitude of load resistance that might be ex¬ 

pected. This is evident from the results shown in Figure A.8, Table 5.1, 

and Appendix C. The rapid-loading tests, as described in Section 3.1.2, 

might produce the response of cellular concrete at some reasonable distance 

from the origin of the shock wave producing the loading, while the results 

of Appendix C may pertain to very close-in loadings. 

By -umparing the two equation forms for slow and rapid loading (Table 

5.1) at a common water-cement ratio and density, a relation between the two 

in the form of 

/<, V V*. 

°r ■ *r (»;] (6-27) 

is produced where a and b are the equation coefficients of Table 5.1, 

a is any of the characterization stresses, and subscripts r and s in¬ 

dicate the rapid- and slow-loading cases, respectively. Comparing the 

average stress value, ^ , for the four water-cement ratios for which 

both slctf- and rapid-loading tests were conducted, it wts found that for 
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all practical purposes, the relation between or and oB was independent 

of che water-cement ratio. By combining all of the data an expression in 

the form 

a ■ 2.62<j0.9 (6.28) 
r s 

resulted for the average stress characterization, • Equation 6.28 

is shown in Figure 6.5 and provides results that are within 10 percent of 

what might be determined for each water-cement ratio individually. It is 

shown in Equation 6.28 and Figure 6.5 that cellular concrete as tested by 

the IAHA is rate-sensitive and, as such, should be treated accordingly in 

the analysis of the response of backpacked structures. 

6.1.3 Multiple-Shot Loading Capability. If a backpacked structure 

survives the effects of its first shock loading and the deformations of the 

cavity walls are within the elastic strain region of the medium, the back¬ 

packing should retain almost all of its original potential. If the defor¬ 

mations of the cavity wall were such that partial closure of the cavity 

resulted, there would be a corresponding crushing of the backpacking. As¬ 

suming the backpacking does not lock under the initial loading and partial 

closure of the cavity, some of the potential of the backpacking theoreti¬ 

cally should be available for additional loading. This is eviderc in Fig¬ 

ure 5.8. For the range of densities studied at a typical water-cement ra¬ 

tio, the cellular concrete appears to have some multiple-siiot resistance 

capacity provided the initial loading does not completely crush the mate¬ 

rial. The test configuration approximates the situation where a piece of 

rock that has broken from the cavity wall is driven into the backpacking 

by the initial shock loading. The majority of the backpacking crushing 

takes place in a region adjacent to the area of rock-packing contact. With 

additional loading (second shot), the rock is driven further into the back¬ 

packing with additional crushing occurring. The backpacking can then ab¬ 

sorb many thrusts of the rock as determined by its remaining crushing capa¬ 

bility after each loading. The effects of the crushing of the backpacking 

due to liner movement should also be considered but is beyond the scope of 

this work. 
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It la doubtful that the cellular concrete will be able to rebound and 

regain any appreciable amount of its original volume as the forces in the 

cellular concrete would not be great enough to force and compact the walls 

of the cavity into some semblance of its original form. 

The curves in Figure 5.8 show that the cellular concrete achieves the 

same crushing stress plateau for both shots. The second shot, however, be¬ 

gins from a zero load point. After the initial loading, assuming partial 

closure of the cavity has occurred, it is unlikely that the backpacking 

would achieve its original state of stress before loading because of the 

dead load of rock mass it would now have to support. Given sufficient 

time, the backpacking would probably attempt to creep out from under any 

stress concentrations, thus resulting in a somewhat uniform stress through¬ 

out the material. The time it would tedie to accomplish this, if at all, 

would depend on the properties of the material in question. With an ini¬ 

tial stress simulating dead load in the cellular concrete, it is possible 

that the second shot crushing stress plateaus as shown in Figure 5.8 would 

have been somewhat higher. The manner in which the IAHA operates, however, 

did not permit this aspect of the multiple-shot loading to be evaluated. 

6.2 FLEXURAL STRENGTH 

6.2.1 Modulus of Rupture. Statistically, the modulus of rupture ver¬ 

sus density relations shown in Figure 5.9 for the 0.86, O.96, and I.06 

water-cement ratio concretes are not significantly different from each 

other. A trend toward higher moduli with decreased water contents for a 

given density is evident, however. A substantial increase in moduli is 

experienced when the water-cement ratio is reduced further from 0.86 to 

0.76. 

Previous information (Reference I3) has concluded that a reasonable 

range of ratios for flexural strength to compressive strength of cellular 

concretes is 0.2 to 0.33. Comparing the regression equations of Tables 

5.1 and 5.2, a ratio of 

•b 
y 

(6.29) 
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is obtained where the subscripts r and y denote the modulus of rupture 

and yield stress values, respectively. From Equation 6.29, the following 

ratios were obtained for a freshly mixed density range of 22 to 43 pcf. 

Water-Cement 

Ratio 

0.76 
0.86 
0.96 
I.06 

R Flexural Strength 

a m Yield Strength 
y ..... iiN—i 

0.16 to 0.33 
O.I9 to 0.21 
0.21 

O.I9 to 0.24 

These values, in general, appear to fall within the range of ratios usually 

associated with cellular concretes. 

6.2.2 Horizontal Joint Tests. One of the more significant results 

of the horizontal Joint tests was the fact that none of the flexural joint 

beams failed across the Joint. All of the beams except one fractured in 

the concrete of the lower (or first) lift. In general, the concrete den¬ 

sities, cube strengths, and flexural control beam strengths for the bottom 

lifts were less than the values obtained for similar specimens from the 

top (or second) lifts. In most instances, the corresponding values from 

both lifts statistically were not significantly different. Because the 

strength of the cellular concrete (Sections 6.1.1 and 6.2.1) is influenced 

by density, among other things, the lower values of compressive and flex¬ 

ural strength corresponding to the lower densities of the bottom lifts are 

not unusual. 

In all but one instance, the flexural strength of the joint beams is 

less than the flexural strength of the control beams from either lift. Be¬ 

cause the joint beams failed in the lower lift concrete, their strengths 

might be expected to be the same as the strengths of the lower lift con¬ 

trol beams. This is not the case, however. Observation of the bleeding 

characteristics of cellular concrete leads to the speculation that the 

difference in flexural strength for the same concrete is due, in large 

part, to the increased moisture content of the concrete near the surface 

of the lower lift. The excess mixture water in neat cellular concretes 

bleeds downward into the concrete. Because of the permeable nature of the 

concrete (Section 6.8), the bleed water from the top lift can pass 
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completely through the concrete, carrying with it some finer particles of 

cement. This "erosion" is not of the same magnitude as that discussed in 

Section 6.8. It occurs during the setting period of the concrete. Upon 

encountering the hardened Joint, some of the cement particles are deposited, 

thus reinforcing the Joint. The bleed water passes into the more mature 

concrete of the lower lift and is retained in the upper regions of that 

lift. This increases the moisture content of the top regions of the lower 

lift and reduces the tensile stresses that develop there as the concrete 

attempts to reach a moisture equilibrium while bag-curing. This condition 

lowers the flexural strength in the vicinity of the Joint. 

The average flexural strengths of the Joint beams having an air-cured 

Joint were 12.1 and 12.3 psi for the unprepared and prepared conditions, 

respectively. The average flexural strengths of the Joint beams having 

moist-cured Joints were 14.5 end 14.4 psi for the unprepared and prepared 

conditions, respectively. For both the moist-cured and air-cured joints, 

the effects of Joint roughness appear to be minimal with either roughness 

condition being adequate. The moist-curing of the lower surface of the 

Joint seems to provide seme benefits by increasing the flexural strength 

of the concrete in the top of the lower lift. The increase is not sig- 

nificar.t however. The presence of the Joint, in general, reduced the flex¬ 

ural strength of a beam by approximately 6 psi. While this is approxi¬ 

mately 30 percent of the strength of the control beams, the mignitude is 

such that the reduction in strength should not affect the overall perform¬ 

ance of a mass of cellular-concrete backpacking that contains horizontal 

cold Joints. 

