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HOLM ON LIGH1WEIGHT CONCRETE AND AGGREGATES 523

TABLE l-Lightweight Aggregate (LWA) Concrete Classified According to Use and Physical Properties."

Type of Lightweight
Aggregate used in

Concrete

Typical Range of
Lightweight Concrete

Unit Weight
Typical Range of

Thermal Conductivities
Typical Range of

Compressive Strength
Class of Lightweight
Aggregate Concrete

Structural-grade
LWA C 330

Either structural C 330
or insulating C 332
or a combination
of C 330 and C 332

Insulating-grade L W A
C 332

(1440 to 1840)
90 to 115 air dry

(800 to 1440)
(50 to 90) air dry

Structural

Structural/
Insulating

(>17) (>2500) not specified in C 330

(3.4 to 17) (500 to 2500) C 332 from (0.22) (1.50)
to (0.43) (3.00) oven
dry

(0.7 to 3.4) 100 to 500 C 332 from (0.065) (0.45)
to (0.22) (1.50) oven
dry

Insulating (240 to 800)
(15 to 50) oven dry

"Unit weights are in (kg/m') (Iblft'), compressive strengths in (MPa) (psi), and thermal conductivity in (Wlm .OK) (Btu .in.1h .ft2 .OF).

moisture content will increase unit weight by an equiva-
lent 1% but may increase thermal conductivity by as much
as 5 to 9% [2]. Use of oven-dried specimens provides an
arbitrary basis for comparison but clearly does not dupli-
cate in-service applications. The controlled test conditions
serve to permit classification of materials and to provide
a standardized reference environment.

(0/16 in.) screen with a dry loose bulk density less than 1120
kg/mJ (70 Ib/ftJ). Four coarse aggregate gradations are pro-
vided for use in structural lightweight concrete with maxi-
mum dry loose bulk density limited to 880 kg/mJ (55 lb/
ftJ). Combined fine and coarse aggregate formulations
must not exceed a maximum dry loose unit weight of 1040
kg/mJ (65 Ib/ftJ). Tests are conducted in accordance with
ASTM Test Method for Unit Weight and Voids in Aggre-
gate (C 29) using the shoveling procedure. STRUCTURAUlNSULAnNG

LIGHTWEIGHT AGGREGATE
CONCRETES

INSULA nNG-GRADE LIGHTWEIGHT
AGGREGATES AND INSULATING
LIGHTWEIGHT CONCRETES

Widespread industrial applications that call for "fill"
concretes require modest compressive strengths with den-
sities intermediate between the structural- and insulating-
grade concretes. These concretes may be produced with
high air mixes with structural-grade lightweight aggre-
gate, with sanded insulating lightweight aggregate mixes,
or with formulations incorporating both structural- and
insulating-grade lightweight aggregates. Compressive
strengths from 3.4 to 17 MPa (500 to 2500 psi) are not
uncommon with thermal resistance less than concretes
containing only insulating-grade lightweight aggregate.

UGHTWEIGHT AGGREGATE
PROPERnES

Internal Structure of Lightweight Aggregates

Lightweight aggregates develop low particle specific
gravity because of the cellular pore system. Cellular struc-
ture within the particles is normally developed at high
temperatures by formation of gases due to the reaction
of heat on certain raw material constituents coincident
with incipient fusion causing gas expansion to be trapped
in the viscous, pyroplastic mass. Strong, durable light-
weight aggregates are produced when small-size, well-dis-
tributed, noninterconnected pores are enveloped in a
continuous, crack free, vitreous phase [3] (Fig. 1).

Very light nonstructural concretes, employed primarily
for high thermal resistance, incorporate low-density low-
strength aggregates such as vermiculite and perlite. With
low unit weights, seldom exceeding 800 kg/mJ (50 Ib/ftJ),
thermal resistance is high. These concretes are not
intended to be exposed to the weather and generally have
a compressive strength range from about 0.69 to 6.89 MPa
(100 to 500 psi).

ASTM Specification for Lightweight Aggregates for
Insulating Concrete (C 332) limits thermal conductivity
values for insulating concretes to a maximum of 0.22 W/
m.K (1.50 Btu .in. ./h .ft2 OF) for concrete having an
oven-dry density of 800 kg/mJ (50 Ib/ftJ) or less, and to
0.43 W/m .K (3.0 Btu .in. ./h .ft2 OF) for those weighing
up to 1440 kg/mJ (90 Ib/ftJ). Lighter concretes are those
made with Group I aggregates (perlites and vermiculite),
while higher unit weights result from the use of Group II
aggregates (expanded shales, expanded slags and natural
lightweight aggregates).

