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A REVIEW OF CONCRETE PROPERTIES TOR PRESTRESSED
CONCRETE PRESSURE VESSELS

R. ¥. Nanstad

ABSTRACT

For years, many research programs have been conducted on
the properties of concrete for prestressed concrete reactor
vessels (PCRYs). The desire for increasing powsr output
along with safety requirements has resulted in consideration
of the prestressed concrete pressure vessel (PCPV) for most
current nuclear reactor systems, as well as for the very-
high~temperature reactor for process heat and as primary
pressure vessels for coal conversion systems.

Results are presented of a literature review to ascertain
current knowledge regarding plain concrete preperties undey
conditions imposed by a mass concrete structure such as a
PCRV. The effects of high temperature on such properties as
strength, elasticity, and creep are discussed, as well as
changes in thermal properties, multiaxial behavior, aond the
mechanisms thought to be responszible for the observed Lehavior.
In addition, the effects of radiation and medisture migration
are discussed.

It is concluded that testing rvesults found in the technical
literature show much disagreement as to the effects of tempersture
on concrete properties. The variations in concrete mixtures,
curing and testing procedures, age at loading, and moisture
conditions during exposure and testing are some of the reasons
for such disagreement. Test resulis must be limited, in most
cases, to the materials and conditioms of a given test rather
than applied to such a general class of materials such as
concrete, It is also concluded that sustained exposure of
normal concretes to current PCRV operating conditions will not
result in any significant loss of properties. However, lack
of knowledge rvegarding effects of temperatures exceeding
100°C (212°F%), moisture migration, and multiaxial behavior
precludes a statement advocating operaiion beyond curtvent
design limits.

The report includes recommendations for future research
on concrete for PCPVs,

1. TINTRODUCTION

The use of prestressed concrete as the primary pressure-retaining
structure for ouclear power reactors was first introduced in 1954 at
Saclay, France.! Since that time, prestressed concrete reactor vessels
(PCRVs) have become a basic component of gas-cooled reactors constructed



in France, England, Germany, and the United States, and more are being
designed and planned. The desire for reactors having increased power
output along with additional safety reguirements has resulted in the
development of PCRVs for pressurized-water reaciors and boiling~water
reactors. PCRVs are also being planned for the very-high-~temperature
reactors for process heat and as the primary pressure vessel for coal
conversion systems. Expanding interest in the concept of prestressed
concrete pressure vessels (PCPVs) operating under such conditions as
high pressures, high temperatures, and hostile environmments has neces-
sitated detailed investigations of concrete behavior under specific
operating conditions.

Many research programs have been conducted, and much valuable
knowledge has been gained about PCPV structural behavior in general
and concrete properties in particular. Much of the accumulated data
for a particular property, however, precludes reasonable correlations
and conclusions with regard to behavior of concrete. The reason for
this is the widespread use of a variety of concrete mixtures and materials.
In addition, accurate structural representation in mechanical testiog
is a problem, since laboratory simulation of mass concrefe curing
conditions and moisture migration is not a simple proposition when
using reasonably small test specimens. Allied with these problems arve
difficulties with experimental techniques such as testing of small
sealed concrete specimens at temperatures of 100°C (212°F) or greater,
multiaxial testing, and measurement of long-term behavior.

Oak Ridge National Laboratory is conducting a program of PCRV
research and development. As part of the program, this investigation
is to provide an assessment of the state of the art as regards relevant
concrete propevrties and test procedures and identify those areas
requiring further investigation. Thus, this report will first briefly
discuss the general concept of the PCPV and the PCRV environment and
then provide a detailed discussion of the relevant material properties
of plain concrete within that context.

A general description of the PCRV is given in Sect. 2. It is
suggested that tChose familiar with the use of the PCRV in the high-—
temperature gas—cooled reactor (HTGR) and/or inm the gas—cooled fast
reactor systems? proceed directly to Sect. 3.

2. PCPV CONCEPT
2.1 PCPV Description

The PCPV is designed to serve as the primary pressure containmentl
structure. Although the concept of a PCPV is nmot limited to nuclear
applications, this report will emphasize consideration for nuclear power
systems and, in particular, the HTGR. However, most of the discussion
is equally relevant to many other concrete structural applications.

PCRVs used for HIGRs can be either the relatively simple single~
cavity type, used for the Fort St. Vrain Nuclear Generating Station, or



the newer and more complex multicavity type, used for the British
Hartlepcol and Heisham reactors and progosed for the larger Delmavva
Power and Light Company Summit Station.’

A cutaway view of the HIGR designed by General Atomic (GA) Company
is shown in ¥Fig. 1. This design is based on the so-called "integral
concept,” whereby the entire primary circuit, censisting of reactor
core, primary coolant system, and portions of the sezcoundary coolant
system, is contained within a single concrete vessel. The rveactor
core is located within a large central cavity surrounded by smaller
cylindrical cavities which contain the primary cooling system, auxiliary
cooling loops, and pressure relief wells. The steam genervators and
helium circulators ave located in the primary cooling svystem cavities.
These cavities are connected, at the top and bottem, to the central
core cavity by radial ducts and are sealed at the upper end by concrete
plugs that support the helium circulators.’
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Fig. 1. HIGR with Multicavity PCRV. Source: Planning Cuide for
HTGR Safety and Safety-Related BResearch and Development, ORNL~4968
(May 1974).



A continuous welded steel liner, attached to the walls of each
cavity, acts as the barrier against leakage of the primary coolant. In
turn, the concrete vessel supports the liner and serves as the structural
resistance to internal coolant pressure. Figure 2 shows a typical design
for the thermal barrier and liner cooling tube system. These tubes are
welded to the liner and, in conjunction with the insulation, serve to
maintain a specified temperature [about 65°C (150°F)] at the liner-—
concrete interface during normal operation.

As shown in Fig. 1, there are many penetrations through the vessel
head for nozzles, control rods, fuel elements, piping, refueling stand-
pipes, ete. These penetrations are sealed to prevent loss of coolant.

The PCRV is constructed of relatively-high~strength concrete and
is actually a spaced steel structure, since its strength is derived from
a multitude of linear steel elements made up of reinforcing bars and
prestressing tendons. PCRVs for the large HIGR systems are massive,
thick~walled, right circular cylinders having flat heads. The vessel
is prestressed with interior longitudinal unbonded tendons and external
circumferential strand windings, both of which are capable of being
monitored and adjusted if necessary. Some of the design parameters for
typical gas—cooled reactors and PCRVs are given in Table 1. It must be
emphasized that there are PCRV designs in addition Lo the vertical
cylinder multicavity type described above. For example, the Marcoule
G~2 and G-3 reactors employ single-cavity horizontal or "lying" cylinders,
while Wylfa 1 and 2 vessels are of spherical design. However, the
fundamental design philosophy and basic material considerations are similar.
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Table 1. Data for Gas-Cooled Nuclear Power Stabions
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Reactor Type Craphite-00; MAENOX ACR wer
Country France K Usa WG UsA
Dnit Power MW e) 40 480 487 547 300 390 600 1250 330 300 1160
Ceometry of Vessel LC vC 5P ve
Horking Pressure 1b/in.? 214 428 406 616 350 E1:74 435 645 &30 570 670
kpfem? 15.0 30.0 28.5 43,3 24,8 27.0 36,5 45,3 42.0 40.0 47.0
Outlet Tempevature °F 626 770 770 770 770 177 1247 1198 1440 1382 14060
“C 330 410 410 410 410 Al4 675 548 770 750 760
Peenigeible Concrete °F 122 187 176 158 140 113 131 140 130
Temperature °C 50 75 80 70 50 45 55 60 35
Diameter of Vessel
Inside ft 45.9 62.3 62.3 56,1 77.0 96.0 5.5 43,0 31.0 52.2 374
™ 14.0 19.0 19,0 17.1 23.5 26.26 19.95 13.1 9.4 15.9 11.3
OQutside ft 65.6 93,5 107.2 90,3 85.0 61.90 31.1 1063
a 20.0 28.5 32.7 27.% 5.9 Z1.0 24.8 32.3
Height (Length) of Vessel .
Inside ft 67.0 68.7 119,0 125.5 50.9 58.0 AGL0O 75.0 30.0
n 20.5 z2l.0 36,3 38.25 18.3 17.7 10.3 23.0 15.3
OQutszide ft 110.¢ 105.90 161:6G 104.0 98.4 5.0 106.0 83.5 912
Q 33.63 32.0 49,1 31.7 30.0 23.3 32.0 253.5 27.7
Breaking Lead/Working Load 4,00 3.00 2.59 2.50 3.00 7,65 2.50 2.50
Concrete Mass £t L10% 742 884 855 654 750 443 410 175
w? .10% 21 25 24,2 18.5 21.2 12.52 1l.6 4.95
Reinforcement tons 2455 985 787 280 2400
T 3G00 1000 800 284 2449
Cables tons 738 2225 2540 2256 1008
t 750 2260 2580 2292 10156

Note: 1LC = lying cylinder, VC = vertical cyclinder, and 5P = sperical.
%pata from Planning Guide for HTGR Safety and Safety~Related Research and Development, QRNL-4%68 (May 1974), added by author.

Source: W. Purste, G. Hohnerlein, and H. G. Schafstall, "Prestressed Concrete Resctor Vessels foxr Nuslest Power Plants
Compared to Thick-Walled and Multilayer Steel Vessels," Swcond Int. Conf. on Pressure Vesssl Technology, Part 1, San Antordo,
October 1973.



2.2 Design Philosophy

In a traditional steel pressure vessel the material ig a continuous
medium, and, depending on operational requirements, a thick wall must be
used to vesist the internal pressure and temperature. To design larger
systems, ong must increase the vessel thickness {undesirable because of
temperature gradients and fabrication) or increase the material strength
to cope with the larger stresses (usually at the sexpense of toughness
and increased sensitiviity of higher-strength steels to defects). In
addivion, safety considerations liave led vessel designewvs to the redun-
dancy of the PCRV. Firste et al.” cite the following examples of factors
involved in the choice of a PCRV for primary comtainment :

1. Radiarion is absorbed by the concrete; the vessel serves as a
biological shield.

2. Leak-tightness is securad by the steel liner.

3. Heat is restrained by the interoal imsulation and the cooling
system.

Although not mentioned by Furste et al., the PCRV is field evected and is

usually constructed with materials from the local area; they continue

with other PCRV characteristics:

4, reaction to a burst is such that, after decrease of pressure, fissures
vanish and a catastrophy by release of radiocactivity is prevented;

5. redundancy of the tendons makes burst by brittle fracture impossible;

6. control of the tendons allows for the possibility of rvestressing or
replacing them as needed.

The concept of loading is that, under normal operation, the tengile

stresses created by the internal pressure do not overcome the compressive

stress created by the vertical and circumferential prestressing, except

locally, where stress concentrations exist. The prestressed concrete

carries the normal pressure loads. Because of its viscoelastic-plasiic

behavior, the coucrete is able to transfer load from highly stressed

regions to vegions of low stress. Thus, local defects in the concrate

are insignificant. Under operating conditioms the PCRV responds, because

of the prestress, like an isotropic material.’

The general load-strain behavior of a PCRV is shown in Fig. 3. 1In
the first regime the vessel behaves elastically and the concrete is being
unloaded as the intermal pressure increases. In the second regime the
vessel behavior is still elastic, but the stress inm the concrete becomas
tensile and cracks begin to appear. In the third regime the concrete is
fully cracked and the steel begins to deform plastically up to the ulti-
mate load. It is on the behavioral basis described thal catastrophic
failure f a PCRV is comsidered incredible,® providing the head is
sufficiently overdesigned.