In sunmary, for cellular concretes that will be used as backpacking, 

the presence of horizontal cold Joints does not appear to be a problem 

area. The benefits of surface roughness are minimal and the as-cast sur¬ 

face should suffice. The Joint appears to be stronger than the concrete 

in the immediate vicinity of the Joint with most flexural failures occur¬ 

ring in the weaker concrete. Curing of the Joint surface by covering with 

plastic shortly after casting as opposed to no special curing will improve 

the strength of the weaker concrete but not significantly. Addition of 

free moisture for curing is not desirable as it fills the voids needed 
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for the deformation capability of the concrete. Curing compounde have not 

been studied. 

6.3 ULTRASONIC PULSE VELOCITIES 

The curves in Figures 5.6 and 5.7 indicate that the compressional wave 

velocity of cellular concrete is continuing to increase with age of the 

concrete. The curing conditions of the specimens (Section 2.3) were such 

that no additional moisture was added to the concrete; hence the principal 

phenomenon occurring in the concrete was the formation of additional cemenc 

gel with subsequent decreases in free moisture and porosity. Increases in 

the freshly mixed density of the concrete as shown in Figures 5.6 to 5.8 

(at any given age or water-cement ratio) also produce increases in the com¬ 

pressions! wave velocity. Again the changing phenomenon is an increase in 

cement gel content. 

As the cement gel content appears to be influencing the magnitude of 

the compressional wave velocity, a definite relation between the two can 

probably be established. Equation 6.15 can be rewritten to represent the 

amount of cement gel present in a given cellular concrete. In the assump¬ 

tions "»»d«» to arrive at the form of Equation c.15, however, the degree of 

hydration of the cement at a given age with respect to complete hydration 

is not considered. Because a number of factors such as cement composition, 

fineness, and particle size will affect the amount of hydration products 

at a given age, for design purposes it is simpler to relate the wave ve¬ 

locities to something more definite such as the initial cement content of 

the concrete. The relations between compressional wave velocity and 

cement content for bag-cured neat cellular concrete at various ages are 

shown in Figure 6.6. A summary of the equation coefficients can be found 

in Table 6.1. The correlation between cement content and compressional 

wave velocity appears to improve with age. No reasonable correlation 

could be made for data obtained at 3 day» age. This la probably due to 

the smaller amounts of cement gel and the larger quantities of free mois¬ 

ture present in the concrete at early agus. The higher water-cement ratio 

concretes provided the most dispersion to the data at 3 days age. 

The effect of path length for the compressional waves was not studied. 
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The void size and distribution may result in longer path lengths as the 

wave travels around the voids, ühis way result in other values of wave 

velocity. The difference may not be significant, however. The effect of 

moisture content of the concrete also was not studied. The compresslonal 

wave velocity of pure water is approximately 4,800 ft/sec. At high mois¬ 

ture contents (after some saturation) and low cement contents, the velocity 

results may be affected. 

6.4 RATE OF HARDEN IMG 

Rate-of-hardening information is necessary to determine the accessi¬ 

bility of the top surface of the cellular concrete and also for form re¬ 

moval purposes. It has been suggested (Reference 14) that the concrete 

possesses a certain "walkabilit/ before it sustains nominal construction 

foot traffic. Acceptable walkability occurs at such time as the average 

of five tests by a Proctor penetrometer on the peripi. jry of a 30-inch- 

diameter circle produces a bearing value in excess of 10 pounds with a 

l/4-inch penetration of a l/20-in? needle. Walkability, as such, wen not 

measured for the concretes of this study but may have great utility in the 

preparation of Job specifications with regard to surface accessibility. 

The rate-of-hardening curves in Figures 5*9 «d 5*10 provide some in¬ 

sight as to the early age strength development of cellular concrete. In 

general, the concretes with the lowest water-cement ratio, and hence the 

highest cement content for a given density, begin to stiffen earliest as 

might be expected. The data indicate that there are exceptions to this 

observation but these must be weighed against the fact that only small 

populations are being stalled. In no instance was any penetration resist¬ 

ance encountered before 7 hours had elapsed. With one exception, the 

range of elapsed time for a resistance value of 1 psi at a particular den¬ 

sity was less than 4 hours. All of the tests were conducted at 73 In 

a prototype situation, the early stiffening may be accelerated by higher 

curing temperatures (Section 6.6), thus permitting earlier construction 

traffic and form removal. At densities greater than 30 pcf, forms have 

been removed as early as 5 hours after completion of facing when the 

cellular concrete sections were very thick and the ambient curing 
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temperature« between 95 und 100 F (Reference 5). The effect« of these con¬ 

dition« should be determined by test tor each parcicular Job, however« 

6.5 MODULUS OF ELASTICITY AND POISSON'S RATIO 

Elasticity data on moist-cured low-density cellular concrete« appear 

to be meager. The elastic moduli generally have design significance when 

the concrete is of a semistructural or structural grade and, hence, ate 

usually not measured for the very low-density concretes. In understanding 

the performance of and designing backpacked protective structures, however, 

the elastic modulus of the backpacking is an important parameter. 

The data represented by the curves in Figure 5.11 indicate that the 

elastic modulus increases in a power function form for increasing values 

of freshly mixed density. The results of other studies (Reference 14) in¬ 

volving freshly mixed density ranges, which begin at approximately the den¬ 

sities at which this study ends, tend to substantiate the curvilinear re¬ 

lation. At densities greater than 50 pcf, the moduli density relations 

have been .epresented by parabolic curves of approximately the fourth de¬ 

gree (Reference 15). 

It has been shown (Reference 15) that the modulus of elasticity of 

concrete is a function of unit weight and compressive strength. The 

formula 

(6.30) 

presented in the ÀCI Code (Reference 16) defines this relation for values 

of W between 90 and i;5 pcf. For a given compressive, strength, the mod- 

vlus of elasticity of lightweight concrete is usually lower than that of 

normal weight concrete (Reference 17); however, in some instances, it has 

been shown to be greater (Reference 18). Using Equation 6.30 with the 

data obtained from the 75 moduli tests of this study, the relation in Fig¬ 

ure 6.7 was developed. The line-of-best-fit for the data points involved 

a decision to use either a straight-line or a simple-power function. For 

the range of values on the abscissa, the statistical differences between 

the two curves are marp .ial. For a zero value of density or strength, 
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however, the modulua would also be zero; hence, the selection of the power 

function waa made. Ita use may not be warranted beyond the range of these 

data, however. 

The line-of-beat-fit in Figure 6.7 ia expressed as 

E - (0.0875W1,365(f’)0,1*55 + 25) X 103 psi (6.31) 
C C 

at the 95 percent statistical tolerance limits. The scatter in the data 

is auch that Equation 6.30 could possibly be considered as a lower bound 

in lieu of a tolerance limit as shown in Figure 6.7« Additional tests are 

needed to firmly establish this, however. Depending on the importance of 

E in the structure-backpacking de-iign, the designer should decide whether 

values determined by Equations 6.30 or 6.31 are adequate or whether addi¬ 

tional tests on specific concrete are warranted. 

Values for Poisson's ratio of the moist-cured cellular concrete varied 

between 0.192 and 0.252. These values are not unreasonable or unusual and 

are similar to those reported by other investigators (Reference 13). 