Thermal conductivity values may be determined in
accordance with ASTM Test Method for Steady-State
Thermal Performance of Building Assemblies by Means
of a Guarded Hot Box (C 236) and ASTM Test Method
for Steady-State Heat Flux Measurements and Thermal
Transmission Properties by Means of the Guarded-Hot-
Plate Apparatus (C 177). Oven-dried specimens are used
for both thermal conductivity and unit weight tests on
the insulating concretes. Moisture content of insulating
materials directly affects both the thermal conductivity
and unit weight, but to varying degrees. A 1% increase in

PARTICLE SHAPE AND SURFACE
TEXTURE

Depending on the source and the method of production,
lightweight aggregates exhibit considerable differences in
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HOLM ON LIGHTWEIGHT CONCRETE AND AGGREGATES 525

of stockpile moisture contents is that with lightweight
aggregates the moisture is largely absorbed into the inte-
rior of the particles whereas in normal-weight aggregates
it is primarily surface adsorption. Recognition of this
essential difference is important in mix proportioning,
batching, and control. Rate of absorption of lightweight
aggregates is dependent on the characteristics of pore size,
connection, and distribution, particularly those close to
the surface. Internally absorbed water within the particle
is not immediately available for chemical interaction with
cement as mixing water, but extremely beneficial in main-
taining longer periods of curing essential to improvements
in the aggregate/matrix contact zone. Internal curing will
also bring about reduction of permeability by extending
the period in which additional products of hydration are
formed in the pores and capillaries of the binder.

1400- 7701400 = 0.45

For this example, total porosity (pores and voids) would
then equal

[0.45 + (0.44 X 0.55)] = 0.69

GRADAnON

MODULUS OF ELASnCITY OF
LIGHTWEIGHT AGGREGATE PARTICLES

The modulus of elasticity of concrete is a function of
the moduli of its constituents. Concrete may be considered
as a two-phase material consisting of coarse aggregate
inclusions within a continuous "mortar" fraction that
includes cement, water, entrained air, and fine aggregate.
Dynamic measurements made on aggregates alone have
shown a relationship corresponding to the function: E =
0.008 p2, where E is the dynamic modulus of elasticity of
the particle in MPa and p is the dry mean specific gravity
in kg/mJ [4] (Fig. 2). Dynamic moduli for usual expanded
aggregates have a range of 10 to 16 GPa (1.45 to 2.3 x
106 psi), whereas the range for strong ordinary aggregates

E -0008 p2 (MPa)

WHERE p= DRY PARTICLE

DENSITY (kg/m'3)

Gradation requirements are generally similar to those
provided for normal-weight aggregate with the exception
that lightweight aggregate particle size distribution per-
mits a higher weight through smaller sieves. This modifi-
cation recognizes the increase in specific gravity typical
for the smaller particles of most lightweight aggregates,
and that while standards are established by weights pass-
ing each sieve size, ideal formulations are developed
through volumetric considerations.

An exception to the procedures of ASTM Method for
Sieve Analysis of Fine and Coarse Aggregates (C 136)
requires reduction of the weight of fine aggregate sample
tested according to the lightweight aggregate's unit weight,
and sieving time not to exceed 5 min.

Producers of structural lightweight aggregate normally
stock materials in several standard size formulations of
coarse, intermediate, and fine aggregate. By combining
size fractions or by replacing some or all of the fine frac-
tion with a normal-weight sand, a wide range of concrete
unit weights may be obtained. The aggregate producer is
the best source of information for the proper aggregate
combinations to meet fresh unit weight specifications and
equilibrium unit weights for dead load design considera-
tions.

Normal-weight sand replacement will typically increase
unit weight from about 80 to more than 160 kg/m3 (5 to
10 Ib/ft3). Using increasing amounts of cement to obtain
high strengths above 35 MPa (5000 psi) concrete will
increase air dry density from 32 to 96 kg/m3 (2 to 6 Ib/ft3).

.

ABSORPnON CHARACTERISTICS

Due to their cellular structure, lightweight aggregates
absorb more water than their normal-weight aggregate
counterparts. Based upon a 24-h absorption test, con-
ducted in accordance with the procedures of ASTM Test
Method for Specific Gravity and Absorption of Coarse
Aggregate (C 127) and ASTM Test Method for Specific
Gravity and Absorption of Fine Aggregate (C 128), struc-
tural-grade lightweight aggregates will absorb from 5 to
more than 25% by weight of dry aggregate. By contrast,
normal-weight aggregates generally absorb less than 2%
of moisture. The important difference in measurements

.

.

500 1000 1500 2000

MEAN PARTICLE DRY DENSITY

(kg/m3)

FIG. 2-Relatlonshlp between mean particle density and the
mean dynamic modulus of elasticIty for the particles of lIght-

weight aggregate [12].
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HOLM ON LIGHTWEIGHT CONCRETE AND AGGREGATES 527

exceed :!:2%, an adjustment in batch weights may be
required to restore specified concrete properties. To avoid
adverse effects on durability, strength, and workability,
air content should not vary more than:!: 1.5% from speci-
fied values.