Costes et al.’ emphasize the desirable safety characteristics of
PCRVs that can permil ample warning before rupture. These characteristics
are provided by the strength and plasticity of the bonded and unbonded
steel in the structure, along with the rigidity of the comcrete and the
leak—-tightness of the limer. A large density of reinforcing steel in
the concrete will help to control size and distribution of evacks. The
large "crack opening displacement' of prestressed concrete means that a
crack will be well extended and, thus, visible or detectable before vessel
rupture cam oCccur.
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Fig. 3. Predicted Strain Behavior of a PCRV. Sourxce: (. P. Tan,
Prestressed Concrete in Nuclear Pressuve Vessels. A (Critical Beview
of Current Literature, ORNL-4227 (May 1968).

It is weyry difficult to develop a clear understanding of diagonal-
tension and shear failures in a vedundant structure such as a PCRV,
since the concrete is frequently in a complex state of multiaxial stress,
However, it is possible to formulate a conservative design based on
current knowledge of shear in beams and slabs.® Since a PCRV cannot be
rationally designed because of lack of knowledge of concrete failure
under multiaxial states of stress and shear mechanisms, further study
is needed. Other properties of concrete, both short term and long term,
are also important in design. Figure 3 represents time~independent
behavior. During the design life of a PCRV (30 to 40 vears), irveversible
deformation (primarily from creep and shrinkage) occurs. Although
thermal loads do in themselves produce significant deformations of the
highly redundant PCRV, creep and shrinkage rates are altered by tempera-—
ture, and long~term behavior is affected.® An understanding of the
compressive gstrength of concrete with aging, long-time curing, and
various thermal conditionms is important, because the concrete must
remain prestressed in compression for the effective life of the vessel.
Physical properties such as thermal expansion, thermal conductivity,
and diffusivity, as well ag the mechanical properties, need to be eval-
uated with respect to their separate or combined effects on the structural
integrity of the vessel. Specific conditions such as fsopervature, radiation,
moisture, state of stress, and age can affect varicus properties and must



be evaluated for their impact on stort- and long-term behavior. The
increased understanding of concrete properties and vessel behavior can
lead directly to increased vessel efficiency, safety, and reliability.

3. CONCRETF PROPERTIES
3.1 General

Concrete is a general term for a class of cevamic materials which
vary widely in their properties and their applications. The American
Concrete Institute defines concrete as "a composite material that consists
easenitially of a bindiog medium within which are embedded particles or
fragments of aggregate; in portland cement concrete, the binder is a
mixture of poriland cement and water."® By varying the constituents and
their relative proporiions in the mixture, one can obtain concretes of
widely differing properties. There are five types of portland cement
and other kinds of cement as well. Aggregates such as natural sand,
manufactured sand, crushed stone, gravel, crushed gravel, slag maiterials,
etc., will vary considevably in their properties. 1In addition, of course,
the size and distribution of aggregates may be varied as desired for
certain effects. The water content has a great ¢ffect on concrete
properties, and, even frow a chemical standpoint, variations of water
chemistry between different geographical locations can result in different
properties.

In the face of this wide range of specific concrete variables, we
will attempi to direct discussion toward the relatively-high-strength
structural—grade concretes. For the purposes of this repori, that means
concrete made by recognized standard practice and with the types of
materials used in PCRV construction Lo date.

It is well known, and often Stated,sslo’ that the great variability
in properties of concretes used in laboratory investigations and field
construction precludes precise comparisons of experimental data. Thus,
Browne!? indicated that precise data of many properties are vequired for
a specific vessel design and that, because of comnsiderable variation in
materials and mixture proportions, rtests must be performed on the concrete
mixture designed for cach vessel. The following section will describe
the concreite used thus far ia PCRV design and construction.

11

3.2 PCRV Concretes

Refervence § provides data concerming the concrete mixtures used for
coustruction of the Oldbury, G2, G3, and EDF3 vessels. The following
represent typical characteristics of PRV concrete:®
1. cement, air entraining type 2;

2. sand, graded to meet ASTM specifications;
3. aggregate, gravel, or limestone crushed and graded to meet ASTM
specifications with size about 2.54 cm {1 in.) or less;
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4, amount of cement, about 6 to 6 1/2 sacks per cubic vards
5, water—to-cement vatio, 0.4 to 0.3
6. compressive strength, 34.47 to 41.37 MPa (5000 to 6000 psi) at

28 days; and
7. slump, 5,08 to 10.16 cu (2 to 4 in.).
The design data for the concretes used in Geveral Atomic model 2 are
given in Table 2 as specific examples,

Section ITT, Division 2, of the ASME Boiler and Pressure Vessel Cods
(Standard Code for Concrete Reactor Vessels and Coutainmeﬁts}lz provides
some raquirements for the materials and mixture design of concvete for
PCRVs. TFor example, type II portland cement and aggregates must conform
to ASTM C-33. 1In addition, the maximum size of course aggregate shall
not be larger than 1/% of the narrowest dimension of the finished wall
ot slab nor larger than 3/4 of the minimum clear spacing between vein-
forcing steel and/or embedments. The water used for mixing shall have
less than 2000 ppm total solids content and shall not contain move than
250 ppm of chlorides as C17. Adwixtures are allowed in accorvdavce with
the construction specification of a particular PCRV. WMeasurement of
certain properties is required prior to comstructicn. These are: slump,
compressive strength, flewuval strength, splitting tensile strength, static
modulus of elasticity, Poisson’s ratio, coefficient of thermal conductivity,
coefficient of thermal expansion, creep of concrete in compression,
shrinkage coefficient (length change or cement-mortar and concrete),
density, and aggregates for vadiaticn shielding concrste.

“With regard to applicable envircumental oy desigo condit
specifics of the age and temperature at which the pre
obtained, the construction specification m fy them as well as
any other properties to be measured. In addition, if a particular
property listed above is not of interest, the construction specification
will so state. Applicable testing specifications are given for each
listed property. More details are given in the ASME Code concerning
bases for selection of concrete mix proportions. The constyruction
specification is a design document which specifies the actual vessel
design parameters, and the concrete mix proportions are selected 0w the
basis of meeting the property requirements.

With regard to desirable concrete properties, Browne'? ligts the
property and justification for =sach in Table 3. Tan® lists essentially
the same properties with the additions of: high specific heat, low heat
of hydration, and satisfactory hyvdrogen contént materially unaffeclted
by the operating temperature. The main concerns, according to Tan, are
the effects of irradiation aud, particulavly, temperature above the
normal ambient on those properties. Many investigators have reached
similar conclusions.

As stated in the Introduction, this report is concerned with the
properties of plain concrete. Reference to reinforced or prestressed
concrete will only occur when required to tie the discussion to the
primary application of interest. The PORV is designed to withstand the
high reactor operating pressure, contain the reactor coclant, and serve
as a biological shield against radiatioon. Thus, it is a mass concrete
structura. As such, it is desirable to relate the properties of the

36
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Table 2. Mix Design Data for Conventional Concrete
Use¢ for Genersl Atomic Model 2

. " . &
Mix Designation

3ge a3/t B 34c /4 D 3/4 E {‘;Sb 11/2A 11/28 11/2¢

Aggregate,c 1b/ya? 3077 3025 2906 2975 5948 5448 3189 3145 3089
Cement,d sa-:ks/yd3 6.38 6.94 §.21 7.35 7.69 7.63 5.44 6.32 5.69
water, 1b/yd® 3364 338 339 344 333 333 319 319 318
Water-to-Cemerit Ratio 0.555 0.517 0.440 0.4¢8 0.45¢ 0.459 0.523 0.55% 0.5C5
Aggregate-to-Cement Ratio 5.12 4,64 3.7& 4.30 4. 08 4.38 6.22 5.47 4.92
Uniz Weight, 1b/ft’ 146.1 146.3 148.4 147.G 147.9 149.3 150.0 150.1
Slump, in. 11/2 15/8 11/2 1 3/8 1 1/2 1 1/é 1 3/4 15/8 1 3/6
{ompreassive Strength,e osi

At 28 days 4963 5528 70567 5998 6206 6413 4298 5207 6260

At 60 days 6006 6780 §360 6751 7215

At 90 days 5670 6380
Modulus of Elasticity 4,11 x 10°

at 28 days, psi

fprefix 3/4 is 3/4 in. maximum-size aggregate; prefix 1 1/2 is 1 i1/2 in. maximuum-size aggregate.
Mixed at job site with job mixer.

Candesite from Lyons, Colorado.

dType 2 portland cement from Denver, Colorado.

eAvetrage of thres specimens.

Source: £, 3. Endebrock, Pregtressed Conerate Reactor Vessels: Review of Design and Failure Criteria,
LA-5902-MS, Los Alamos Scientific Laboratory {May 1975). Work done by Testing Engineers, Inc., San Diego, Calif.
SIXA Plastiment water-veducing agent used in all nimes (2 oz. per sack of cement}.
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Table 3.

Preferred Councrete Properiies

Preferred property

Reasons

High compressive strength
at pormal and elevaied
temperature

To reduce vessel thickness and in-

crease allowable siresses.  Other
strenigth properties are (o some
extent related to  compressive
strength.

Good mix workability

To ensure good compaction in plac-

ing, particularly in areas where
high concentrations of reinfoice-
ment and presiress ducting exist.

High density

To oprovide good neutron  and
gamna ray absorption propesties.

Low elastic and creep de-
formation usder load

To reduce movements and the re-
distribution of stresses under vary-
ing load and temperature cycles.
To reduce prestress losses,

Low drying shrinkage

To reduce movements and fem-

PEralure stresscs,

{.ow thermal expansion

To reduce moavements and tem-
perature stresses.

Resistant to  thermal

shock

To prevent damage 1o structure
under rapid heat application, ie.
adjacent {0 steam openings.

High thermal conductivity

To minimize the cooling system re-

. quired to keep the vessel concreie

at a permissible temperature.

Immunity to radiation

damage

To minimize the possible deteriora-
tion of concrete in high irradiated
areas.,

Source: R. D. Browne, '"'Properties of Concrete in Reactor Vessels,”

group C, paper 13, Conference on Prestressed Concrete Pressure Vessels,
Westminster, S.W.I., March 1967.
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plain concrete to those in mass concrete. The term ‘'mass concrete'
refers ro concrete as used in massive structures aond is defined as:
"Any large volume of cast-in-place concrete with dimensions large
enopugh to require that measures be takeﬁ to cope with the generalion

of heat and attendant volume rhango to minimize cracking." For PCRVs,
thicknesses of a few feet o move thanm 30 ft are of concevrn. In addition,
the migration of free moisture in a massive section will not necessarily
be represented by a small laboratory specimen. Thus, a primary concern
in PCRV concrete investigations is the modeling of mass concrete in the
lzhoratory. This has generally been accomplished by sealing the speci-
mens against loss of free moisture. The moisture migration problem

and its effects on mechanical properties will be discussed later.

13

1

3.3 Effects of Temperature

As previously mentioned, Lemperature is an important esnvivonmental
parameter in a8 PCRV. PCRV designs to date have provided for elaborate
cooling systems and insulafion barriers to maintain the concrete at a
relatively low temperature. An example of this system is shown in Fig. 1
for the GA-desiguned HTGR.® ‘“Wechnical discussion of this cooling system
is not intended; rather, the poinit to be emphasized is that the procedures
required for cooling the concrete are elaborate and rherefore, from
fabrication and operational viewpoints, expensive. Designs of PCRVs
relative to allowable concrete temperabures are necessarily conservative
because of a lack of kinowledge of concrefe behavior at elevated tempera-—
tures. An understanding of high-tempervature behavior is also required
to assure safety in the event of accidemtal over—temperature and/or
over-pressutre conditions.