6.6 TEMPERATURE PROBLEMS 

Heat buildup and temperature rise associated with the hydration of iche 

cement in the cellular concrete can create serious problems during construc¬ 

tion if proper precautions are not taken. The cement contents of che con¬ 

cretes of this study varied from 3 bags/cu yd for the very low-density, 

high water-cement ratio concrete to approximately 8 bags/cu yd for the 

high-densLty, low water-cement ratio concrete. Although at the lower limit 

of cement content excessive temperatures might not be expected, the heat 

buildup is aided by the insulating characteristics of the concrete (high 

air content), which inhibits the dissipation of the heat with time. The 

problem is further compounded by the fact that, when used as a backpacking, 

the material is placed in very Thick sections in a containing media such 

as rock which behaves as a very effective heat sink. Cellular concrete 

thicknesses of 11 to 12 feet around cylindrical tunnels of substantial 

lengths have been placed (Reference 5). 

The problems associated with the concrete temperatures are primarily 
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related to fresh concrete in its unhardened state. As shown in Figure 5.12, 

in an adiabatic condition, which is approximated by the conditions at the 

center of a large mass of cellular concrete, temperatures can become quite 

excessive and actually create steam pressure in the concrete. Steam has 

been observed coming from thermal cracks in sections of concrete with 

thicknesses as small as 2 feet (Reference I9). Once the concrete has 

hardened, the elevated temperatures are no problem except that the curing 

conditions of the interior mass will produce concrete strengths which may 

be different from those obtained from the quality control cylinders repre¬ 

senting that mass of concrete. Thermal cracking generally has little ef¬ 

fect in the overall performance of a backpacking mass. Problems occur when 

unhardened concrete is placed in close proximity to the hot, hardened con¬ 

crete. When this occurs, the elevated temperatures cause the air in the 

air-bubble system of the concrete to heat up and expand. This is accom¬ 

panied by a reduction in the surface tension of the liquid film forming 

the bubble skin. Upon reaching a critical point, the bubble bursts. Many 

bubbles may join together to form large voids Yuat then collapse. These 

collapses result in either localized "potholing" or a general subsidence 

of the surface of the concrete. Subsidence of 4 feet in 12-foot lifts has 

been observed (Reference 5). This phenomenon can be seen in Figures 5.I6 

and 5.17. The unhardened concrete was placed in and allowed to cure at 

elevated air temperatures of 100 and 120 F with 80 F being the control 

(results not shown). These air temperatures are not uncommon behind bulk¬ 

heads on tunnels that already have some cellular concrete placed behind the 

bulkhead. Air temperatures as high as 155 F have been observed. No col¬ 

lapse was observed at 80 F. ..t 120 F (Figure 5.16), the results are obvi¬ 

ous. The only concrete not collapsed is the 43-pcf concrete, which had the 

lowest air content and highest cement content. The air bubbles in the 

43-pcf concrete have expanded, thus producing the cracked dome of material 

on its top surface. At l4o F (results not shown), even the 43-pcf concrete 

experienced complete collapse. 

The potential collapse problem associated with the elevated tenpera- 

tures can be experienced at any stage of a cellular concrete placing opera¬ 

tion. The problem can exist in situations where a new lift is placed on 
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an existing hardened lift that is very hot and has not had its surface 

cooled to a sufficient depth before placing of the next lift. The heat 

given off by the hardened lift is contained by the fresh concrete; and if 

it can build up to a harmful temperature before the fresh concrete has set, 

collapse in the lower regions of the new lift may occur. This is shown in 

Figure 5.15 tor both Type I and Type III cements. The temperatures recorded 

for the upper region of the first lift in each case are lower than the 

temperatures at the interior and bottom of the lift, due to the dissipa¬ 

tion of the heat through the top of the lift into the air. This transfer 

of heat causes the air above existing lifts and behind bulkheads to become 

very hot and this hot air in turn can cause the problems mentioned earlier. 

After the placement of the second lift in each case, the temperatures in 

the bottom of the second lift become greater by as much as 30 F than at 

other locations in the lift (Figure 5.15). ibis is the effect of the heat 

of the first lift. If the initial temperature of the fresh concrete of the 

second lift is sufficiently high, the fresh concrete can become too hot 

after a very short time with resulting bubble collapse. The problem can 

also exist in very large volume lifts, such as those experienced when the 

toted time of placement of the lift exceeded the time required for some of 

the concrete placed during the earlier stages of the same lift to reach its 

maximum temperature buildup. The concrete between the region that has be¬ 

gun to harden near the bottom of the lift and the concrete that was most 

recently placed is then affected in the same manner as fresh concrete 

placed on an existing hot lift. An overall subsidence of the surface of 

the lift may then be observed, perhaps even while placing is still going 

on. While placing a large section of cellular concrete (which experienced 

some subsidence) made with a water-cement ratio of 0.85 and a cement con¬ 

tent of 6 bags/cu yd at an ambient air temperature of 95 F, thermocouples 

in the bottom of a large lift indicated temperatures of I60 F while placing 

was still in progress (Reference 5)* Internal temperatures in this section 

peaked at I85 F. 

To avoid these problems, the initial temperature of the fresh con¬ 

crete should be kept as low as practical. Figures 5.13 and 5.14 show the 

effect of mixture water temperature on the early age heat in cellular 
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concrete for Type I and Type III cements, respectively. As has been shown 

many times for structural and mass concrete, the cooler the water, the 

cooler the concrete. The reduced initial temperatures allow the concrete 

to harden before higher damaging temperatures are reached. The effect of 

cement fineness is also a factor as the more surface area of cement that is 

hydrating initially, the more heat that is generating. The Type III cement 

is more finely ground than the Type I and thus contributes more surface 

area for early hydration and, hence, more heat. The requirement for fine¬ 

ness of the cement must be balanced with the water requirement for the 

backpacking design to prevent excessive water in the concrete. The data 

from the cement analysis (Section 2.1.1) show the fineness for the Type I 

and Type II cements to be 3,845 and 4,790 cm2/gm, respectively. This dif¬ 

ference is reflected in the temperatvire curves of Figures 5.13 and 5.14 with 

the finer cement, i.e. the Type III, producing higher temperatures than the 

Type I cement at comparable periods of early hydration. The total heat 

produced by each cement over an extended time period will be approximately 

the same, however, as the compositions are not significantly different. 

The use of coarser cements, or depressed concrete temperatures, or both, 

will produce cement pastes that stiffen at slow rates. The time needed for 

stiffening to occur must be balanced against the time that the preformed 

foam will retain its bubble structure. If the paste does not harden suffi¬ 

ciently before the bubbles begin to break down, the cellular concrete will 

coUapse in the same manner as the high temperature collapse. 

In sumnary, elevated temperatures can cause collapse of the air- 

bubble system of the cellular concrete while it is in the unhardened state. 

This collapse results in localized "potholing" or general subsidence of the 

unhardened cellular concrete, which produces density increases and hence 

changes in physical properties. These elevated temperatures can be present 

in the air behind sealed bulkheads used as the formwork during placing of 

the concrete. They can also exist in the lower regions of a lift of un¬ 

hardened concrete that is either influenced by the heat of a hardened lift 

of concrete adjacent to it or by the temperatures developed in the new lift 

itself because of excessive placement times. The problems can be avoided 

by (1) using cooled mixing water and, if possible, cement, (2) using 
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minimum handling and placing times, (3) using low-heat, coarser ground 

cements, (4) restricting total placement times to periods that do not allow 

internal temperatures to become excessive, and (5) adequately cooling (by 

air blowing) the surface of adjacent sections of hardened concrete and the 

ambient air in which the fresh cellular concrete is to be placed. 

6.7 LIFT HEIGHT RESULTS 

The results of both the 16- and 30-foot lifts indicate that density 

increases do occur with increasing depth of concrete. The increases may 

indicate an increase in the amount of water in the concrete because the 

excess water in the mixture (bleed water) has a tendency to flow down into 

the concrete. The lower sections might then contain the excess water in 

the air void system. The comparison between the as-cast and the oven-dried 

cubes from the 16-foot lift tends to discount this as the amount of evapo¬ 

rable water in the concrete appeared to be the same from top to bottom. 