DENSITY OF STRUCTURAL
LIGHTWEIGHT CONCRETE

Well-proportioned structural lightweight concretes can be
placed and screeded with less physical effort than that
required for ordinary concrete. Excessive vibratation
should be avoided. as this practice serves to drive the
heavier mortar fraction down from the surface where it
is required for finishing. On completion of final finishing.
curing operations similar to ordinary concrete should
begin as soon as possible. Lightweight concretes batched
with aggregates having high absorptions carry their own
internal water supply for curing within the aggregate and
as a result are more forgiving to poor curing practices or
unfavorable ambient conditions. This "internal curing"
water is transferred from the lightweight aggregate to the
mortar phase as evaporation takes place on the concrete
surface. thus maintaining continuous moisture balance by
replacing moisture essential for an extended continuous
hydration period determined by ambient conditions and
the as-batched lightweight aggregate moisture content.

Lightweight aggregates may absorb part of the mixing
water when exposed to increased pumping pressures. To
avoid loss of workability. it is essential to raise the presoak
absorption level of lightweight aggregates prior to pump-
ing. Presoaking is best accomplished at the aggregate pro-
duction plant where uniform moisture content is achieved
by applying water from spray bars directly to the aggregate
moving on belts. This moisture content can be maintained
and supplemented at the concrete plant by stockpile hose
and sprinkler systems.

Presoaking will significantly reduce the lightweight
aggregates. rate of absorption. minimizing water transfer
from the mortar fraction that. in turn. causes slump loss
during pumping. Higher moisture contents developed dur-
ing presoaking will result in increased specific gravity that.
in turn, develops higher fresh concrete unit weight. Higher
water content due to presoaking will eventually diffuse
out of the concrete. developing a longer period of internal
curing as well as a larger differential between fresh and
equilibrium unit weight than that associated with light-
weight concretes placed with lower moisture contents.
Aggregate suppliers should be consulted for mix design
recommendations necessary for consistent pumpability.

Although there are numerous structural applications
of all lightweight concretes (coarse and fine lightweight
aggregate), usual commercial practice in North America
is to design sanded lightweight concretes where part or
all of the fine aggregates used is natural sand. Long-span
bridges using concretes with three-way blends ( coarse and
fine lightweight aggregates and small supplemental natu-
ral sand volumes) have provided long-tenn durability and
structural efficiency (density/strength ratios) [14]. Earliest
research reports [5,6,15,16] compared all lightweight con-
cretes with "reference" norrnal-weight concrete while later
studies reported in Refs 13,17-19 supplemented the early
findings with data based upon sanded lightweight con-
cretes.

The fresh unit weight of lightweight aggregate concretes
is a function of mix proportions, air contents, water
demand, and the specific gravity and moisture content of
the lightweight aggregate. Decrease in density of exposed
concrete is due to moisture loss that, in turn, is a function
of ambient conditions and surface area/volume ratio of the
member. Design professionals should specify a maximum
fresh density for lightweight concrete, as limits of accept-
ability should be controlled at time of placement.

Dead loads used for design should be based upon equi-
librium density that, for most conditions and members.
may be assumed to be reached after 90 days. Extensive
tests conducted during North American durability studies
demonstrated that despite wide initial variations of aggre-
gate moisture content, equilibrium density was found to
be 50 kg/m) (3.1 lb/ft)) above oven-dry density (Fig. 3).
European recommendations for in-service density are
similar [ 4].

When weights and moisture contents of all the constitu-
ants of the batch of concrete are known, an approximate
calculated equilibrium density may be detennined
according to ASTM C 567 from the following equation

E = 0 + 50 kg/m) (E = 0 + 3lb/ft3) (1)

LABORA TORY AND FIELD CONTROL

Changes in lightweight aggregate moisture content, gra-
dation, or specific gravity as well as usual job site variation
in entrained air suggest frequent checks of the fresh con-
crete to facilitate adjustments necessary for consistent
concrete characteristics. Standardized field tests for con-
sistency, fresh unit weight, and entrained-air content
should be employed to verify conformance of field con-
cretes with design mixes and the project specification.
Sampling should be conducted in accordance with ASTM
Practice for Sampling Freshly Mixed Concrete (C 172)
and ASTM Test Method for Air Content of Freshly Mixed
Concrete by the Volumetric Method (C 173). The ASTM
Test Method for Unit Weight of Structural Lightweight
Concrete (C 567) describes methods for calculating the in-
service, equilibrium unit weight of structural lightweight
concrete. In general, when variations in fresh density

where

O = A + 1.2W,
E = calculated equilibrium unit weight, kg/mJ (lb/ftJ);
O = approximate oven-dry weight, kg/mJ (lb/ftJ);
A = weight of dry aggregates in batch, kg (Ib);
W = weight of cement in batch, kg (Ib); and

1.2 = weight of hydrated water of hydration (estimated at
20% by weight of cement).