Table 4 gives the ASME code temperature limits for various locations
in the PCRV for the appropriate condiiions (normal operatiom, etec.).'?

As secen, the temperature should not exceed 65°C (150°F) at the liner-
concrete interface and in the bulk concrete. Between cooling tubes (near
the liner), 93°C (200°F) is given as the maximum allowable. For compari-
son, Table 1 provides thse design temperature limits for some existing
PCRVs. Thus, PCRV designs to date show a wide range of allowable concrete
temperature from 45°C (113°F) for Wylfa to 80°C (176°F) for St. Laurent.
The allowable temperature drops across the wall vange from 15°C (59°F) in
Wylfa to 50°C (122°F) for the French vessel.® 1In any case, the maximum
allowable temperatures are very low compared with the reactor coolant
temperatures, and effective thermal barriers are required, especially

for the HTGR.

3.3.1 Compressive Strength

Although ihe concrete of a PCRV is in its least stressed condition
during normal operation, concern for compressive strength is wvalid,
because the concrete is under a compressive siress during nonoperating
conditions owing to the axial and circumferential prestressing forces.



Table 4., Condition Categories and Temperature Limits
for Concrete and Prestressing System

Temperature
Load Category Arsa Limits, F
Construction Bulk concrete 130
Normal Liner
Effective at liner-concrete interface 150
Between cocling tubes 200
Bulk concrete 150
Bulk concrete with nuclear heating 160
Local hot spots 250
Distribution asymmetry 50
At prestressing tendons 1507
Liner interface transients (twice daily) range 100—150
Abnormal and Severe Environmental Liner
Effective at liner-concrete interface 200
Between cooling tubes : 270
Bulk concrete 200
Local hot spots 375
Distribution asymmetry 100
At prestressing tendons 175
Liner interface transients range 100—200
Extreme Environmentat Liner
Effective at liner-concrete interface 300
Betwesn coofing tubes 400
Bulk concrete 310
Local hot spots 500
Distribution asymmuetry 100
At prestressing tendons 300
Liner interface transients range 100—200
Failure Bulk concrete
Unpressurized condition 400
Pressurized condition 600
NOTE:
{1} Higher temperatures may be permitted as long as effects on material behavior for example relaxation, are accounted
for in design.

Source: '"'Concrete Reactor Vessels and Contaimnments,' ASME Boiler and Pressure Vessel Code,
Section IITI, Division 2 (1975).

£
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Also, the concern for elevated-temperature behavior stems from the fact
that the concrete will be hot after reactor shutdown aind, because of no
internal pressure, will be subjected to the maximum compressive siresses

at the elevated temperature or possible tensile stresses in the event of
postopsrational cool-down of the PCRV.
In discussing strerngtit testing of concrete, Uougzill“+ peints out
that only sufficiently stiff machines can provide true rvepresentation
of concrete behavior and that care must be taken in using the peak stress
as a value of strength. Figure 4 shows typical stress-strain curves for
concrete in uniaxial compression tested at various strain rates. There
is a danger in assuming that the peak stress is the stress at failure,
and that behavior, under decreasing straiu rvates with consequential
redistribution of stress, is neglected. Figure 4 shows that the peak
stress did not change appreciably bui that behavior changed dramatically.
In examining concrete test results, one must always keep in mind

that differences in concrete can be quite substantial and that experi-
mental Lechniques for evaluating elevated-temperature properties are
not standardized and are difficult to perform. Thus, wide variation

in data should be expected, and conflicting results can be found in the
literature.
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0.002 0004 0.006
Fig. 4. Stress-Strain Curves for Concrete in Compression. Source:

J. W. Dougill, "Structural Properties of Concrete: A Review," lecture X
of lecture notes from the program; Prestressed Concrete Nuclear Reactor
Structures, March 1968.
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Tan® states that the strength of concrete, like its modulus of
elasticity, is believed to be very little affected over the temperature
range used in the current PCRV designs. However, he presents the data
of Hannant,'® which show that, at 100°C (212°F), unsecaled and sealed
concrete (limestone aggregate) suffered a 307 loss of compressive
strength (compared with the reference 28-day strength). Further tests
at 150°C (302°F) revealed a strength gain for the dry (unsealed) concrete,
but the sealed concrete strength decreased further for a total loss of
40%. Results from Saemann and Washa's'® tests on an unsealed gravel
concrete showed a relative strength of 88% at 75°C (167°F) and 80% at
100°C (212°F). Further increases in temperature resulted in a relative
strength of about 105%Z at 200°C (392°F). The authors offered no expla-
nation for the results.

Davis,ly in a review paper, discussed the high-temperature strength
of concrete and emphasized the importance of age at testing. As he
stated, the properties after 28 days of moist storage at room temperature
are considered standard; however, it is known that concrete will continue
te gain strength with age if moisture is available for continued hydration.
In this regard, he veferences tests by Withey18 in which 50-vear-~old
specimens had strengths of 35.8 and 44.8 MPa (5200 and 6500 psi) compared
with their 28-day reference strength of 13.8 MPa (2000 psi), strengths
of 260 and 325% of reference. Davis also presents previously unpublished
data in which specimens were moist-cured for 28 days, air-dried until
90 days old, heated for 2 weeks at temperature, and tested at room temper-
ature. Based on a 90-day reference strength, 28~day moist concrete had
only 78% of reference strength at 20°C (68°F). Davis states that speci-
mens which are move or less saturated with water at the time of test have
lower compressive strength than dry specimens. This is an interesting
point which was made without the benefit of much data on concrete speci-
mens sealed against moisture loss. Davis atrributes that effect to the
‘nresence of pore water during testing and says that is why some researchers
(such as Hannant, Saemann and Washa) noted a 10 to 40% strength loss from
66 to 149°C (150 to 300°F) and less compressive loss at higher temperatures.
With regard to testing at the exposure temperature (hot testing) or elevated-
temperature exposure followed by testing at room temperature {cold testing),
Davis concluded that, generally, greater strength losses are incurred
with cold-tested specimens. The effect of thermal cycling was considered
by Davis, and he states that the loss in strength for concrete subjected
to wide fluctuations in temperature has been observed to be two or three
times as great as for constant exposurz to high temperature, depending
on the severity of thermal cycling. He did not reference any specific
investigations. He presented some previously unpublished Hanford data,
however, which shows strength drops to 73% for 20 thermal cycles of
38 to 200°C (100 to 392°F). For a cyclic patterm of 38 to 350°C (100 to
662°F), the strength was 60% after 1 cycle and 65% after 20 cycles (90~-day
reference}. Thus, his data do not substantiate the conclusion regarding
cycling. Davis concludes by stating that, for constant exposure to
66 to 93°C (150 to 200°F), the loss in strength, if any, is quite small;
and for temperatures as high as 260 or 316°C (500 or 600°F), the deteri~
oration in structural properties is ordinarily tolerable.
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Campbell—-Allen, Low, and Roperl9 presentaed data on unsealed concrete
exposed to high temperatures and cold-tested. They also performed thermal
cycling tests (one to ten cycles). They found that up to 250°C (482°F)
the loss of compressive strength after ome cycle is small (<10%Z loss).
However, for tem cycles exposure to 200°C (392°F), the strength went to
74% of reference, while five and tea cycles at 300°C (572°F) resulted in
64 and 60% respectively. Oue test was performed on 90-day-~cured concrete,
and one exposure to 300°C (572°F) resulted in a sirength of 867 of reference.
The authors state thai lengthy curing periods above 28 days do not improve
the heat resistauce of concrete tested in compression. Their counclusion
was based on one temperature, one cyclic rate, and only two relatively
short curing times (especially compared with the mass concrete in a PCRV).
In addition, the 90-day concrete was 207 siroager than ait 28 days. They
made an interesting observation of failure behavior during testing. The
reference specimens failed with a loud explosion, indicating high dissi-
pation of energy, whereas the heated cylinders failed gently. They
attribute that to the differences in elastic moduli. and strengths.

Campbell~-Allen and Desai?® performed tests on many different
concretes with variations in aggregate and cement. Some specimens ware
subjected to thermal cycling, and all tests were performed at room Lemper-
ature on unsealed specimens. The specimens with limestone aggregate
ghowed significant deterioration with increasing temperatiure, as shown
in Fig. 5. The most marked effect at 65°C (149°F) is the reduction in
compressive strength of the all-limestone concrete (with cement 2) to
less than 75% of reference. Sustained exposure at 65°C (149°F) for
the same concrete did not substantially affect the strength. As seen
in Fig. 5, the first cycle at 200 or 300°C (392 or 572°F) causes most
of the resultant damage to strength, and continued cycling causes further
deterioration. Cement 2 differed from cement 3 (both portland cements)
primarily in its lower content of tricalcium aluminate. In addition,
the concrete incorporating the fireclay brick showed the best mechanical
properties, while the limestone concrete deteriorated the most. The same
observation was made in this report as in a previous onel® with regard
to observed failure behavior. That is., the unheated specimens failed
suddenly with a loud report, while after heating, failures were gradual
and with little noise. 1In addition, tesls of aggregate compressive
strength after 20 cycles to 300°C (572°F) resulted in no reduction for
the fireclay brick and a 107 reduction for limestone.

Kawahara and Haraguch121 performed tests on gravel concrete in which
they investigated the effect of unsealed and sealed curing at 20°C (68°F)
and 80°C (176°F). Basically, they found that the compressive sivength
of concrete is substantially reduced if young concreste is subjected to
80°C (176°F) heating. Three months of moist curing at 20°C (68°F)
followed by 80°C (176°F) heating resulted in only a 7% strvength loss.
However, for specimens subjected to 80°C (176°F) heating one day after
casting for 13 weeks, the strength at 80°C (176°F) was only 38% of
reference strength [based on 20°C (68°F) curingl. Thus fhe authors
emphasize the importance of a lengthy time for hydration to take place
at lower temperatures.
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The effect of sustained stress during heating of concrete was
investigated by Abrams®? on gravel and expanded shale concretes. Hot
tests were performed on stressed and unstressed specimens, while some
unstressed specimens were heated and then cold-tested for residual
compressive strength. Results for the siliceous aggregate concrete are
shown in Fig. 6. Reference strengths fov their tests were determined
on companion specimens tested at 21°C (70°F) within two days of the
heated specimen tests in the same group. Testing was begun when the
center of the cylinder recorded a 75% relative humidity (performed with
control specimens for each group). As shown in Fig. 6, the specimens
heated in the unstressed condition and cold-tested showed the greatest
reduction in compressive strength. For exposure to 200°C (392°F), the
strength decreased to 85%, while exposures to 370°C (698°F) and 700°C
(1292°F) resulted in residual strengths of 65 and 10% respectively. 1Iun
comparison, the unstressed specimen which was hot-tested did not sub-
stantially decrease in strength until 400°C (752°F) had been reached.
The stressed specimens showed a strength increase of a few percent up
to 400°C (752°F) and at 650°C (1202°F) still retained 50% strength.
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(1970).
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Thus, stressing the concrete even to 0.25 17 (fz" = original strength)

had a beneficial effect over the entire temperature range. Abrams

states that Malhotra®® attributed the smaller strength loss under the
stressed condition to a retardation of crack formation. Figures 7, 8,

and 9 depict the effect of aggregate type on the strength under the

various conditions shown. There is not a great difference between rhe
various concretes until a temperature of about 300°C (232°F) is reached,

at which point the siliceous gravel concrete loses strength most rapidly
with increasing temperature. Concerning the effect of stressing during
heating, the stress level (whether 0.25, 0.40, or 0.55 f57) had littie
effect on the compressive strength c¢f concrete at any given test tempera~
ture. These results were also independent of (1) original strength of

the concrete, (2) aggregate type, and (3) test temperature. Also, original
strength had little to do with subsequent strength behavior for all types
of tests. Thus, Abrams results showed that specimens stressed during
heating retained higher strengths than the unstressed and that unstressed
specimens showed greater strength loss in cold testing than in bot testing.
The latter point agrees with the observations of Davis,*’
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Nasser?" concluded that up to 100°C {(212°F) the compressive strength
of mass concrete is not influenced after early age. Ravina and Shalon s
concluded that the effect of temperature at casting and early curing,
within the range of 15 to 45°C (59 to 113°F), on compressive strength
of concrete made with portland cement {(types I and V) varies considerably
and appears to depend on the specific cement composition and, possibly,
also on its fineness. They feel that systematic studies of portland
cement concrete with varying composition will help to explain the
mechanism of temperature effect on strength.