The density changes then are only a function of the amount of cement paste 

in a given volume. For a density increase, either the number of air voids 

per unit volume is decreased, or the existing air voids are compressed, due 

to the superincumbent load, while the concrete is still in the unhardened 

state. Upon hardening, the number of air cells would then still be the 

same but their size would be amaller with the difference in the original 

and final volumes being replaced by additional paste. 

Figure $.2 shows that changes in density result in changes in strength. 

The change in density of 7 pcf in the 16-foot lift can produce a change in 

the crushing level stress (0Q ^) from approximately 100 to I90 psi (Fig¬ 

ure 5.2a) for the concrete design used in that section. Changes of this 

magnitude are not desirable because if the stress transmitted through the 

backpacking to a structural liner is not fairly uniform, ovaling or dis¬ 

tortion of the liner may result and thus destroy the effectiveness of the 

liner's original design. 

It is desirable to restrict the lift height of the cellular concrete 

to some value that is consistent with the allowable stress differences the 

liner in question can stand and the quality control that can be achieved 

for the cellular concrete placement. For example, if variation in density 
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due to lift height of +3 pcf from a deeign deneity, dc , is acceptable from 

a strength standpoint, but the quality control during placement can be ex¬ 

pected to be no better than +2 pcf, then the actual lift height that can be 

placed should be restricted to that height which yields dc +1 pcf. 

6.8 SATURATION PROBLEMS 

After placement of backpacking around tunnel liners or silos is com¬ 

plete, the problem of groundwater infiltration into the backpacking arises. 

All of the materials currently under investigation for use as back- 

parUng are very porous, with void contents to 80 percent being comnonplace. 

Cellular concrete is no exception. This high void content is necessary to 

meet the structural behavior requirements of the material, i.e., to deform 

in excess of 40 percent of the Initial thickness of the msceriaJ. with no 

appreciable increase in the stress level necessary for yielding no occur. 

This deformation is essential in absorbing the movements of the surrounding 

medium and in changing the input loading pulse accompanying a nuclear ex¬ 

plosion into an input pulse less detrimental to the buried structure and 

its contents. Once the desired stress-strain relation for the materials is 

developed, the question then asked about the backpacking is what will hap¬ 

pen if water, from a ground source or introduced by other means, infil¬ 

trates the backpacking material to such a degree that all the available 

permeable void space in the material becomes filled with water. Will the 

material still be able to absorb the ground movements and change the dy¬ 

namic loading pulse into a less detrimental fond 

Cellular concrete possesses both interconnecting voids and noninter¬ 

connecting voids. For the purposes of water saturation, the first of these 

void conditions is the less desirable. In this condition, water can 

quickly fill all the voids in a given specimen with little difficulty. The 

second void condition is perhaps the more desirable condition as each void 

would be a separate cell filled with a gas. A rupturing of each cell wall 

would be necessary for water to migrate into the cells. 

The void space in any given specimen is composed of the space filled 

with gas (air and others), both entrained and entrapped, plus the space 

filled with free water. This void space is composed of permeable pores 
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available for saturation, permeable pores unavailable for saturation, and 

impermeable pores. The short-term saturation tests run on all the con¬ 

cretes fill only the permeable pores available for saturation and those are 

not filled completely because of the gas in the pores being compressed and 

having no place to go. When referring to a material being completely satu¬ 

rated in this study, what in effect is meant is that no more fluid can be 

forced into the available permeable pore spaces without further large in¬ 

creases in water pressure being applied. 

The degree to which saturation of the material will occur will depend 

not only on the type of void structure but on the strength of the matrix, 

and the method by which the water is introduced or applied to the material. 

The crushing stresses of the cellular concretes vary from 20 to 900 psi, de¬ 

pending on their particular design. In a closed cell situation, the walls 

of the cell will rupture, when subjected to increasing pressures, at pres¬ 

sure levels governed by the strength of the matrix. A low-strength matrix 

will fracture and allow the closed cells to fill at much lower water pres¬ 

sures than a high-strength matrix. When we say the cell walls rupture or 

fracture, it is not in the catastrophic sense of the word but in the forma¬ 

tion of microcracks, perhaps only one or so per cell, that would allow the 

water to migrate into the cell and equalize the pressure in that 'ell to 

that of the cells or other areas supplying the pressurized water. The sta¬ 

bility of the material in mass is not destroyed by this type of saturation, 

but the strength is somewhat reduced due to the moisture and the cracking. 

Assuming that the above situation is occurring, the question now 

arises as to what happens to the gas that originally filled the cells. 

This problem relates Itself to the manner in which the water is introduced 

or applied to the material. Under almost all field conditions, the ground- 

water will be transient with respect to location of the material. The gas 

in the voids will become compressed as the water pressure increases and 

with the migration of the water into the material, the gas will be forced 

ahead under pressure with a portion of it probably being moved out with the 

transient water. Some of the gas will undoubtedly remain behind in a com¬ 

pressed state in the material. If the material were subjected to a station¬ 

ary hydrostatic pressure, which is highly improbable but could happen, all 
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the gas would remain in the compressed state and It would be virtually im¬ 

possible to fill every void space. 

The data shown in Figure 5.18 indicate that water pressure-« in excess 

of 300 psi for a short-time test are necessary to saturate most of the 

available permeable void spaces in a very dense (with respect to cellular 

concrete bnckpacking densities) concrete made at an average water-cement 

ratio. Under long-term conditions this sane degree of saturation could 

possibly result at lower water pressures. This saturation results from a 

stationary constant pressure situation where the gas remains compressed in 

the material. Specimens statically loaded in this condition show a negli¬ 

gible amount of deformation if the volume of water in and around the speci¬ 

men is not allowed to change as loading progresses. If free water is al¬ 

lowed to escape from the system as the static loading progresses, the usual 

stress-strain relation for an unsaturated material will result but at a 

higher crushing strength level une to the increased water pressure neces¬ 

sary to koep the water in the voids. However, under the dynamic loading 

that would result from the shock wave accompanying an explosion, the free 

water in the system would not have time to migrate; the shock wave would 

then pass through the originally porous material as if it were rigid. Very 

little, if any, deformation would result; and in all probability, severe 

damage would result to the structure being protected. 

The curve in Figure 5.18 Indicates that very low water pressures are 

all that is required to fill at least half of available voids in cellular 

concrete. The results of the low-head permeability testing are shown in 

Figures 5.19 and 5.20 and tend to indirectly substantiate this. At average 

water heads of approximately 6 feet, water readily passes through the lower 

density concretes and tends to fill some of the voids with water. Regard¬ 

less of the water-cement ratio, all of the 23-pcf concretes exitbited the 

same general pattern. Initially, the concrete appeared to be experiencing 

a flow-rate reduction with time of test run; however, the amount of reduc¬ 

tion reached a within the first 24 hours. A flow-rate increase 

then with most of the maximum reduction in flow rate being regained 

within the next 24 to 30 hours. The amount of total solids measured in the 

discharge water (Figure 5.21) after the initial total solids was established 
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leveled off at approximately 30 ppm more than the total solida of the tap 

water before It passed through the concrete. This leveling off occurred 

about the same time as the maximum flow reduction occurred. All the test 

specimens were badly eroded and damaged after testing. 

Regardless of the water-cement ratio of the 32-pcf concrete,, all spec¬ 

imens exhibited the same general behavior pattern (Figure 5.20). The flow 

rate through the specimens appeared to decrease with time of the test run. 