COMPRESSIVE STRENGTH

Compressive strength test procedures for structural
lightweight aggregate concretes are similar to those for
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HOLM ON LIGHTWEIGHT CONCRETE AND AGGREGATES 529

ft3) and within normal strength ranges may be assumed
to follow the formula [1,4]

E = 33 pl.5 Jf. E = 0.04 Ji)3f; (2)

ASTM C 330 limits shrinkage of structural lightweight
concretes to less than 0.07% after 28 days of drying in a
curing cabinet maintained at 37.8°C ( 100°F) at a relative
humidity of 32%. Concrete mixtures used in the specimen
prisms are prepared with a cement content of 335 kg/mJ
(564 Ib!ydJ) with water contents necessary to produce a
slump of 50 to 100 mm (2 to 4 in.) and air content of 6
:t 1 %. Specimens are removed from the molds at one day,
and moisture cured until seven days at which time the
accelerated drying is initiated.

Shrinkage of block concrete is limited to 0.10% when
detennined in accordance with procedures outlined in
ASTM C 331. The ASTM Test Method for Length Change
of Hardened Hydraulic Cement Mortar and Concrete (C
157) is followed using fixed proportions of one part cement
to six parts aggregate by dry loose volumes, with sufficient
water to produce a slump of 50 to 76 mm (2 to 3 in.).
Initial length measurements are made after seven days
moist storage with final shrinkage measurements at the
age of 100 days after storage in laboratory air at 23°C
(73.4°F) and 50% relative humidity.

where
E = denotes the secant modulus in psi (MPa),
p = the density in kg/mJ (lb/ftJ), and
fc = the compressive strength in MPa (psi) of a 150 by

300 mm (6 by 12 in.) cylinder (100 mm cube).

This or any other formula should be considered as only
a first approximation, as the modulus is significantly
affected (:!:25%) by moisture, aggregate type, and other
variables. The formula clearly overestimates the modulus
for high-strength lightweight concretes where limiting val-
ues are determined by the modulus of the lightweight
aggregate. When design conditions require accurate elas-
tic modulus data, laboratory tests should be conducted
on specific concretes proposed for the project according
to procedures of ASTM Test Method for Static Modulus
of Elasticity and Poisson's Ratio of Concrete in Compres-
sion (C 469).

Tests to determine Poisson's ratio by the static method
for lightweight and sand-and-gravel concrete gave values
that varied between 0.15 and 0.25 and averaged 0.20.
Dynamic tests yielded slightly higher values [6]. A value
of 0.20 may be assumed for design purposes for both types
of concretes.

CREEP

Time-related increases in concrete strain due to sus-
tained stress can be measured according to procedures of
ASTM Test Method for Creep of Concrete in Compression
(C 512). Creep and shrinkage characteristics on any con-
crete type are principally influenced by aggregate charac-
teristics, water and cement content (paste volume
fraction), age at time of loading, type of curing, and
applied stress-to-strength ratio. Other second-level vari-
abies also influence creep and shrinkage but to a lesser
degree. As creep and shrinkage strains will cause increase
in long-time deflections, loss of prestress, reduction in
stress concentration, and changes in camber. it is essential
for design engineers to have an accurate assessment of
these time-related characteristics as a necessary design
input. ACI Committee 213 [11] demonstrates wide enve-
lopes of one-year specific creep values for low-strength
all-Iightweight, normally cured concretes. Test results for
higher-strength, steam-cured sanded-Iightweight con-
cretes have a range of values that narrows significantly and
closely envelopes the performance of the normal-weight
"reference" concrete. These values are principally based
upon the results of the comprehensive testing program of
Shideler [5]. Long-term investigations by Troxell [23] on
normal-weight concretes report similar wide envelopes of
results for differing natural aggregate types so compari-
sons with "reference" concretes should be based upon data
specific to the concretes considered.

Additional large-scale creep testing programs are re-
ported in Refs 7 and 19, and Valore [10] has provided a
comprehensive report that also includes European data
on structural as well as insulating-grade lightweight con-
cretes.