Browne and Blundell,28 in their review paper on concrete property
research, stated that results of Hannant,27 Parkinson,?? and Campbell~Allen
and Desai?’ indicate that when limestone crushed rock materials are used
with oxdinary portland cement, the resultant strength of concrete heated
to 90°C (194°F) can be reduced to 60%. They conclude that limestone
should be avoided as a PCRV concrete aggregate because of the thermal
incompatibility between the coarse aggregate and the cement paste. Thus,
they would limit aggregate selection foxr pressure vessels to medium—
silica~content crushed rock (basalts, dolerites, hornfels, etc.) or to
flint gravels. The early temperature cycle is mentioned by Browne and
Blundell as an dimportant factor that will influence the compressive strength
of mass concrete. That is, the rapid rate of heat evolution produced
during the initial stages of cement hydration affects the compressive
strength of concrete. Figure 10 shows results of early age heat cycling
(to simulate heat evolution of Zn sity mass concrete) on limestone
concretes?® and a siliceous concrete.?® Both types were subjected to
early heat cycles of about 35°C (95°F), and the limestone concrete with
type I cement was subjected to a 53°C (127°F) cycle. The authors state
that the limestone concrete is most adversely affected by the early age
heat cycle and that the siliceous concretes are affected to a far lesser
extent. This is true as regards the absolute magnitude of the effect.
However, it appears from the data shown that, for the 35°C heating, the
limestone concrete (type IV) did not experience a strength reduction at
28 days compared with the standard cured specimen. Also, at 220 days,
the heated limestone concrete, although 15% less strong than the standard
cured, increased in strength to 140% of reference. The siliceous concrete,
on the other hand, only increased to 120% of reference after 300 days.

It is true that the limestone concrete subjected to a 53°C (127°F) early
heat cycle experienced a strength reduction to only 70% of reference,
That is significant, but no comparable data are shown for the siliceous
concrete with which to base a comparison for that higher-~temperature
heat cycle. Tt is presumed that Browne's and Lapinas’ studies were
conducted on unsealed specimens.

The results of Kawahara and Haraguchi,®' discussed previously, on
early age hardening at 80°C (176°F) showed that a gravel concrete had
only 38% of the compressive strength of a standard cured specimen. Yet
the strength ratio of concrete cured in sealed condition at 80°C (176°F)
to concrete cured in sealed condition at 20°C (68°F) was 185% at 1 week,
120% at 4 weeks, and 105% at 13 weeks.

The previously discussed observation by Davis that concrete
saturated by moisture exhibits less strength at clevatosd temperature
than dry specimens is of fundamental concern to discussion of concrete
strength in a mass concrete situation, Lankard et al,?? investigated

17
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concrete properties with that situation in mind. Their study was
directed at determining the effects of moisture content on structural
properties of concrete at temperatures up to 260°C (500°F). Concretes
with gravel or limestone aggrvegates and type II cement were studied
with water/cement ratios of 0.40 and 0.42 vespectively. Cylindrical
specimens 10.2 cu {4 in.) in diameter and 20.3 cm (8 in.) long were
cured in 1007 humidity for 28 to 200 days. The authors performed hot
and cold testing on unsealed concrete heated at atmospheric pressure
as well as hof and cold tesiing on concrete heated at saturated steam
pressure (referred to as sealed concrete, although no actual sealing of
the specimens with an impermeable covering was used) in an autoclave
device. In all cases, heating to the desired tempevature was carvied
out: slowly to minimize temperature gradients.

The sealed specimens that were tested hot were heated under water
in the pressure device shown in Fig. 11. The device used pressure seals
and a bellows assembly which allowed application of a compressive load
to the specimens while maintaining an equilibrium pressure around them.
Ta addition, the entire assembly was placed in a furnace for heating.
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The temperatures and corresponding times at temperature for the un-
sealed specimens were 260°C (500°F) (75 days), 190°C (374°F) (82 days),
121°C (249°F) (91 days), and 80°C (176°F) (98-109 days). Figures 12 and 13
show their data for unsealed hot- and cold-tested concrete specimens,
using limestone amnd gravel aggregates respectively. Both limestone and
gtravel concretes first showed increases in compressive strength cowmpared
with the reference stvength (as cured 28-day strengih on saturated surface-
dry specimens), whether they were tested hot or cold. At 190°C (374°F)
the cold-tested limestone concrete decreased to about 907 of reference,
with the hot-tested limestone specimens noi decreasing to that level
until 260°C (500°F). Only the cold-tested series of the gravel concretes
resulted in a streagth decrease, and that did not occur until 260°C
(500°F), with the strength being 90% of reference. The primary obser-—
vation made by the authors was that the effect of test temperature omn
the compressive strength of both unsealed concretes heated for long tiues
up to 260°C (500°F) was minimal. One problem with representing the
results as the effect of elevated-temperature exposure on streangth is
that the reference strength was based only on the as-cured, saturated,
surface-dry, 28-day strength. 7L would be of interest to use a reference
strength based on specimens that had been air—-dried ai voom temperature
for the various lengths of time corresponding to the heat~treated speci~
mens. That is not to say that using the 28~day strength was inappropriate,
since most concrete wmixture specificiations for PCRVs and other structures
require the attainment of a certain specified strength at 28 days. However,
beyond 28 days, further cement hydration would result in a continual
strength gain, and the actual effect of elevated temperature as a single
parameter could be evaluated more directly.
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In the case of sealed councrete, the test temperatures and corre~
sponding fog—-room curing times were 80°C (176°F) (150 days), 121°C (249°F)
{157 days), 190°C (374°F) (180 days), and 260°C (500°F) (260 days). In
this case the reference strength was taken on concrete fog-~room—-cured
for 115 days at room temperature. The holding time at tesiing tempera-
ture was 20 to 28 hr. The results of hot testing under saturated steam
pressure conditions are shown in Fig. 14 for the gravel concrete. The
compressive strength at 121°C (249°F) was reduced to about 77% of vefersnce,
while further reductions to 70 and 48% toock place at 190 and 260°C (374
and 500°T), respectively. The resalts of cold testing of specimens
following heating under saturated steam pressure in a couventional auto~
clave are depicted in Fig. 15. Tests were conducted only at 121 and 250°C
(249 and 500°F) for this series. All specimens were fog~room—cured from
95 to 121 days prior to testing. As indicated in the figure, some
specimens received various cycles of air and autoclave exposures. For
the gravel concrete, no strength reduction took place at 121°C (249°F),
and, in fact, strength increases occurred for two of the conditions shown.
At 260°C (500°F) the specimen heated for one cycle was reduced to 607 of
reference strength, while the specimen that was autoclave-heat-cycled three
times was reduced to only B0Z of reference. The limestone concrete showed
reductions to 87 and 93% at 121°C (249°F) for one and three autoclave cycles
respectively. At 260°C (500°F) the specimens were independent of cycles,
and both one- and three~cycled specimens were reduced to 45% of reference.
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For the limestone concrete reheated io air after one autoclave cyole,
the strength went to 120% at 121°C (249°F) and 70% at 260°C (500°F).
Thug the limestons aggregate concrete showed the greatest reduction in
residual strength following exposure to elevated tewperatures in the
autoclave environment.

The authors concluded that concrete which retaios its free walter
exhibits greatly reduced compressive strength st elevated temperalures
compared with concrete which is allowed to dry. They stale that laebovatery
studies using unsealed specimens cannot be used fo predict the behavioyr
of sealed specimens. In addition, they vecommend that silicecus aggregates
be utilized for structural concrete applications in which the free moisture
will be retained on heating. Tt iz difficulc to make a compavison between
the hot strength and residual (cold) strength in this study, because the
specimens that were autoclaved to high temperature and then cooled and
tested contained less free water than the specimens hot-tested in the
pressure can (Fig. 1i).

Another major study of interest is that performed by Bertero and
Polivka®! at the University of California. They performed experiments
gimilar to those of Lankard et al., in that they testaed sealed and unsesalsad
specimens at elevated temperatures and conducted cold rtests for residual
strength. They used. 15.2~ hy 45.7~cm {6~ by 18-in.) cencrete cylinders
cured for 90 davs at room tempersture in the sealed coundition. The concrele
mizture consisted of type I portland cement and limestone sand aggregate
(fine and coarse) with a w/c ratio of 0.425 and a 28~day compressive
strength of about 44.8 MPa (6500 psi). bedment gages were cast into
the specimens for measurements of strains and temperatures. Datails of
their techniques and instrumentation ars provided in a separate pap&-:a:,'“!"2
The basic factors which they considered were: sustained rempervature of
149°C (200°F), cycling to 149°C, influence of free~moisture content, and
differences between hot and cold testing. T¥Figure 16 shows the design of
their sealing system, consisting of a 0.038-cm~thick {0.015~in.) copper
jacket silver-soldered to copper end plates and provided with moisture
seals at the lead wire penetrations. Figure 17 shows a schematic of the
instrumentation system used for both sealed and unsealed specimens. The
compressive strengths are compared with veference specimens, which were
sealed and cured for 90 days at 21°C (70°F), having an average compressive
strength of 44.2 MPa (6420 psi). Only one specimen was used for each
type of test. Specimens tested dry had their containers punctured prioxr
to testing to allow for modisture escape.