Within the 80-hour test period, the total solids of the discharge water de¬ 

creased (Figure 5*21) to approximately 30 ppm more than that of the origi¬ 

nal tap water before it passed through the specimens. These specimens did 

not appear to be eroded at the top surface as were the 23-pcf specimens. 

No appreciable flow cruld be determined through the 43-pcf concrete 

with a water ^cement ratio of 0.76; however, some small flows were noted for 

the 0.86- and 0.96-water-cement ratio material. These flows were not 

enough to accurately measure. The specimens did not appear to be physi¬ 

cally altered by the flow. 

The most obvious conclusion drawn from these tests is that the cellu¬ 

lar concrete is very permeable at low densities and low hydrostatic pres¬ 

sure. In being very permeable, the concrete allows the water to reach most 

areas of the concrete mass and fill some of the available voids in those 

areas. The higher density concretes seem to indicate that, with sufficient 

strength development and subsequent reduction in void content, the permea¬ 

bility at low heads is greatly reduced for short-term flow conditions. 

Whether or not the concrete will maintain its reduced permeability fox ex¬ 

tended periods of time under low heads or for shorter periods of time under 

greater heads is not known. Tests of specimens fabricated by two major man¬ 

ufacturers of foaming agents for cellular concrete were conducted by an in¬ 

dependent testing laboratory. The results of those tests1 showed that at 

water pressures of 80 psi, maintained for 24 hours, no water could be 

Private communie at ions; letter dated 26 Jan 1965 from Chemical Concen¬ 

trates, Redondo Beach, Calif.; and letter dated 3 Feb 1965 from Mearl 

Corporation, Roselle Park, N. J. 
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forced through cellular concrete, provided the density of the concrete was 

greater than approximately 70 pcf. At lower densities, the water flowed 

through the specimens at rates that were related to the concrete density. 

The total solids measurements made from the discharge water indicate 

that the water is picking up some additional total solids as it passes 

through the 8pecik*m, thus eroding the specimen. The very high values of 

total solids that occurred early during the test indicated the severest 

period of erosion. Some of the particles eroded evidently plugged the 

channels through which flow was occurring and gave the appearance that the 

rate of flow through the concrete was decreasing (Figures 5.19 •o*1 5.30). 

For the 23-pcf concrete, these plugs were also eroded with time, and the 

flow rate picked up. The flow channels then became fairly uniform with a 

somewhat constant rate of erosion occurring as is indicated in Figures 5.21 

and 5.22. Evidence of the flow channel plugging was also observed for other 

backpacking materials tested in a similar manner (Reference 3). 

If the material is very permeable, it will probably not be very prac¬ 

tical as a backpacking material if it is used by itself with no other sys¬ 

tems that could divert or resist the intrusion of groundwater. Even if the 

cellular concrete can be designed to be almost impermeable by itself, there 

is no guarantee that under sustained associations with groundwater on the 

surface of the backpacking that either complete or partial saturation of 

the concrete will be eliminated. If the material does become saturated, 

either partially or completely, the pore-water pressures that may develop 

in the concrete may, under certain conditions, apply destructive pressures 

to the walls of the pores in the concret/, thus reducing the effectiveness 

of the material as backpacking. 

The obvious solution to the problem is to build the structures requir¬ 

ing protection in media where there is no water. This is, of course, an 

almost impossible task but areas where the groundwater or other water would 

present a problem can be treated and maintained in ways that would prevent 

water from reaching the cellular concrete backpacking. Grout curtains in 

rock, wellpcint systems in soil, drains around the structures, sandwich¬ 

typ« structures, and many other methods could be applied to eliminate this 

threat of saturation. 
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The poMibility of weterprooflng the surface of the cellular concrete 

also exists« However y complete waterproofing would not be the answer for 

elevated pressures. An Ideal backpacking can have a crushing stress level 

that Is very low (25-150 psi) and will deform at that crushing stress for 

strains In excess of 1*0 percent. If the possibility of invasion by free 

water from an outside source into this material is eliminated for elevated 

pressures» whal then would happen to the material when the outside water 

pressure goes above the crushing stress level of the material! The gas 

that fills the voids in the material would begin to coa press» the material 

would begin to yield» and as the outside pressure increases the material 

would deform more and more» thus failing the material and destroying its 

usefulness before it could be loaded by a shock-wave input. Waterproofing 

is not the complete answer but would improve the effectiveness of the mate¬ 

rials at lover water pressures. 

As shown in Figure 5*23i there are considerable differences in the ef¬ 

fectiveness of the sealers studied. Hie two most promising appeared to be 

liquid latex and neat cement slurry. The neat cement slurry, upon harden¬ 

ing, allowed no water into the sasqple. The liquid latex allowed Just small 

quantities but is probably more effective than the results indicate. The 

same material has been used on laboratory specimens of many different mate¬ 

rials to prevent moisture from entering the material and has been 100 per¬ 

cent effective. Both the neat cement slurry and the latex can be easily 

applied to the surface of the walls of a tunnel in rock in order to seal it 

before the backpacking is placed against it. 

There are many commercially available products that can be used as 

surface sealers. Those evaluated in this study were used only because they 

were readily available in the area in which the investigation was conducted. 

A proper evaluation should be made of each sealer considered for use in 

backpacking operations. 
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TABLE 6.1 8UM4AKY OF ULTRASONIC PULSE VELOCITY (V) VERSUS CEMENT 
CONTENT (C) RELATIONS, V - aCb +2 Seat>y , ft/wc 

Age No. of Equation 
Obaer- Coefficients 

vationa . 
a b 

days 

7 

14 

08 

60 

156 593 0.778 

172 671 0.770 

172 772 0.741 

172 844 0.724 

Correlation 
Coefficient 

0.879 

0.929 

0.953 

0.960 

Stardard 
Error of 
Estimate 

8eat,y 

ft/aec 

390 

315 

256 

234 
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Figure 6.1 Yield stress versus theoretical porosity relation for a 

neat cellular concrete. 
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FRESHLY MIXED DENSITY, PCF 

Figure 6.3 Relations between design parameter, dc/(l + k) , and freshly 

mixed density for various water-cement ratios. 

Figure 6.4 Proposed relation between stress ratio and 

design parameter, dc/(l + k) , for cellular concrete. 
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Figure 6.5 Rapid loading 
versus slow loading rela¬ 
tion for the average stress 
to UCMM^ent deformation 
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Figure 6.6 Ultrasonic pulse velocity versus cement content 
relations for neat cellular concrete. 
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Figure 6.7 Secant modulus of elasticity versus modulus 

parameter relation. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

Baaed on the resulta of the testing of this investigation and the in¬ 

formation obtained from published reports and papers reviewed during the 

investigation, the following specific conclusions appear warranted: 

1. The strength of moist-cured neat cellular concrete is principally 

a function of the concrete density and water-cement ratio, and the specific 

gravity of the cement. Prom the data of this study, the yield stress was 

determined to be 

k3 

0.2436 (At) (7.1) 

A more universal design approach was suggested such that 

(At)' (7.2) 

for all cements. 

Neat cellular concretes made at densities from approximately 18 to 

50 pcf and water-cement ratios from approximately 0.6 to 1.1 (by weight) 

possess the strength-deformation characteristics required for a suitable 

backpacking material regardless of the loading rate applied to the con¬ 

crete. Average crushing stress levels from 20 to 1,000 psi at 28 days for 

sItw-loading rates can be readily obtained depending on the mixture pro¬ 

portions. Strengths in excess of 1,000 psi, with deformations to 40 per¬ 

cent before locking, also appear to be feasible. 

2. Cellular concrete is load and/or strain rate sensitive. For the 

rapid-loading system and techniques used in this study, crushing stress 

level increases from 95 to 30 percent were observed for the low-strength 

(20 psi) and high-strength (1,000 psi) concretes, respectively. The shape 

of the stress-deformation curve for cellular concrete does not appear to 

change with increased rates of loading. 
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3. Cellular concrete appear« to posee«« a multiple-shot load- 

resistance capability provided the initial loadings do not completely crush 

the material. Bach concrete design haa a certain deformation capability. 