SHRINKAGE

As with ordinary concretes, shrinkage of structurallight-
weight concretes is principally determined by
(a) shrinkage characteristics of the cement paste fraction,
(b) internal restraint provided by the aggregate fraction,
(c) the relative absolute volume fractions occupied by the

shrinkage medium (cement paste fraction) and the
restraining skeletal structure (aggregate fraction). and

(d) humidity and temperature environments.
Aggregate characteristics influence cementitious binder
quantities (the shrinking fraction) necessary to produce
a required strength at a given slump. Particle strength,
shape, and gradation influence water demand and directly
determine the fractional volume and quality of the cement
paste necessary to meet specified strength levels. Once
that interaction has been established, it is the rigidity of
the aggregate fraction that restrains shrinkage of the
cement paste. When structural lightweight aggregate con-
cretes are proportioned with cementitious binder amounts
similar to that required for normal aggregate concretes,
the shrinkage of lightweight concrete is generally, but not
always, slightly greater than that of ordinary concrete due
to the lower aggregate stiffness. The time rate of shrinkage
strain development in structural lightweight concrete is
slower, and the time required to reach a plateau of equilib-
rium is longer when the as-batched, lightweight-aggregate
absorbed moisture is high. Maximum shrinkage strains
of high-strength lightweight concretes are slightly greater
than high-strength normal-weight concretes containing
similar binder content [22].

.

~

DURABILITY

Numerous accelerated freeze/thaw testing programs
conducted on structural lightweight concrete in North

I:=;,8
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observed in tests conducted on 70-year-old marine and
more than 30-year-old lightweight concrete bridge decks.