The results of all the testing are shown in Table 5 for compressive
strength (and other properties to be discussed later). Figure 18 shows
the results for sealed and unsealed (drv) specimens held at 149°C (300°F)
for various lengths of time and tested hot. As shown, the dry specimens
lost about 10% of their strength initially but, after seven days, had
regained strength back to that of the control specimen. The sealed speci-
mens, on the other hand, continuously lost strength with increasing time
at temperatures until, at 25 days, only 29% of reference strength remained.
With regard to the effect of thermal cycling on the compressive strength
[21-150~21°C {70—-300—70°¥)], the dry specimens were not affected signifi-
cantly. 1In fact, five thermal cycles resulted in slight increases in
strength for the dry specimens., Figure 19 depicts the effect of the number
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Table 5., Effect of Type of Thermal Treatment on Mechanical
Characteristics of Coucrete

¥o188d? |Compr. Modulus®’ , train
Test Frnermel Exposure, | ture Test | Spoe.|Coapressive’?) | of Eiss- Poiad |at Max.
Series Applied at Age Condi- |Tewmp.,| #¥o. !Strength, f(': » | ticity,E, son's Straas,
o0 days tion | °F pst (%) pst % 107 |Ratlo. p-¢
1 16390 5.2 0.23 | 1480
Constant TO°F  [Sealed | 70 2 16h50 b5 |o.22 | 1650
(Control)
Avg. 6520  (100%) k.9 0.22 | 1670
Heated to 300°F | Sealed 3 [bu70  (70%) 5.0 0.18 | 1410
At and tested 300
hort Dry L {5750  {90%) L9 Jo.15 | 1500
HIFaTEg
Term Susteined 300°F Sealed 5 [hos0  (66%) 4.2 0.15 | 1900
. N far 300
Tnermal 7 deys Dry 6 16350 {9%%) L.,9 0.19 {1320
Treatment
3 300 To|vgso (17%) b3 {019 1750
Tumber of Sealed
3 70 8 |s5210 (81%) b7 0.25 | 1580
Cycles
Dry 70 9 16100  {95%) L.2 0.13 | 1640
of .
Sealed | 300 10 | bkpO (69%) 4.0 0.15 | 1680
70-300-70
o 5 Dry 300 11 |6600  (103%) L.6 0.16 | 1650
F
5 Dry 70 12 16550  (107%) U5 .2k | 1850
Sustained  1lkda. |Sealed | 300 13 |22ko (35%) 2.5 0.21 {1080
30°F
for: 25da. | Besled | 300 1 1850 (29%) 2.L 0.18 | 10Lo
ngn
Lorg 15 {3380 2.9 0.19 {1500
o Number of 1k ' Sealed | 300 16 |[3280 3.2 0.18 180
rh
o1 . % 2
Therms1 Cycles Avg. {3330 (52%) 3
Treatment of 17 |3770 4.3 lo.21 [1330
(0-320-70 n Seeled 0 18 3780 3.5 0.21 |1350
F Avg. | 3780  (59%) 3.9 0.22 |[1670
(1) "sealed" - Specimen remained sealed during thermsl exposure and festing in coupres-
sion.

"Dry" - Specimen remained sealed up to age 90 dayz, then permitted to lose moisture
during thensal exposure and testiung.

(2) The percenteg: ccmpressive strength values ghown yefer to the compresslve strength
of the control which is teken es 100 percent.

(3) At o.us5er,
c

Source: V. V. Bertero and M. Polivka, "Influence of Thewrmal
Exposure on Mechanical Characteristics of Concrete," ACI SP-34, Conerete
for Nuclear Heactors, pp. 50531 (1972).
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of thermal cycles on the compressive strength for sealed specimens tested

at 21°C (70°F) and 149°C (300°F). The specimens tested at 149°C (300°F)

gave slightly lower streongth than the ones cold-tested for residual strength,
but both hot and cold testing showed continual decreases in strength as

the aumber of heating cycles increased.

It is difficult in this study to sepavate the effect of theimal cycling
from that of simpla exposure to elevated temperature. The specimens
containing free moistuie were significantly affected by heating time at

149°C (300°F), whevreas specimens allowed to dry did not experience a loss
of compressive strength either during coniimious exposure at 149°C (300°F)
for seven days or during five thermal cycles to 149°C (300°F).

Bertero and Polivka also reporiad a djf;ﬁ wace in the type of failure
between sealed and unsealed specimens. hie mode of failure for the dry
specimens was sudden and britile, while the sealed specimens failed in a
more ductile mamner. The studies of both refs. 19 and 20 reportad loud,
sudden failures for unheated specimens and genitle failures for specimens
exposed to elevaiaed temperatures. It 1s got understood why Bertero aund
Polivka's dry specimens exposed to elevated temperature failed in a brittle,
loud manner, while the other investigators reported slow, gentle failures
for dry, heated concrete. The primary conclusion of this work is, as was
the case for Lankard et al., that the main parameter for observed deteri-
oration of concrete strength at elevated temperatuire appears to be the
continuing presence of moisture.

Nasser and Lohiia’ pevr JOfned tests on sealed concrete specimens also.

L

Their tests were designed to investigaite the effects of elevated tempera-
ture on mass concrete for relatively long periods of time. They Lested

\./

7.62 x 23,5 cm (3 x 2 1/4 in yllndnrs made with type TIT high~early—
strength cement. The aggregwte% were composed of dolomite and hornblend.
A high water/cement rvatio of 0.6 was used, and specimens were sealed
against loss of woisture immediately after casting. Specimens not
oubjootei to temperatures above 21°C (70°F) were sealed in polypropylene
jackets.®" For higher temperatures 0.16-cu thick (1/16-ia.), 8.25-cm-diam
(3.25~1in.) welded steel pipes were used for sealing containers. Specimens
were heated either at 1 day after casting (concreie A) or 14 days aftey
asting (comcrete B). Times of exposure were either 1, 3, 7, 14, 28, 56,
91, or 180 days.

Following heat exposure, specimens were cooled to room temperature
and removed from the contaioner. Testing was then performed at room
temperature. The authors do not state the amount of time that passed
from removal of the specimen to testing, except that removal and testing
occurred in the same day. Presumably, the specimens were not allowed io
air~dry except for the shori time it took to weigh and test them in com~
pression. The reference strength in each case was based on the strength
of sealed concrete cured at 21°C (70°F) for the same length of time as
was the particular heat—-exposed specimen. Table 6 provides the resulis
of Nasser and Lohtia's cold testing for the relative compressive strength
at various ages and temperaiures. Figure 20 is a graphical representation
of the data in terms of absolute strength.

Plotting the data for coancrete B according to the ratio of percentage
of the particular reference strength results in the graph shown in Fig. 21.
The data shows, generally, that exposure at high tempevatures caused



Table 6. Ratio of Compressive Strength at Various Temperatures and Ages to
the One at 21.4°C (70°F) for Both Concretes A and BE

Ratio of Compressive Strength at Indicated

£€e

- Compressive - o ~ 140 o
Téga Age Strength, psi Temperature to that at 21.4°C {(70°F)
{ 7 e = .
Concrete  L037S) éi’b?ﬁgm(;(}?;} 1.7°¢ 71°¢ 121°C 149°C  177°C 205°C
e AR {35°F)  (160°F)  (250°F)  (300°F)  (350°F)  (400°F)
A 4 4200 (290) .68 1.17 1:00 1,15 1.20 1.10 .07
{1-day} 14 5300 (372) 0.83 0.97 1.01 $.93 .95 6.79 75
91 5810 (4083 1.06 G.97 3.85 8.77 .69 8.62 58
180 6080 (427} i. 12 G.97 3,78 0.68 .59 0.56 <30
B 4 5400 (380} .85 3,95 1.07 G.95 0.38 .80
{14~day) 14 5500 {386) 1.01 1.G5 1.02 0.97 0.79 it
91 5850 {412) 1.05 .07 0,87 8.73 0.63 .53
180 6160 (428) 1.05 1,05 .80 Q.64 0.586 .53
%5ealed specimens,
Seurces ¥, W, Nasser amd R, P. Lontia, "Mass Concrete Properties at High Temperatures,” J.

Ingt. 68: 18086 {March 1971).
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deterioration of the concrete residual strength. For concrete B (exposed
to heat 14 days after casting) the residual compressive strangth was
generzlly higher at 120°C (248°F) and began to show decreassd strength
at 150°C (302°7) (0.80 reference strength for 180 daysz}. With higher
temperatures the effect became more pronounced, and the greatest loss
was for 180-day concrete at 230°C (446°F), the residual strength being
only 53% of that cured for 180 days at 20°C (68°F). TFiguvres 20 and 21
show that temperature exposure up to 125°C (257°F) on l4-~day-old concrete
did not have much effect regardless of the time of exposure. Beyond
125°C (257°¥F), however, the residual strength was reduced [except for the
four~day exposures for which significant reduction d4id not cccur until
after 175°C (347°F) 1.
In this report, contrary to most of the others examined, the reference
strength for a particular specimen is based on concrete of equal age
cured at 20°C (68°F), 1t is felt that this approach is more valid from
the standpoint of evaluating the actual effect of tempersture exposure.
However, a significant drawback is that all of the coscrete B specimens
exposed to various temperatures were exposed at the age of 14 days after
casting. No exposure tests were perfommed on specimens cured at room
temperature {or a simulated curing temperature for mass concrebe) fov
long periods of time (90 or 180 days). Although the authors used a high-
early-strength cement and at 14 days the streugth was 87% of that at
180 days, it is felt that the conitinuing hydration and strength gain
during that time may be signficant as regards temperature effects for
PCRV applications. As stated previcusly, the concrete in a PCRV would
not be exposed to elevated temperatures {except from heat of hydration)
as a result of reactor operation for at least a year and probably lenger.
Because some of the specimens were subjected to high temperatures aft
relatively early age, moisture requived for hydration may have been driven
off. The authors state that molsture was free to expel out of the concrete
into the void region within the steel pipe during heating. The loss of
meisture was found to increase with temperature but did noi vary much
with duration of curing. However, they also state that concrete & {cured
one day} lost only a little more moisture than did concrete B (l4-day-
cured) , and therefore the effect of relatively early age heat exposure
to their concrete may not be significant. With regard to failure, the
authors observed that specimens cured at 20 and 70°C (68 and 158°F) were
brittle and sudden, whereas at 121°C (249°F) and beyond, a tendency of
gradual vielding started to appear, and a smell of wet condensed stean
became conspicuous. From 150 to 232°C (302 to 450°F), the mode of failure
changed to one which was dull and slow, with greater strain to failure
and a whitish appearance of the fracture surface. Nasser and Lohtia
concluded that strength (residual) of wmass concrete detericrates at
sustained temperatures above 100%C (212°F) and that residual strsngth
continues to decrease with increasing temperature and time of exposure.
The results presented as to effects of elevated temperatures on
compressive strength of conerete are what is considered a reasonable
sampling of representative studies using various concrets mixtures and
tesiting methods. Reference strengibs were, in some cases, based on Z8~day,
room-temperature, as—cuved strength, while other reports used the strength
of specimens cured from the same length of time as for the heat-exposed
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specimens (as long as 180 days). In addition, specimens were tested in
sealed and unsealed conditions, tested at temperature or cooled, and
tested at room temperature. Other specimens were exposed to thermal
cycling for varying numbers of cycles and rates.

It is therefore not surprising that a plot of the referenced data
would appear as shown in Fig. 22. It can be seen that the data points
representing unsealed specimens (open symbols) fall toward the top of
range, while those for sealed concrete (closed symbols) fall toward the
lower portion. This is expected from previously discussed results and
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amplifies the councern expressed for reduced compressive strengths of mass
concrete having substantial amounts of retained moisturs. Bertevo and
Polivka®? reported losses up to 717 at 149°C (300°F), while Lankard et al.%?
reported only a 30% loss of strength at 200°C (392°F). One major differ-
ence in their results of sealed specimen tests is the time of exposure
to the elevated temperature. Lankard's specimens were held at temperature
for only 20 to 28 hr prior to testing, while Bertero and Polivka varied
exposure time from & hr to 25 days. The loss of 71% for the latter tests
were obtained for the 25-day exposure, while the 4-hr exposure resulted
in only a 307 loss, comparable to Lankard's 28-hr results. Additionally,
Lankard used a siliceous gravel for that test, while Bertero's was accom~
plished with an all-limestone aggregate. For the unsealed specimens,
which were allowed to lose free moisture, the greatest strength loss at
200°C (392°F) was 30% as reported by Campbell-Allen and Desai.?® That
data was also for a concrete with an all-limestone aggregate. Even at
300°C (572°F) the greatest reported loss for unsealed concrete was 40%.%°
Thus, up to 300°C (572°F), deleterious effects of elevated-temperature
exposure on the compressive strength of concrete are considered to be
significant only for the sealed condition, that is, for the condition of
subtantial amounts of retained free moisture. Discussion of the mechanisms
responsible for signficant loss of compressive strength will be presented
after the sections summarizing experimental data for other concrete prop~
erties. Thus far, only uniaxial compressive strength has been considered.
Since the PCRV concrete is generally under a multiaxial state of stress,
concrete multiaxial strength will be discussed in a later section.