The portion of that capability not used to accommodate medium movements as¬ 

sociated with earlier shock loadings is available to accommodate additional 

loadings. 

4. The modulus of rupture of cellular concrete is dependent on the 

mixture proportions with higher cement contents and lower water contents 

producing higher flexural strengths. The ratio of flexural strength to 

compressive yield strength varied from 0.l6 to 0.33* which is not unrea¬ 

sonable for low-density cellular concretes. 

5. The conpressional wave velocity (as measured jy ultrasonic pulse 

techniques) of neat cellular concrete appears to be directly influenced by 

the cement gel content of the concrete. Increased gel contents due to the 

continuing hydration of the cement result in increased velocities. In¬ 

creased gel contents, due to increased density (obtained by adding more ce¬ 

ment per unit volume and decreasing the air content) also produce increased 

velocities. Free moisture In the concrete also appears to influence the 

wave velocity, but only at early ages of the concrete. At later ages 

(a 28 days) the moisture effects are not readily apparent. Twenty-eight- 

day age concrete produced wave velocities frcm approximately 3*000 to 

6,000 ft/sec depending on the concrete proportions. 

6. The modulus of elasticity of moist-cured cellular concrete can be 

approximated by the relation E » W1*5^ ^f¿" in lieu of actual test meas¬ 

urements. This function appears to be a lower bound for the data of this 

study. Moduli from 20,000 to 220,000 psi were measured for the concretes 

studied. Poisson's ratio for the moist-cured cellular concretes varied 

between 0.19 and 0.25. 

7. Cellular concreten with higher cement contents than other cellular 

concretes at comparable densities begin to stiffen earlier. Based on 

Proctor penetration tests, no measurable resistance to load was encountered 

before 7 hours age of the concrete regardless of its proportions. This 

stiffening may be accelerated in prototype situations due to higher ambient 

temperature curing. A measure of "walkability," as defined herein, may be 
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ua«ful in th» preparation of apeoificationa for concrete surface accessi¬ 

bility and fora removal. 

8. The presence of horisontal cold joints in cellular concrete used 

as backpacking does not appear tj be a problem. The benefits of surface 

roughness and special curing during Joint preparation are minimal. The 

as-cast roughness with air curing should be adequate. Additional free 

moisture for curing a Joint is not reccnmended. 

9* Density increases, which result in strength increases, do occur 

with Increasing lift height. This is due primarily to the change in air 

content brought about by the compressive action of the superincumbent loadc 

while the concrete is still in the unhardened state. Lift heights should: 

be restricted to seme value that is consistent with the allowable stress 

differences (brought on by the density changes) that the backpacked liner 

in question can accommodate and the quality control that can be achieved 

for the cellular concrete placement. 

10. Elevated temperatures can cause colxapse of the air-bubble system 

of the cellular concrete while it is in the unhardened state. This col¬ 

lapse results in localised "potholing" or general subsidence of the un¬ 

hardened cellular concrete, which produces density increases and hence 

changes in physical properties. These elevated temperatures can be present 

in the air behind sealed bulkheads used as the forawovk during placing of 

the concrete. They can also exist in the lower regions of a lift of un¬ 

hardened concrete that is either influenced by the heat of a hardened lift 

of concrete adjacent to it or by the temperatures developed in the new lift 

itself because of excessive placement times. The problems can be avoided 

by using (a) cooled mixing water and, if possible, cement, (b) minimum 

handling and placing times, (c) low heat, coarser ground cements, (d) re¬ 

stricted total placement times to periods that do not allow internal tem¬ 

peratures to become excessive, and (e) adequately cooled (by air blowing) 

surface of adjacent sections of hardened concrete and the ambient air in 

which the fresh cellular concrete is to be placed. Care must be exercised 

when using approaches (a) and (c) so that the stiffening behavior of the 

cement paste is not delayed beyond the time when the bubble structure of 

the preformed foam begins its normal breakdown. 
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11. Cellular coneretea ai ¿entitles let« than 35 pcf are extremely 
vulnerable to water infiltration at very low pretturet. At densities from 

35 to 70 pcf, the concretes are ttlll quite permeable, the permeability de¬ 

creasing with increasing density. Saturated backpacking loses its deforaa- 

tion capability. The flow of water irto cellular concrete also tend« to 

erode the same, thus damaging it» structural integrity. Waterproofing the 

concrete improves its effectiveness at lower water pressures, but by itself 

is not a solution to the saturation problem. Structures backpacked with 

cellular concrete should be built in media where there is no water avail¬ 

able for saturation of the concrete. In a water-bearing medium, water can 

be prevented from reaching the cellular concrete by using conventional con¬ 

struction techniques. 

7.2 RECCMŒHEATIOMS 

Additional information on the physical properties of cellular con¬ 

cretes made with different cements should be developed. Baphasis should be 

placed on cements that are coarsely ground and whose constituents will 

produce low-early heat. 

The effects of concrete and curing temperature on all aspects of con¬ 

struction to include rate-of-hardening and physical characteristics should 

be studied in depth. Criteria for cellular concrete backpacking specifi¬ 

cations should be developed. 

The effects of rate sensitivity on the performance of cellular con¬ 

crete should be explored for the entire range of rise times, amplitudes, 

and durations that might tv expected in a prototype situation. 



APPENDIX A 

DEVELOPMENT OF A LABORATORY TEST METHOD 
FOR LOW-DENSITY CONCRETE BACKPACKING 

Th« following observations, reasoning, and experimental results are 

presented as an insight to the development of the test method and proce¬ 

dures used in the study of cellular concrete when used as a backpacking. 

These results and suggestions can be readily extended to the testing of 

other types of backpacking materials. 

A.l CONST RAINMEWr 

The behavior of backpacking when subjected to shock-wave loading is 

complicated and has not yet been precisely defined. The following observa¬ 

tions as to expie ted backpacking behavior are somewhat simplified but can 

be considered adequate as a first approximation. 

Consider the backpacking as coop lately filling the void between a 

buried structure and a rock opening (Figure A.l). The backpacking will be 

constrained at the outer surface by the rigid rock mass and at the inner 

surface by a structure that may vary in stiffness from flexible to very 

rigid. The traveling conqpresslve shock wave in the rock, inpinging on the 

rock-backpacking interface, is partially reflected, thus establishing ten¬ 

sile stresses in the rock that will cause the rock to fracture. The frac¬ 

tured rock is impart*. 1 some kinetic energy by the shock wave. It then 

leaves the interface and moves into the backpacking until its energy is 

dissipated. Son» translation of the structure may also occur. In both 

cases, crushing of the backpacking will occur at the interface of the mov¬ 

ing element and the backpacking. More severe rock fracturing and back¬ 

packing crushing would be expected at the interface of first contact by the 

shock wave than at the opposite side of the section. 

Because of the speed of the shock wave, the entire backpacked opening 

will become loaded in compression in a very short time interval. The uni¬ 

formity of the loading across the opening is dependent on the decay history 

of the loading wave. A reasonable assumption is that the entire section 

will be loaded in somewhat uniform compression shortly after initial 
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loading and at a tine when the fractured rock element« vlil «till be driv¬ 

ing into the backpacking maaa. 