Panel Thickness, Inches

4 52 3 6 75

~~

Popouts may result from delayed disruptive expansions
caused by the slow hydration of particles of hard-bumed
lime or magnesia, calcium sulfate, or unstable iron com-
pounds. To test for the presence of these materials, con-
crete bars prepared by methods similar to those used for
the shrinkage tests are cured and tested according to the
procedures of ASTM Test Method for Autoclave Expansion
of Portland Cement (C 151). No popouts are permitted by
ASTM C 331 and C 330 since this disruptive expansion
would cause unacceptable aesthetic blemishes on exposed
concrete and masonry.

~~~~
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ABRASION RESISTANCE

Abrasion resistance of concrete depends on strength,
hardness, and toughness characteristics of the cement
paste and the aggregates, as well as on the bond between
these two phases. Most lightweight aggregates suitable
for structural concretes are composed of solidified glassy
material comparable to quartz on the Moh scale of hard-
ness. However, due to its porous system, the net resistance
to wearing forces may be less than that of a solid particle of
most natural aggregates. Structural-Iightweight-concrete
bridge decks that have been subjected to more than 100
million vehicle crossings including truck traffic show
wearing perfonnance similar to that of nonnal-weight
concretes [33]. Limitations are necessary in certain com-
mercial applications where steel-wheeled industrial vehi-
cles are used, but such surfaces generally receive specially
prepared surface treatments. Hoff [34] reports that spe-
cially developed testing procedures that measured ice
abrasion of concrete exposed to arctic conditions demon-
strated essentially similar perfonnance for lightweight
and nonnal-weight concretes.

~

0
50 100 125 150

Panel Thickness, mm

FIG. 4-Flre endurance (heat transmission) of concrete slabs
as a function of thickness for naturally dried specimens [11].

75 175

rials (E 119), structural lightweight aggregate concrete
slabs. walls, and beams have demonstrated greater fire
endurance periods than equivalent thickness members
made with nonnal-weight aggregates (Fig. 4). Superior
perfonnance is due to a combination of lower thennal
conductivity (lower temperature rise on unexposed sur-
faces). lower coefficient of thennal expansion (lower
forces developed under restraint). and the inherent ther-
mal stability developed by aggregates that have been
exposed to temperatures greater than 1093°C (2000°F) dur-
ing pyroprocessing.

BOND STRENGTH AND DEVELOPMENT
LENGTH

Field performance has demonstrated satisfactory per-
formance for lightweight concrete with respect to bond
and development length. Because of the lower particle
strength, lightweight concretes have somewhat lower
bond splitting capacities than normal-weight concrete.
Usual North American design practice (ACI 318 Standard
Building Code for Reinforced Concrete) is to dispense with
concepts of bond and require slightly longer embedment
lengths for reinforcement in lightweight concretes than
that required for normal-weight concrete.

Acknowledgments
The principal sources of infonnation for this chapter

include the Guide for Strnctural Lightweight Aggregate con-
crete (ACI 213) [II], ACI 318 Building Code Requirements
for Reinforced Concrete [1], the CEB-FIP Manual of
Design and Technology: Lightweight Aggregate Concrete
[4], and the Handbook of Strnctural Concrete [7]. Refer-