3.3.2 Elastic Properties

Figure 23 shows a typical diagram for the stress~strain relationship
of concrete. As shown in the figure, there are various accepted methods
of measuring the elastic modulus for concrete when there is no straight
portion to the curve. The initial tangent modulus is of little practical
importance, and the tangent modulus at any point applies only to wvery
small load changes about the point of tangency. Because of the creep
characteristics of concrete, even at room temperature, the dependence of
instantaneous strain on the speed of loading makes the demarcation between
elastic and creep strains difficult. Thus, the secant modulus satisfies
the arbitrary distinction that deformation during loading is considered
elastic, and any subsequent strain increase is regarded as creep.35 In
addition, the chord modulus is used by some investigators presumably to
eliminate the small concave-up portion of the curve, somefimes encountered
at the beginning of compressive loading, resulting from shrinkage cracks.
Some researchers use the secant modulus (at various stress levels; i.e.,
20, 30, and 50% of ultimate load), while others have used the chord modulus
or tangent moduli. Tn addition to the static moduli discussed thus far,
one can measure the dynamic modulus of elasticity by measurement of natural
frequencies or by measurements of ultrasonic pulse velocity {(ref. 35,
p. 318).
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Poisson's ratio, U, is the ratio between the lateral straim and an
applied axial strain. For ordinary and lightweight concrete, Poisson's
ratio varies in the range 0.11 to 0.21 (generally 0.15 to 0.20) when
determined from strain measurements, whereas dynamic measurements yield
higher values, around 0.24.3° Poisson's ratio can also be calculated
from measurements of the modulus of elasticity, £, and the wodulus of
rigidity, ¢ (deterwined from torsional measurements). Values of Y obtained
by this method are intermediate between the direct method and the dynamic
wethod, 33

Thus, precise correlations of various investigations are prohibited
by the lack of standard techniques of measurement. In the face of this
adversity, however, it is believed that most of the methods of measurement
will respond similarly when subjected to a given condition such as elevated
temperature. Many of the investigators referred to in the previous section
on compressive strength will be referenced again for results of modulus
testing. Therefore, a detailed discussion of techniques and procedures
will not be reported.

Saemann and Washa's'® results with a calcareous gravel concrete
showed almost neglibible effects of temperature on the modulus of elas—
ticity for hot-tested, unsealed specimens, similar to their results for
compressive streogih. The greatest effect was at 250°C (482°F), where
the concrete achieved 80% of its veference modulus; at 150°C (302°F),

967 of the reference was attained. Saemann and Washa used the secant
modulug at one-third ultimate load as their technique.
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Philleo®® performed tests for the elastic modulus at temperatures
up to 816°C (1500°F). S$pecimens were small, 3.81 x 5.08 = 15.24 om
(1 1/2 x 2 ¥ 6 in.), unsealed, and hot-tested for the dynamic modulus of
elasticity by determining the resonant frequencies in flewural vibration
inside the furnace. Water—to-cement ratios of C.4, 0.6, and 0.8 were
investigated., As temperatures increased, the modulus of elasticity
underwent drastic reductions in all test specimens. Data obtained omn
specimens moist—cured for 90 daye are shown in Fig. 24. The modulus
decreased in every case, but the decrease was slightly greatey with
increased water/cement ratiocs. At even higher temperatures than showo
on the graphb, the modulus was reduced to as low as 317 of refevence at
760°C (1400°F) for the 0.4 w/c concrete and 217 fox the 0.8 w/c concrete.
For each water/cement ratic consideved, the moist~cured specimens {90 days)
underwent greater reductions in modulus at a given temperature than did
the air~dried specimens. The 90-day modulus values for moeist-cured speci-
mens of 0.4 and 0.6 w/c ratios were about 20% higher than the values for
28 days. Philleo also reported that there was a general tendency for
Poisson’s ratio toc decrease as the temperature rose, although the results
were erratic. He stated that a 17 error in resonant frequency determi-
nation may produce as much as a 20Z error in Poisson's ratio.
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Davis!? stated in his review that heating has a pronounced effect

upon the modulus of elasticity of concrete. TFor the unsealed specimens

of 0.53 w/c ratio, Davis showed that the static modulus decressed to 64%

of the 90-day value at 140°C (284°F) and 33% at 350°C (662°F). Inter-
estingly, the dynamic modulus decreased only to 92% at 140°C (284°F),

then dropped sharply to 50% at 200°C (392°F) and 28% at 350°C (662°F).

Davis also reported that the effect of 20 thermal cyecles from 20 to 200°C
(68 to 392°F) was no more damaging than one cycle for the static modulus,
but the dynamic modulus decreased from 50% of reference for one cycle to
32% for 20 cycles, Similar results took place for 20 to 350°C (68 to 662°F)
cycling.

Cruz®’ did a comprehensive study of temperature effects on elastic
properties. However, all specimens were unsealed, moist—cured for three
days, then stored in air at 507 humidity for 25 days. Results are presented
for the modulus of elasticity and shear modulus determined by using an
optical method. Poisson's ratios were calculated from the moduli. Cylin~
drical specimens 3.49 cm {1 3/8 in.) in diameter and 61 cm (24 inm.) long
were loaded as cantilevered beams after being slightly preloaded to mini-
mize cveep effects on defcrmation measurements. The elastic constants
were determined in the range of about one~third ultimate load at normal
temperature., Normal-weight concretes with type I portland cement and
three different aggregate types as well as a lightweight concrete were
tested. Figure 25 shows the results obtained from 20 to 650°C (68 to
1202°F) for the modulus of elasticity and shear modulus. Clearly, both
moduli decrease substantially with increases in temperature. The elastic
modulus of limestone concrete decreased only to 93% at 150°C (302°F),
whereas the other two moduli decreased to about 757 at that temperature.

At 315°C (599°F) the values for all three types were similar, ranging

from 64 to 68%Z of the reference value at room temperature. The siliceous
concrete underwent severe reduction through 650°C (1202°F), where the
moduli were only about 20% of reference. The other concretes were reduced
to 35-40% al 650°C (1202°F). Up to about 300°C (572°F) the results of
Cruz®? and Philleo®® for Elgin sand and gravel concrete were very similar.
This indicates that the reduction of the modulus of elasticity may be
considered to be independent of the method of determination (optical method
for Cruz and dynamic method for Philleo), at least for the concrete mixture
and temperature rvange considered. However, generalization would certainly
not be justified on the basis of that one comparison. With regard to
Poisson's ratio, the high-strength concrete gave lower values at room
temperature than did the lower-strength concrete. As reported by Philleo,
elevated-temperature results were ervratic, and no clear trends could be
observed.

Kawalhiara and Haraguchi®® reported that, up to 80°C (176°F), the effect
of elevated temperature on the static elastic modulus of concrete is greatly
affected by the presence of moisture in the comncrete. However, the reported
difference was only 12%. They alsc reported that the Poisson ratio of
concrete cured at 80°C (176°F) tends to be somewhat smaller (0.14 vs 0.17)
than that of concrete cured at 20°C (68°F). However, they also reported
substantial scatter in results, even at these relatively low tempsratures,
by using a wire resistance strain gage.

21
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Investigations by Campbell-Allen, Low, and Roper19 and by Cawpbell-

Allen and Desai?? also showed marked deterioration of the elastic modulus
at temperatures up to 300°C (572°F) and emphasized the detrimental effects
of thermal cycling. Ten cycles to 200°C (392°F) reduced the modulus to
41% of reference for a dolomite concrete,19 while limestone concrete was
reduced to 457 after 10 cycles and 38% after 20 cycles. For 20 cycles

at 300°C (572°F), both types of concrete were reduced to only 25% of the
reference modulus. Both reports considered unsealed specimens exposed Lo
temperatures and cold-tested. Figure 25 shows the results of Campbell-
Allen and Desai for limestone concretes. The latter authors also stated
that Poisson's ratio tended to increase at higher temperatures, as reported
by Cruz,®’ but they said nothing about erratic variation as observed by
Cruz.

Sullivan and Poucher's tests on beams, using the initial tangent
modulus,; showed similar deterioration in the elastic modulus. Also, they
concluded that permanent damage took place on heating, because the hot
testing and cold testing resulted in similar reductions of the modulus.
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1371 .

he study by Lankard et al.,>? described earlier for compressive
strength, showed that the modulus of elasticity of gravel and limestone
concretes decreased under all conditions of heating and testing (unsealed
or sealed, hot- or cold-tested). They measured the chord elastic modulus
betwesn 20 and 80% of ultimaite stress. In the unsealed condition, both
gravel and limestomne concretes decyeased only to about 807 of reference
moduli up to 260°C (500°F). Under saturaled steam pressute (sealed con~
dition, Fig. 11), however, Figs. 26 and 27 show the decrease in modulus
znd the load deflection behavior with bewperature respectively. TFigure 28
shows the results of autoclave testing. In the sealed condition, and

when hot tested, ithe modulus experienced a drastic decrease to 40%Z of
reference at 80°C (176°F), a slight increase at 121°C (249°F), then =2
decrease to aboulb 30% at 260°C (500°F). This effect is apparent also from
Fig, 27. The results of autoclaving contrast sharply with the pressure-
can rvesults. At 121°C (249°F) for one cycle, the gravel concrete showad
no modulus reduction as compared with the loss to less than 50% reference
when tested hot under satirated-steam pressure {(Fig. 26). In fact, three
cycles in the autoclave at 121°C (249°F) resulted in a modulus increase

to about 120% for the gravel concrete, much the same as for the compressive
strength (Fig. 15). Lankard et al. attribute this effect to a time-
temperature interzction because of the presence of available silica.

Their discussion of causes for property deterioration under various coon-—
ditions will be presented in more detail later.

Beriero and Polivka®l used the tangent method at 45% of the ultimate
load to compute the tangent modulus of elasticity as well as Poisson's
ratio. The effects of elevated temperature on those properties are given
in Table 5. The effect of time at temperature is given in Fig. 29, which
sbows that the modulus of elasticity for sealed specimens decreasad

ORNL-DWG 75-i82i4

- 100
S ow
[

2 % 80
s @

bl o
L@

S 5y OO
w @

>

2 5 40
S x

= 20

0 100 200 300 400 500

HEAT-TREATING AND TEST TEMPERATURE (°F)

Fig. 26. Modulus of Elasticity vs Temperature for Gravel Concrete,
Sealed. Source: D. R. Lankard et al., "Effects of Moisture Content on
the Structural Properties of Portland Cement Concrete Exposed to Tempera-
tures up to 500°F,"™ ACI SP-25, Temperature and Concrete (1970).



43

8
g

Mashing Lood {1bs)
i

- G-T2 (08 Curad , room Semperalure )

L 6-84 {1T5°F ) e

G-100 {375 F )

~ G-64 {250 *F )

20,0004 » -
\\G—SS {B00*F)
i
o i i ! { ]
o] 002 D04 006 QD8 0.0 002 O
Deflaction {in.)

Fig. 27. Load Deflection Behavior vs Temperature for Gravel

Concrete, Sealed.