Neglecting translator/ motion« of the structure and the fracturing of 

the rock for the moment, consider the backpacking to be a thick-walled 

cylinder of semi-infinite length behaving elastically under both internal 

and external compressive loading. From Lame's equations for thick-walled 

cylinder stresses (Figure A.2), the general case for temgentlal stresses 

can be expressed as: 

(A.l) 

where 

p^ « Internal pressure 

Po ■ external pressure 

r^ ■ internal radius 

r » external radius (r > r. ) 
o o i 

r » radius to point of interest (ro > r > 

Rewriting, where pi =* pQ + 

. -po + K(Ap) 

(A.3) 

K = a positive constant depending on cylinder geometry and point 
of interest 

The sign convention is that a positive sign indicates tension while a neg¬ 

ative sign indicates compression. 
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When < p0 » Ot i* alway* a compressive stress. When P^ > pQ » 

Ap is a positive value and may represent either a tensile or com¬ 

pressive stress, depending on the relative values of pQ and pA for a 

given geometry. It is expected that the resistance offered by the proto¬ 

type structure (and represented by p^) will be something less than the 

shock-wave overpressure (represented by Po), hence the first case will 

prevail. An element of backpacking at any distance r will then be sub¬ 

jected to conqpressive tangential stresses. 

The use of Lame's equations infers that the internal and external 

pressures are statically applied and of known constant magnitudes, where, 

in fact, the inferred situation exists only when any instant of time is 

isolated and the pressures existing at that time are determined. For a 

finite time interval, both pQ and p^ will be continually changing and, 

hence, so will . The sense of the tangential stress will remain com¬ 

pressive, however, regardless of its magnitude. 

The compressive tangential stresses have the effect of providing some 

lateral constraint to a backpacking element that is being additionally 

loaded by the driving pieces of fractured rock. To reproduce realistic 

compressive constraining stresses or forces in a backpacking evaluation 

test would be difficult in view of the many variables and unknowns asso¬ 

ciated with each prototype. A simple solution, and the one pursued for 

this study, is to use cylindrical backpacking samples and enclose the 

sample in a steel pipe. The steel pipe, being much more rigid than the 

backpacking, resists the lateral expansion of the cylinder once loading has 

begun and thus provides some degree of constraint to the material while it 

is being tested. 

The actual relation between the prototype compressive constraining 

forces and the constrainment provided by the steel pipe cannot be defined 

due to the lack of information on prototype behavior. However, it is be¬ 

lieved that the overall effects of constrainment by the pipe contribute to 

the perfomance of the backpacking in such a manner that the results ob¬ 

tained from this type of evaluation test more closely approach that of the 

actual behavior of the prototype backpacking than if no constrainment were 

provided at all. 



A.2 SPECIMEN AND TEST PREPARATIONS 

The cylindrical specimen of backpacking that ia placed in the con¬ 

straining pipe should be of a siie that is conveniently available to almost 

anyone. For lov-density concretes, the 6- by 12-inch cylinder is an ideal 

size. Standard cylinder casting procedures can be followed for these con¬ 

cretes with the exception that the concrete should not be vibrated or ex¬ 

cessively consolidated. 

The curing of the low-density concrete cylinders should not be done in 

an environment where free moisture can come in contact with the concrete. 

This includes moist-curing rooms. Because of the porous and absorptive 

nature of these concretes, free moisture readily penetrates into the con¬ 

crete and fills the voids necessary for satisfactory performance as a back¬ 

packing. The concrete should, instead, be cured in sealed plastic bags. 

Shortly after sealing, the humidity in the bag approaches 100 percent and 

the specimen still cures adequately with no additional free moisture being 

added to the system. 

In preparing the cylinder for testing, the top and bottom 3 irches of 

each cylinder should be sawed off and discarded, thus avoiding surface ir¬ 

regularities due to casting, bleeding, and handling. In most instances, 

the sawing can be done with a handsaw. Care must be taken to ensure that 

the ends of the cylinder remain perpendicular to the sides. 

The confining pipe should be of~split-wall construction (Figure A.3) 

so that the specimen can be easily enclosed in or removed from the pipe. 

The pipe requires a nominal 6-inch inside diameter and should have walls no 

thinner than l/U inch. Closure of the pipe around the specimen can be ef¬ 

fected by two closure bolts set 100 degrees apart at the midpoint of the 

pipe height. Other arrangements are also possible. Reproducibility in 

testing can be achieved b; torquing each of the closure bolts on the pipe 

to the same value Just prior to testing. For two-bolt closure (Figure A.3)» 

experimentation has indicated that a closure torque of 5 ft-lb was adequate 

to obtain reproducible results with a minimum of additional triaxial com¬ 

pressive forces due to the torquing. If desired, the constraining pipe can 

also be bolted to a fixed baseplate. 

124 



After closure of the pipe la complete, the specimen is ready to be 

tested. This is done by forcing an appropriate piston into the concrete at 
a desired rate of specimen deformation. 

A.3 PISTON SIZE 

To represent the rock fra@nents that will be driven into the back¬ 

packing, a loading piston with a flat, circular end area was determined, 

from practical considerations, to be most desirable. Three different 

aiae pistons were studied: 3-, 4-, and a nominal C-inch diameter (Fig¬ 
ure A.4). The 3-inch-diameter piston was also studied for two-side taper 
configurations. 

By forcing any of tne pistons into a low-density concrete sample at a 

constant rate, a stress-deformation test record similar to that shown in 
Figure A.5 will be obtained. Stress is determined as the load acting on 

the area of the piston face; and deformations are determined as the dis¬ 

placement of the contajt face of the loading piston into the specimen with 

respect to the original height of the specimen and are usually expressed as 

percentages. This constrained stress-deformation curve (Figure A.5) is 

characterized by four values of the curve: (1) yield stress, a ; (2) de¬ 

formation at yield, € , percent; (3) average stress o between e 
y 0.40 y 

and 40 percent deformation e0^0 ; and (4) stress aQ ^ at 4o percent 

deforaation. The values of items (1), (2), and (4) can be read directly 

from the test record. Item (3)* the average stress, is determined as: 
I » 

__ (area under curve between and eQ ^0) 

"o-40 iooieo.4o - yY 

One mixture design of cellular concrete was selected for the piston 

study. Three rounds of concrete were cast with samples from each round 

being evaluated for each of the piston configurations. The results are 
shown in Figure A.6 The deformation rate was 0.3 in/min. 

The results indJcate that higher stress values are achieved with 

smaller sized pistons. The test records also reveal that the 6-inch pis¬ 

ton tests "bottom" at smaller deformations than the other piston tests. 

Figure A.7 shows a typical set of test records for the three sizes of 
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pistons. The taper effect on the 3-inch piston did not significantly af¬ 

fect the test results. 

If the mode of resistance of a test specimen is only normal comprar- 

sion, the magnitude of the observed stresses should be the same regardless 

of the area of the sample loaded. In the case of the 6-inch piston on the 

constrained 6-inch cylinder, normal compression was the predominant resist¬ 

ance mode. When the smaller diameter pistons were used, the test became a 

punching test and the resistance mode became a combination of normal com¬ 

pression and shear accompanied by horizontal compressive components due to 

the constrainment. It is this combination of compression and shear that 

resulted in the higher observed stress values for smaller sized pistons. A 

penetrating rock projectile will be resisted by both shear and compressive 

forces and, hence, would be best represented by a punch-type test. 

The bottoming of the stress-deformation record occurs when the slope 

of the crushing plateau begins to increase rapidly. Ideally, this should 

begin to occur when most of the voids under the loaded area have been 

crushed and the remaining solid material begins to resist compression with 

little additional deformation. Some increase in the shear resistance may 

also develop and, in the case of the 6-inch piston, may be the predominant 

mode of resistance. The frictional sidewall resístanla that develops when 

the 6-inch piston is used becomes so great that the lower portion of the 

specimen is never deformed. This does not produce a desirable test result. 

The sidewall friction effect will probably persist even when the piston 

edge is moved slightly away from the constraining pipe. For this reason, 

i-inch pistons were not considered. 