ences to specific building codes and national standards
are incorporated because these recommendations have
resulted in the satisfactory field service of structurallight-
weight concrete structures.

FIRE RESISTANCE REFERENCES

[J] "Standard Building Code for Reinforced Concrete," ACI
Committee 318, American Concrete Institute, Detroit, MI,
1989.

When tested according to the procedures of ASTM
Method for Fire Tests of Building Construction and Mate-



j

J

-aId 1ll1Uno[ I.JV ".s~JPn1S ~~eJ[UJJqS pue d~~.I:>-~~~.I;)uo:>
~q8J~M:jq~J"I [e.1n~;)ru~s uJ ~u~w~;)eId~"H pues" ..M .a. .I~jJ~M [6T]

.L961.J\ON.ll.ON.t91OA .~~n~J~sJlI~~~.I;)uo:>ue;)J.I~wv.s8u~
-p"i1~:Jo.Jd 1ll1Uno[ I.JV ".s~s~l.8uJ/f\e~ pue ~uJz~~.Id-~~~.I;)uo:>
~q8J~M~q~J"I [e.1n~;)ru~s UJ ~u~w~;)eId~"H pues.. ..M .a. .I~jJ~jd [8 T]
.L961 Al"f .L .oN .t9 loA .~~n~J~suI ~~~.I;)qo:> ue;)J.I~WV .s8u~

-p-.rJ:J°.Jd lznuno[ I.JV ".~U~.I:JS ~IJsu~l. 8uJ~~ndS-~~~.I;)Uo:>
~q8J~M~q~J"I [e.1n~;)n.[JS uJ ~u~w~;)eId~"H pues.. ..M .a. .I~jJ~jd [L T]

.6t61 Aew .6 .oN .St lOA .~~n1J~suI ~~~.I;)uo:>
ue;)J.I~WV .sau~p-.rJ:JO.Jd 1ll1Uno[ I.JV ".~~~.I;)uo:> ~~e8~.I88v

~q8J~M:jq~J"I.. ..:> .3 .ewnl. pue ..W .W .SJ[Ueds ..M ."H .~8nDI [9T]
.009-18S .dd .St lOA

.s8u~p~:Jo.ld :6t61 IJ.IdV .~~n~J~suI ~~~.I;)uo:> ue;)J.I~WV '1l1U
-.lno[ ".uoJ~;)n.[Jsuo:> ;)Jq~nouow .IOj p~u8Js~a ~~~.I;)uo:> ~~e~

-~.I8~V ~q8J~M:jq8J"I jO ~s~l... ..V. M .UOp.Io:> pue .H .M .~;)J.Id [S" I]
.0661 .~nv .0:> ..I~J\u~a .S.I~~U

-J8u3 IJAJ:> jO A1~J:JOS ue:JJ.I~WV .uoJsJAJa 8uJ.I~~uJ~U3 sIe
-J.I~~ew .ss~uo:> 8uJ.I~~uJ8u3 sreJ.I~~ew ~S.IJd .s8u~p~:Jo.Jd

".~~~.I;)uo:> ~q8J~M:jq8J"I re.In~;)ru~s q~U~.I:JS q8JH .IOj p.IO;)~"H
~;)ueW.IoJ.I~d :re~A OL.. ..M .l. ..I~UW~.Ig pue .v .l. .wIOH [t?I]

.t961
Al"f .L .oN .19 loA .~~n~J~suI ~~~.I;)uo:> ue;)J.I~WV .s8u~p"i1~:J
-aId lznuno[ I.JV ".~~~.I;)uo:> re.In~;)ru~s uJ pues Ie.In~eN q1J/f\
s~uJd ~~e8~.I88v ~q8J~M~q8J"I jO ~u~w~;)eId~"H" ..V. f .u~sueH [f I]

.9861 IJ.Idv/4;).Iew .~~n~

-J~SUI ~~~;)uo:> ue;)J.I~WV '1l11UnO[ ".~~~.I;)UO:> jO.IoJAeq~g ~q~
pue A1mqfJedwo:> ;)J~seI3.. ..v .l. .wIOH pue .M .l. ..I~UW~.Ig [Z I]

.L861
.IW .~JO.I~~a .~~n~J~suI ~~~.I;)uo:> ue;)J.I~WV .tlZ ~~~~Jwwo:>
I:>V .~J~.l:Juo.J ~JlI8~.l'J3y J't'8~~MJ't'8~7 lll.lnJ:Jn.lJS .loj C1p~n.9 [J I]

.tL61 .~d~S
.pueIod .MeS.IeM .MO.UOWO.L pull.{llp°.L-au~snoH u~ ~J~.l:Juo.J
".s~~~.I;)uo:> ~q8J~M:jq8J"I ue;)J.I~WV q~oN" ...If ..:> ."H .~oreA [01]

"ZtS
-60S .dd .tS loA .s8u~p~.?0.Jd :9S61 .J\oN .~~n~J~suI ~~~.I;)uo:>

ue;)J.I~WV .1ll1Uno[ ".s~~~.I;)uo:> 8uJ~el"suI.. ..Jf ..:> ."H .~JOreA [6]
"Z0V-t8t .dd .tS loA .s8u~

-p~:Jo.ld :9S61 .J\oN .~~n~J~suI ~~~J;)uo:> ue;)J.I~WV '1l11UnO[
".~JUn AJuosew JOj s~~e~~.I88v ~q8J~M~q8J"I.. ..:> .:> .uos{Je:> [8]

.t861.J(.IOA
M~N .IIJH-MeJD;)W .L J~~deq:> .~J~.l:Juo.J lll.lnJ:Jn.lJS jo
;)[ooqpullH ".~~~.I;)uo:> ~q8J~M:jq8J"I IeJn~;)ru~s.. ..V .l. .wIoH [L]

.t961 q:J:reW t .:>a .uO~UJqseM
.~;).I~wwo:> jO ~u~w1-I1!d~a .s.n .tL qde.I8ouow .spJepue~s
jO ne~Jng Ieuo!~eN ".s~~~.I;)uo:> ~q8J~M IeW.IoN pue ~q~J~M
-~q8J"I jO ~8e}{UJ.IqS 8uJA.Ia pue d~~J:>.. ..M .l. .pJeq;)J~"H [9]

.8Zt-86Z .dd .tS lOA .s8u~p-.rJ:Jo.Jd

:LS61 .~;)o .~~n~!~suI ~~~J;)uo:> ue;)J.I~wv '1l11UnO[ ".~Sn IeJn~
-;)n.[JS JOj ~~~;)UO:> ~~e8~.I88v ~q8!~M:jq~J"I.. ..f "f .J~I~PJqS [S"]

.LL61 ')In. J~~se;)ue"l .sS~Jd uofJ;)ru~suo:> .A8%uq;)~l. pue
u8Js~a jO renuew dId-g3:> .~J~.l:Juo.J ~JlI8~.l'J3y J't'8~~MJ't'8~7 [t?]

.t861 ~unf '1l1uO~JlI1U~IUI ~1~.l:JU°.J
".~uJ.I~q~e~M ~~J\~ o~ ~;)~rqns ~~~J;)uo:> ~~e8~.I88v ~q8!~M