Source:

D. R. Lankard =t al., "Effects of Moisture

Content on the Structural Properties of Portland Cement Concrete Exposed
to Temperatures up to 500°C," ACI 8P~25, Temperature and Concrete (1970,

120
Autociavad then cooled to room”“x
i tempersture belore testing

.

gob-Xx Gravel concraie
O Limastone concrete

€85

Modutus of Elosticity,porcent
of raference value

Cyclad in gutociave 3 times
prior to cooling and igsiing
ot room temperqlure

708
01— Autoclavad , cooled to room temperciure
reheated ot otmospheric pressure 1o cutocikive
SO~ temperaturs, cooled and tested
] I i {
0 100 200 300 400
Autociove Tamperoture F
Fig. 28. Effect of Test Conditions on the Modulus of Elasticity

of Autoclaved Gravel and Limestone Concrete.

Source: D. R.

Lankard

et al., "Effects of Moisture Content on the Structural Properties of
Portland Cement Concrete Exposed to Temperatures up to 500°F," ACI SP-~253,

Temperature and Concrete (1970).



44

ORNL-DWG 75-18245

""""" S T - T T I T'""
< ! ‘ |
8 ‘ ‘

[H)
400 | Qs o PR el o
¢ [ | ) ; |
.
" SEALED
i 80 N C . Y + v
>
C
= 60 -
%] .
< EXPOSURE TEMPERATURE =150°C !
L '
é 20 TEST TEMPERATURE = 150°C
2
o}
3 2p S
2 L o
o
|
O S O, S 1 i
o 02 05 1 2 5 10 20 50

TIME AT TEMPERATURE (days)

Fig. 29. Modulus of Elasticity vs Time at Temperature, Sealed and
Unsealed. Source: V. V. Bertero and M. Polivka, "Influetce of Thermal
Exposure on Mechanical Characteristics of Concrete," ACI SP-34, Conerets
Jor Nuclear Reactors, pp. 50531 (1972).

substantially as exposure time increased, as did the compressive strength
(Fig. 18). For sealed specimens which had been cycled to 149°C (300°F)
for 3, 5, and 14 cycles, # was reduced to 88, 82, and 63% of reference,
reapectively, when hot-tested at 149°C (300°F). 1In addition, they
reported that the initial tangent modulus was generally smaller than the
tangent modulus corresponding to higher sitresses when cycling was
involved. They attribute this observation to an increase in the amount
of microcvacking with higher numbers of thermal cycles. From the values
given in Table 5, Poisson's ratio appeared to decrease when testing at
149°C (300°F). Specimens which were cold-tested gave values of Poisson's
ratioc essentially unchanged from the reference test. Poisson's ratio
varied in the range 0.13 to 0.25 for all tests.

Nasser and Lohtia®® reported that the modulus of elasticity of sealed
specimens decreased severely at exposure temperatures above 120°C (248°F)
(specimens were cold-tested). The same effect was reported for compressive
strength in that study (Fig. 21). TFigure 30 shows the results of their
work where the reference value of F is for a sealed specimen cured at 20°C
(68°F) for the same length of time as for its corresponding group of
heated specimens. As the figure shows, the decrease in the modulus
becomes substantial at 150°C (302°F) and above, until, for 180 days
exposure at 232°C (450°F), the modulus is omnly 32% of teference. The
authors emphasize that the strength and elasticity results show consistent
response of sealed concrete to the test variables.

Marechal®® measured Foissoa's ratic at elevated temperatures and
reported a decrease to 83% of reference at 150°C (302°F) and a deciease
to 40%Z at 300°C (572°F). He observed that cooling to room temperature
resulted in little difference whether the evaporable water is retained
or removed. Reported values ranged from 0.10 to 0.28. He measured only
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the transverse strains and concluded that the decrease was brought about
by the dincrease in temperature and resulting water desorption.

The effect of temperature on Poisson's ratio is not clear from the
small amount of data available. The range of values reported extended
from .11 to 0.25. Some studies reported general increases in Poisson's
ratio with increasing temperature for unsealed specimenslsszoag7 and
general decreases for sealed specimens.ZI’SI However, erratic behavior
in the measurement of Poisson's ratio was common, and no definite con-
clusions can be made.

With regard to the modulus of elasticity, the effects of temperature
appear to be similar to those for compressive strength. As stated pre-
viously, representative data for unsealed and sealed concrete include
measurements on a wide range of concrete mixtures with a multitude of
experimental techniques and methods of calculation. Figure 31 provides
a plot of all the elastic modulus data discussed previously. Generally,
the modulus decreases with increasing temperature for all types of testing.
In addition, further decreases are observed to occur with an increase in
the number of thermal cycles and in the holding time at the exposure
temperature. The specimens sealed for moisture retention were more
sensitive to those factors. The decrease in modulus for sealed specimens
appears to become acute at 150°C (302°F) and above. The open triangles
at 200 and 350°C (392 and 662°F) showing the lowest values of & (32 and
15% respectively) are from Davis'’ and represent dynamic measurements on
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specimens subjected to 20 thermal cycles. There appears to be a conflict
of rvesults shown by the sealed, hot tests (closed circles). At 75 and
125°C (167 and 257°F), for a one-day exposure, Lankard et al.3? reported
values of 42 and 50% respectively. At 149°C (300°F), Bertero and Polivka®!
obtained wvalues of 102, 86, 51, and 497 for exposure iimes of 4 hr,

7 days, 14 days, and 25 days respectively. From the descriptions of
sealing chambers provided in each reference, it would seem that the
pressure—can device of Lankard et al., which allows for heating of the
specimen under water, would rvesult in greater retention of free moisture,
especially below 100°C (212°F). The copper jacket of Bertero and Polivka
allowed for an air gap around the specimen, and free moisture could migrate
out of the concrete to fill the gap between the jacket and specimen on
heating. Thus, for the two data points mentioned, the one at 149°C (300°F)
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for 4 hr, tested by Bertero and Polivka, may have begun to dry out near
the surface and provide the initial stiffness necessary to show no change
in modulus measured at 0.45 f.7. The modulus, for that specimen, did
decrease beyond about 0.5 f;’, and the resultant strength was only 70%

of reference. Also, Bertero and Polivka utilized embedment strain ZAZes,
whereas Lankard et al. measured strain according to testing machine
platen travel. All of these observations could account for much of the
difference in results.

3.3.3 Tensile Strength

Although structures are genevally not designed to withstand direct
tensile stresses, one must be aware of the ability of the coocrete in the
structure to resist cracking. This is especially true in a reinforced
structure. The tensile strength of concrete is generally very low [6.89 MPa
(<1000 psi)], and if behavior of reinforced concrete is to be understood,
the tensile strength under variouvs conditions should be koown. If a
concrete of 4.13 MPa (600 psi) temsile strength is subjected to high
temperature, and strength is reduced by 50% to 2.07 MPa (300 psi), the
designer should be wade aware of that fact.

The tensile strength of concrete is closely related to the compressive
strength. As the compressive strength increases, the tensile strength
also increases, but at a decreasing rate.®® There are many empirical
relationships suggested for the concrete strengths, but none have been
found to be applicable in che general sense. A common rule of thuamb,
which is used for concretres with cowmpressive strengths of the range
zenerally considered applicable for PCRV applications, 27.6 to 55.2 MPa
(4000 to 8000 psi), is that the tensile strength is about 10% of the
compressive strength. The standard test for measurement of tensile
strength is the beam flexure test, in which the modulus of rupture is
measured with a two-point loading.®® The modulus of rupture overestimates
the tensile strength, reasons for which are discussed by Neville.?®
Another commonly used test is the splitting test, in which a concrete
cylinder is compressed in the radigl direction rather than in the longi-
tudinal (as in compression testing). It is believed that splitting
strength is generally about 5 to 127 higher than direct tensile strength.35
However, as mentioned previously, the effects of temperature on the tensile
strength probably do not vary much with the method used.

Saemann and Washa'® used 5.08 x 5.08 X 40.6 cm (2 X 2 x 16 in.) beanms
in three-point loading to determine the modulus of rupture, while standard
mortar briquets were used to determine the tensile stremgth of mortar
specimens at various temperatures. The tensile strength at 65°C (149°F)
decreased to about 57% of the roum—temperature value, increased back to
the reference value at 121°C (249°F), and showed little change up to
232°C (450°F). The modulus of rupture changed in a similar manner.

Davisfs'’ results on unsealed, cold~tested 15.24 X 15,24 X 61 cm
{6 x 6§ x 24 in.) beams showed that the modulus of rupture did not change
substantially to temperatures of 200°C (392°F). At 350°C (662°F), however,
the value was only 33% of reference, although 20 thermal cyveles to 200°C
(392°F) decreased the modulus of rupture to 56% of reference.
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Campbell~Allen, Low, and Roper19 used the splilting test to determine

tensile strength on unsesled, cold-tested specimens. In all cases the
tensile strength of heat cylinders decyeased from the reference value in
much the same manner and to Che same degree as did the compressive strength.
The same effect resulted from cycling. Ten thermal cycles to 200°C (392°F)
reduced the tensile strength to 86%, while ten cycles to 300°C (572°F)
reduced it to 47% of the reference stremgth. The authors observed a number
of microcracks on the surfaces of the cylinders after four cycles of
exposure at 300°C (572°F) and concluded that they must materially afflect

the tensile strengih. 1In most cases the bLensile streugth was about 8%

of the compressive strength for both unheated and heated specimens.

Campbell~Allen and Desai®” also used the split-cylinder test and
veported losses up to 507 for limestone concrebe exposed to ten thermal
cycles at 200°C (392°F). They reported that failures in tension behaved
much like failures in coupressicn, in that ucheated specimens failed
suddenly and loudly, while heatiiug produced gradual failures with little
noise. Low-temperature heating arcund 65°C (149°F) produced only a 25%
reduciion in tensile strength after ten thermal cyvcles.

Sullivaa and FPoucher's®® tests for flexural strength of beams revealed
that, up to 200°C (392°¥), the deterioration was gradual and small. Beyond
300°C (572°F) the strength dvop was sharp, and at 400°C (752°F) the residual
strength varied from 25 to 0% of the original. Hot and cold testing gave
similar resulis. Also, countrvary to resulis of others:17’19’20 the number
of thermal cycles did not significantly affect the strengih drop.

All of the investigations discussed thus far used only unsealed
specimens. Lankard et al.®? conducted the only study reviewszd which
considered the teusile strength of sealed specimens to simulate mass
concrete properties. They performed flexural strength tests on 7.62 X 6.35
X 25.4 cm (3 X 2 1/2 x 10 4a.) beams which were prepared, cured, and heat-
treated as discussed previously for compressive strength studies. All
sealed tests were performed at voom temperature after exposure in an auto-
clave device. TFigures 32 and 33 show the results obtained for gravel and
limestone concretes in the unsealed, hot, and cold test conditions and
in the sealed, cold test condition. The greatest decrease for the unsealed
specimens was for the cold-tested gravel concrete exposed to 26G6°C (500°F),
for which the flexural strength was 757 of the reference value. In the
case of sealed (autoclave), cold-tested specimens, 80 and 121°C (176 and
249°F) exposures resulted in decreases to 70-80% of reference, while
exposure at 190°C (374°F) resulited in decreases to 40-50% of reference.

It is not clear, and the authors do oot offer an explanation, why the
sealed specimens exposed at 260°C (500°F) showed less deterioration in
flexural strength than they did at 190°C (374°F).