Based on the above observations, it was believed that a piston that 

loaded the most area so as to obtain the greatest compressive resistance 

and yet minimized the sidewall friction effects so that a more realistic 

bottoming point could be discerned should be used for the test method. As 

the 4-inch piston as shovn in Figure A.4 appeared to satisfy these require¬ 

ments, its use was adopted. 

A.4 DEFORMATION RATES 

The rate-of-deformation studies were conducted using a 30,000-pound 
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universal testing machine operated at controlled rates of loading head 

travel. A 4-inch piston was affixed to the loading head through a ball and 

socket arrangement that allowed easy alignment of the piston. The same 

cellular concrete mixture used in the piston size study was used in this 

evaluation. Three rounds of 12 cylinders each were tested. From each 

round, three 6- by 6-inch cylinders were tested at a base rate of piston 

travel of 0.18 in/min and in accordance with procedures discussed above. 

The remaining nine cylinders were tested in groups of three at three dif¬ 

ferent but faster rates of piston movement. Figure A.8 shows the test re¬ 

sults. The strength ratio is the value of the average stress to 40 per¬ 

cent deformation, , for the faster rate of deformation for a given 

round divided by the corresponding value for the base rate of that round. 

Only at rates of 10 in/min or greater did the mean strength values at 

faster rates of deformation become significantly different from the cor¬ 

responding base rate values. The data in Figure A.8 indicate that a 

strength increase with increasing deformation trend is developing as was 

expected. For testing puiposes, it is suggested that deformation rates be 

kept to less than 1 in/min to minimize the deformation rate sensitivity 

effects in the concrete. 
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Figure A.3 Split-wall confining pipe.
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Figure A.4 Loading pistons.
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Figure A.6 Effect of piston diameter on stress. 
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Figure A.7 Effect of piston size on bottoming point. 
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Figure A.8 
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APPENDIX C 

OBSERVATIONS ON TUE EQUATION 

OF STATE OF CELLULAR CONCRETE 

The mechanism of attenuation of pressure waves in cellular concrete 

has been studied previously from the rigid mechanical point of view that 

is applicable for the lower rates of loading as contained in this report. 

For loading rates sufficiently rapid that wave mechanics influence the 

behavior of the material, the mechanism of attenuation may be appreciably 

altered. Wave propagation experiments with cellular concrete have indi¬ 

cated the shock structure of cellular concrete to consist of an elastic 

precursor followed by a slower crushing wave (Reference 20). The pressure 

associated with the elastic precursor is a function of the input pressure 

of the incident wave and it observed to exceed the static yield strength 

of the cellular concrete for higher impact veloc ties. This indicates that 

this material, prior to locking, may transmit stresses to a structure in 

excess of the elastic yield stress. From a few tests conducted on cellular 

concrete, data were produced relating to wave propagation velocities, 

width of the transition tone for a step pressure input, and rate of decay 

of stress waves in cellular concrete. 

C.l THEORETICAL CONSIDERATIONS 

The description of elastic-plastic wave propagation in a material is 

predicated on a constitutive relation of the material behavior and the 

equations of motion. In the simplest cases, a strain rate independent 

behavior leads to marr' inçortant simplifications that allow computation of 

stress and strain relations in a fairly straightforward manner. In this 

instance, the Hugoniot .jump conditions for one dimension involving stress 

(a) and strain («) are given as 

o * pUu (C.l) 

(C.2) 

where 

p ■ density ahead of the wave 

169 



U - velocity of propagation of the wave 

u ■ particle velocity behind the wave front 

This description of materials behavior is essentially nydrodynamic; and for 

very soft materials where shear stresses and strain rate dependence are 

negligible, these equations should be a fair approximation. 

In the elastic range, the relations are essentially the same but are 

derived from considerations of elastic behavior, where U ■ C , the ve¬ 

locity of propagation of elastic waves. 

In the case of an elastic-plastic wave reflecting from a liner, the 

stresses delivered to the liner can be derived by making the assumption of 

purely elastic behavior of the liner. Under these simplifying conditions, 

reflected stresses at the liner can be determined from the behavior of the 

shock-absorbing concrete under shock loading. 

C.2 EXPERIMENTAL METHOD 

The shock behavior of cellular concrete was studied from the wave 

propagatic . point of view using impact experiments conforming to one¬ 

dimensional strain conditions. Continuous measurements of propagation and 

particle velocities were nade using an induction wire transducer. Plane 

impacts were produced using a gas-operated gun to launch a flat plate onto 

the specimen. The gas gun has a 2-inch bore, 10-foot launch tube, and a 

pressure chamber designed for 12,000 psi (Reference 21). Both the weight 

of the projectile and breech pressure can be varied to attain different im¬ 

pact velocities. 

Test specimens were prepared with induction wires placed at varying 

depths from the impact surface along the centerline of the axis of loading 

as shown in Figure C.l. The specimen was then placed in a dc magnetic 

field such that any axial motion caused the effective length of the wire 

to cut lines of magnetic flux thus producing an emf or voltage propor¬ 

tional to the velocity of motion. The output voltage from each wire, 

therefore, was recorded as a function of time. The amplitude of the signal 

was calibrated in units of particle velocity and the time displacement 

between each wire was a measure of the propagation velocity. 
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C.3 EXPERIMENTAL RESULTS 

The observed particle velocity records for three signal wires are 

shown in Figure C.2. The test configuration for shots 1 and 2 was such 

that the cellular concrete was impacted directly. The first two shots in¬ 

dicate the existence of an elastic forerunner wave preceding a plastic 

wave. However, this forerunner cannot be distinguished from an air shock 

effect since the range facility was not evacuated in this case. An effort 

was made to vent the gun barrel at the sample interface; however, it was 

difficult to determine if this was sufficient to eliminate all effects of 

an air cushion. Therefore, a l/8-inch-thick aluminum plate was affixed to 

the impact surface of the specimen to permit the range facility or barrel 

to be evacuated to approximately 10 microns. The records produced using 

this test configuration are shown in Figure C.3* Signals for two wires 

that were spaced at 12.7-mm intervals from the impact surface at a faster 

sweep rate, which was selected to show the elastic portion of the wave 

structure, are shown. These same signals were displayed at slower sweep 

rates for observing any plastic wave structure. No plastic wave structure 

was observed on any of these four tests for a period of observation cover¬ 

ing 200 (¿sec. Propagation velocities correlate closely with the sonic ve¬ 

locity or the velocity predicted from the slope of the elastic portion of 

a static stress-strain relation for the samples tested. 

The observed pressure-time histories shown in Figure C.4 as computed 

from the measured velocity histories show a decay in pressure of approxi¬ 

mately 50 percent over a propagation distance of 12.7 nun. This rate of 

decay is not expected to be constant with distance from the impact surface. 

Additional data points as a function of distance from impact surfa.ee would 

be required to determine this. It is possible that this apparent decay is 

a function of the test conditions; however, a correlation between this and 

wave reflections for tnis test geometry has not yet been achieved. One 

point in question is the velocity of release waves emanating from the outer 

edges of the projectile input surface that could diminish the region of 

one-dimensional strain. More experiments are required to establish the 

contribution due to test georetry. 
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Under certain conditions, an interposed layer of foamed or distended 

material may substantially reduce peak pressures transmitted to a struc¬ 

tural wall. The initial shock front does not seem to occupy the rela¬ 

tively narrow zone usually imagined to exist in solids. Therefore, it may 

be more accurate to say the pressure attenuation effect is related to a 

broadening of the condensing front. Beneficial effects can also be derived 

fron the existence of forerunners similar to elastic precursors in solid 

materials since these carry off momentum from the crushing wave and deliver 

it to the structure at a lower pressure. 
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Figure C.l Schematic of experimental setup. 
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