-~q8J"I.. ..g "f .ueWM~N pue ..M .l. .J~UW~Jg ..V .l. .wIoH [f]
.0861 .q~d .IW .~JO.I~~a

.~~n~J~suI ~~~;)uo:> ue;)J.I~WV '1l11UnO[ "...(ruoseW ~~~;)

-UO:> MolloH jO s~nreA-n jO uoJ~el";)re:>.. ..Jf ..:> ."H .~JOreA [Z]

.1661 .hON .IW .1J°.J1aa .a1n1!1suI a1a.J;)U°:J
~J.Iawv .a1a.J;)U°:J 1~JaM1q~J'I re.rm;)ru:lS JO a;)U~W.J°J
-.Jad aq1 uo wnJsodwAs .s:JU?~:J°.ld ".suo!1~!IddV ;)!1;).IV .J°J

a1a.J;)U°:J a1~~a~~v 1q~JaM1q~J'I q~ua.J1S q~JH" ..:J .D .lJOH [pf]
.S861 .~nv .V A .~a'};)W .1-1oda1l ~uJd

.S~/S8-ml/\fMHd .oN 1-Ioda1l UO!1~.I1SJUJwPV A~Mq~!H le.Ia
-pad ".sa~pJ.Ig a1a.J;)U°:J 1~JaM1q~J'I ~uJ~Jsaa .J°J ~J.Ia1J.I:J" [ff]

.1661 .hON .UO!1~;)
-JUnwWO;) a1~hJ.Id paqs!Iqndun :a1a.J;)U°:J a1~~a.IB'i.v 1q~JaM
-1q~J'I (e.Im;)tU1S UO S1sal. a1~~~~~V-J~IV " ..M .l. ..Jauwa.Ig [Z'f]

.'l0'l1-8Lll.dd
'6S61 .6S 10A .~!1:{dlap~nqd .s~J.Ia1~W p~ ~u!1sal. .J°J A1a
-J:>OS ~J.Iawv 's:JU?~:Jo.ld ".uo!1;)~a1l a1~gamV-J(qIV 01
ana a1a.J;)U°:J JO uoJs~dX3 ahJssa;)x3 ~U!1Uaha.Jd uJ sa.Jm

-XJWPV ~.JauJW Jo ssauah!1;)alJ3" ..g ..Jaq1~W pu~ .'I ..Jaddad [If]
.8L61 .~!1:{dlap~nqd .~J.Ia:J~W p~ ~u!1sal.

.J°J A1aJ:IOS u~J.Iawv .fl691 d.LS W.LSV .SZ~~JVW :JU?'fVW
-~J~.l:JUo.J puv ~J~.l:JUo.Jjo S'J?J.l~dO.ld puv SJS;1.LjO ~:JUV:Jy?u:J?S
".UO!1~x3 ;)!1:{d~O.J:Iad-EE .Ja1d~q:J" ..:J .11 'zuaIaJW [Of]

.1661 .~nv .~p~u~:J '~a.I1UOW .a;)ua.IaJuo:J
~uo!1~wa1uI puo;)as .a1m!1SUI a1a.J;)U°:J u~;)J.Iawv .9'l1

-dS I:JV .~Jat:JU°.J jo Nn?qv.lna ".a1a.J;)U°:J 1~JaM1q~J'I (e.Im
-;)ru:lS JO A1mqe.Ina aql." '.M .l. ..Jauwa.Jg pu~ .V .l. 'wIoH [6Z']

.~861 .~nv 6'l '~eu~:J ..{rn~~:J 'suo~a1l ;)!1;).IV UJ Sa.Im
-;)tU1S ~as a1a.J;)U°:J uo wnJsodwAs ~u°!1~wa1uI :Jd:J-dId

".a.Insodx3 a.Jahas Ot t;)afqns ata.J;)U°:J uJ u°!1;)e.Ia1uI XJ.It~w

-a1~~aoJ2'Av" ..H .~nosap p~ ..V .l. .W{oH ..M .l. '.Jauwa.Jg [8Z']
.0861 .~nv .~p~~:J .~as

-aql. -Ag-sMa.Jpuv .tS .wn!sodwAs I~u°!1~watuI .a1m!1suI
a1a.I;)U°:J ~;)J.Iawv .S9-dS I:JV .Ju~WUO.l?i\Ua ~.uvW v U?
~J~.l:Juo.J jo ~:JUVW.lO}.l~d ".tuawuO.JJhu3 au!-11!W ~ uJ ata.J;)

-uo:J t~JaM1qg!'I ~.Jm;)tU1S Jo a;)~W.J°J.Iad" '.V .l. 'wIoH [LZ']
.L961 A~W .:Ju.u~u

-.J:Jua 1?i\?J ".sa~pJ.Ig pa~~~a t~S ~uJ.IOtsa1l" ..f .11 'qs~M [9Z']

.OL61 .A1J:J a){~'I tres .atm!1suI a1~IS 1? A~I:J a~qs pap~dx3
'El .oN 1aaqs u°!1~W.J°JuI a1a.J;)U°:J 1q~JaM1q~J'I "'a1a.J;)
-uo:J tqSJaM1q~J'I (e.Im;)ru:lS Jo A1mq~.Jna M~I:{.l-azaa.Id" [5"Z']

.1961 .u~f .atm!1suI ata.J;)

-uo:J u~;)J.Iawv .lvU.lno[ ".a1a.J;)U°:J a1~Sa~~v 1q~JaM1qSJ'I Jo
S1sal. SUJM~ql. p~ ~uJzaa.Jd" ..V. f 'uasu~H pu~ .d ..Ja~aJDI [PZ']

.8S61 .~JqdIap~nqd .s~J.Iat~W p~
~u!1sal. .J°J A1aJ:>0S U~;)J.Iawv '8S 10A .s:JU?P~~:JO.ld ".ata.I;)
-uo:J pa:).1°JuJa1l p~ uJqd Jo S1sal. a~quJ.IqS p~ daa.J:J
aw!l. ~u0']" ..3 .11 .SJh~a pu~ '.W .f .Ia~qde1J '.3 .D .uaxo.Jl. [fZ']

.0861
IJ.IdV .uopUO'I .ata.J;)u°:J 1q~!aM1qgJ'I Jo ssa~uo:J ~u°!1
-~wa1uI PUO;)as .s:JU?~:JO.Id :sa1a.J;)U°:J at~gaoJP.gv tq~JaM
-tqS!'I qtBua.JtS q~JH Jo saJ1-1ado.Jd ~;)JsAqd" ..V .l. .wIOH [Z'Z']

.LE-I
.dd .8S 10A .s8u?p~:Jo.ld ~1961 Alnf .atm!1suI a1a.J;)U°:J U~;)

-!.Iawv '1lJU.lno[ ".ata.I;)u°:J tq~!aM1qSJ'I (e.Im;)tUtS Jo a;)um

-sJsa1luoJsual. ~uo~~Ja pu~ qt2Ua.ItS ansual." '.V .f 'uasu~H [1Z']
.8S61 .tdas .E .oN .SS 10A 'a1m!1suI ata.J;)

-uo:J u~;)J.Iawv .s:JU?P~.?o.Id IvU.lno[ /.JV "'sw~ag ata.J;)U°:J
tq~JaM1qSJ'I pa:).1°JuJa1l JO qt2Ua.I1S .J~aqs" '.V .f 'uasu~H [OZ']

.8961
.qad .'l .oN .S9 10A .a:Jm!1suI ata.J;)u°:J u~;)J.Iawv .s:JU?~:J

'il.L3H.JNO.J dO S'ilI.LH'ildOHd GNV S.LS'il.L lES