There is a limited amount of data available on Lensile strength at
elevated temperatures, especially for the case where free moisture was
retained. However, it can be generally stated that the tensile strength
(flexural strength or modulus of rupture) will be affected in approximately
the same manner as the compressive strength. This applies in the case of
unsealed or sealed specimens. Some studies resulted in greater loss of
tensile strength,”oa ! while others found a greater loss in compressive
strength. The primary point is that the Lensile streungth can be lowered
substantially by exposure to elevated temperatures, especially when moisture
is retained.
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3.3.4 Shrinkage and Creep

The shrinkage of concrete is due primarily to loss of modsture and
is ralled drying shrinkage. In the interior of a large concrete mass,
where moisture movement is restricted, continued hydraticn resulis in
autogenous shrinkage. The nagnitude of this movemenl, measured as a
linear strain, is between about 40 % 107° at one month and 100 X 107
after five years,3h Drying shrinkage mormally includes the swall antog-
enous changes, except in some cases for very large mass concrete
situations.’ For concrete, the aggregate restraing shrinkage of the
cement paste. Thus the degree of zhrinkage in a varticular concrets
depends very much on the type and amount of aggregate used. The shrinkage
rate decreases rapidly with time; according to Neville:®® 14 to 34% of
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the 20-year shrinkage occurs in two weeks, 40 to 80% of the 20-year
shrinkage occurs in three months, and 66 to 85% of the 20-year shrinkage
occurs in one year. Shrinkage is important because of its effect on
movement of the structure and tendency to induce cracking.

The gradual increase in strain with time for a stressed structure
is due to creep. Creep can be defined as the increase in strain under
a sustained stress. Creep is of great importance in structural analyses,
because the strain can increase significantly from that immediately after
loading. It is usually assumed that creep and shrinkage are additive.
However, as Neville®® points out, shrinkage and creep are not independent
phenomena to which superposition can be applied. 1In fact, shrinkage
increases the magnitude of creep. Most available data on creep of concrete
were recotded on the basis of additive properties. Io the case of mass
concrete structures, however, it may be necessary to make a distinction
between basic creep (conditions of moisture movement) and drying creep
(conditions of dvying). Thus, as with other properties, investigations
of sealed specimens are necessary to represent the mass concrete situation.
Figure 34 provides a graphical explanation of the above effects.
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Fig. 34. Time-Dependent Deformations in Coucrete Subjected to a
Sustained Load. Source: A. M. Neville, Properties of Concrete, 2nd ed.,
Halsted, New York, 1973.
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1t is aiso necessary to understand the sivactural respouse on
unloading, and Fig. 35 shows what ie¢ meant by instantaneous vecovery and
creep recovery of the deformation, showing that creeyp ot a Tully
reversible phenomenon. As one might expect, creep is infiuence by many
factors such as stress, age at loading, size of specimen, water/cement
vatio, aggregate type, concrete strength, tempevature, time, state of
stress, etc. Creep influences the stability of a stvucture by ipoy
deformation. The ultimate strength way or may nob be aff 93 but the
structural performance under load is affected when deformatiorn exceeds
that for which it is designed. 1In addition, creep causes a loss of pre-
stress for prestressed structures and thersby can affect the al
integrity. On the benefit side, cresp in concrete relieves stress ¢
centrations and, thus, contributes to structural integrity as well.

e
5

eazing

i

Tha

1200 T
: mct@ni‘ame«oua recovery_w,
1000 // ,
S / Creep o
o 800 3 recovery /-
i i
£ s00ff = -
m -
5 400 FE T
v e < Residual
200F 503 deformation
w 2 Lo

O éb 40 60 80 100 120 140 60 180 200
Time since Applicglion of Load-days

Fig. 35. Description of Creep and Creep Recovery Phencmena. Mortar
gspecimen stored in air; RBRH, 95%; stress, 14 8 WN,N2; unloaded. Source:
A. M. Neville, Properties of Concrele, 2nd ed., Halsted, New Yovk, 1973,

Some of the effects of varicus parametera on creep are shown io
Figs. 36—39. 1t can be seen that creep increases with
and stress, but decreases with incresasing relative huuid
and mpaturity. In addition, Fig. 39 dramatizes the e*fn
on creep.

Creep of concrete is a complexz subject and has been investigated and
discussed for many vears. Volumss of data are available on the affects
of various conditions on creep. The problem of creep at higher than
ambient temperatures has been studied only fairly recently [especially
for temperatures above 100%C (212°¥) ], vet a large number of {nvesii-
gations have been reported and many more are under way., As with most o
the other concrete properties, because of the nature of a FORY as a nass
conerete structure, it is desirable to study the creep behavior of sealed
specimens, which more nearly represent the moisture conditions in the
bulk of PCRV concrete.
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A comprehensive review of the effects of temperature on creep of
concrels was reported GeymayerLi2 in 1970. He briefly discussed the

results of various investigations and normalized their data in terms of
specific creep {creep strain per unit slress) and specific creep rate
(the average slope of creep curve in a semilog presentation within the
specified time period). GCevmayer's review will be summarized along with
an extended discussion of some of the investigaiions that he reported and
that have been reviewed by this author. In addition, some resulis of
other studies will be included as well as the resulits of more rvaecent
studies.
The graphs of data assenmbled by Geymayer are reproduced in Figs. 40—

42. One of the major observations that has received much attention is
the "creep maximun' effect obsarved by Nasser and Neville,®" ‘They
observed that the specific creep and especially the specific creep raie
recached a waximum at about 70°C (158°F) for specimens loaded under water.
At higher temperatures, up to 96°C (205°F), the creep rate decreased.

in plotting the specific creep rates, Geymayer shows, in Fig. 42, that
studies by other investigators also resulted in similar obsevvations.
Marechal (see ref. 10 of ref. 42) observed a creep rate maximum (and
corresponding maximum for total creep}, but it occurred at about 50°C
(122°F¥). Marechal's tests were conducted on unsealed specimens. In
addition, the creep rate reached a minimum at just over 100°C (212°F)
and increased greatly with temperatures to 400°C (752°F). The specific
creep at 250°C (482°F) was about the same as at the 50°C (122°F) "maximum."
Predrying of specimens for 30 days at 105°C (??T°F) before load application

reduced creep at temp*“‘“ufeb below 105°C (221°F) drastically and elimi-
nated the creep maximum {(see Fig. 42) .*? The tests of Nasser and Neville
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were conducked at stress/sitvength ratios of 35 and 70%. Further tests

by Nasser?" at stress/strength ratios of 10, 20, and 45% showed the same
creep maximum at 70°C (158°F). Nasser®" and Geymayer"? both reference
the work of Hickey (ref. 15 of vef. 42) on unsealed specimens, which
showed a maximum creep tate around 50 to 80°C (122 to 176°F). Several
other investigations of elevated-temperature creep did not reveal a
maximum for total creep ai comparably low temperatures, but most did
indicate a maximum for the creep rate between 50 and 100°C (122 and
212°F) (if computed for some period between 1 and 100 days of loading).
Nasser and Neville observed that there is a linear relation between creep
and stress/strength ratio at elevated temperatures [up to 96°C (205°F)],
just as at roowm temperature. They also observed that creep recovery is
independent both of temperature and of the stress magnitude during creep.
Third, the pattern of behavior, including the shape of the creep—iime
curve, does not change at elevated temperatures. The mechapism postulated
for their observations is based on Kesler's {(wvef. 2 of ref. 34) comncept
of basic creep and the effects of adsorbed water. They subscribed to

the seepage theory of creep.

Geymayer“z stated that results by DaSilviera and Fliorentino®
challenge the hypothesis that creep recovery is independent of temperature.
An examination of their report does show they concluded that the greater
the temperature, the greater the creep recovery strains. However, in
the text of their vreport (see pp. 175-76 of ref. 43) they state that the
strain recovery was higher for the heated prisms. They also say that
styrain recovery rate was higher for heated prisms than Ffor unheated
prisms. Tt is not clear that DaSilviera and Florentino [sealed tests
up o 45°C (113°F) ] separated actual creep recovery from total strain
recovery (as defined in Fig. 35). Nasser and Neville?" did separate it
and defined ereep recovery as recovery in excess of the immediabe sirain
change on unloading (see p. 1571 of ref. 34). DaSilviera and Florentino
did, however, report that the creep Poisson ratio remains constani during
a creep test and is equal to the elastic value. They also concluded that
creep strains are the same in a water—soaked concrete and in a similar
mass—cured concrete. They used 20 X 20 X 60 cm (7.9 X 7.9 X 23.6 in.) prisms
with granite aggregate and water/cement ratios of 0.5 and 0.7. Also,
they used very low stress/strength ratios of 0.08 (for w/c = 0.5) and
0.20 (for w/c = 0.7). McHenry's“k expression was used to fit their data
and gave a much better fit than the usual logarithmic representation.
Specific creep strains in a concrete loaded at age T are given by

3

N

= 407971 — 7Pt £ 31— oYYy (1)

where ¢ is the time after loading, and 4, B, o, B, and Y are characteristic
parameters that are determined experimentally.43

Browne and Blundell (ref. 19 of ref. 42) performed creep tests on
sealed specimens up to 95°C (203°F) for ages up to 400 days. On a loga-
richmic plot of time from loading, initial data showed the creep vs log
time piot to he linear, but the data deviated upward for the longer times
under load. On a log/log basis, however, the creep curves remained linear
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up to six years. They also used the log/log relationship with results
from other investigations and obtained improved results. Thelr expression
for creep curves was

£ = a(t)? or log ¢ = log a +n log {(£) , (23
where
£ ¥ gpecific creep strain,
a =B a factor decreasing with age at loading, k, and increasing
with absolute temperature, ©,
£ =  time under load in days,

i

a factor, decreasing with age at loading, k, and varying
with absolute temperature, 0.

X

Browne and Blundell's results consistently showed an increase of total
creep up to 95°C (203°F). Geymaver discussed the limited sigrificance of
a creep rate computed for a period of 1 to 100 days after loading and

the possible reasons for observing maximum creep rates during s particular
time period without observing a corresponding maximum total creep value
at the end of the time perind. Figure 43 represents a schematic creep
curve typical of many of the creep curves in the literature review of
Wagner (ref. 20 of ref. 42) and the report of Wallo and Kesler (ref. Z1
of ref. 42). The double inflection observed berwsen 3 and 10,000 davs
{~27 vears) is obvicus in the figure and shows how the creep rate calcu-
lated between fp and ¢ may not anecessarily represent behavior at latexr
times in the loading history. With reference again to Figs. 4042, and
the observations of creep maximumg by some investigators, the most pro-
nounced creep maxima and those found at the lewer temperatures represented
specimens which had been heated for about two weeks before load appli-
cation. Geymayver suggests that the effect of elevated temperatures is

to magnify and accelerate the cresp phenomenon, resulting in a greater
percentage of total creep to occur during the first days after loading.
Results from unsealed specimens strongly support this simple concept.
Also, results of some sealed or submerged specimens support it, while
others do not.*? ;

In a program to cbserve creep in mass concrete {sealed specimens) at
high temperatures [above 100°C (212°F)], Nasser and Lohtia"® subjected
7.62 x 22.9 em (3 X 9 in.) cylinders to various stress/strength ratios
(20, 30, and 50%) for room~temperature strength values (ratios change if
strength at elevated temperature is considered) and high temperatures,

20 to 232°C (68 to 450°F), for up to six months. They alsc measured
creep recovery. A type III cement with 1.91-cm (3/4~in.) wmaximun size
aggregate (dolomite and hornblende) and a water/cement ratio of 0.60 was
used in all tests. All tests were one day old when expozed to the test
temperature and were cured for 13 days in the sealed condition. They
were then loaded, and strains were measured periodically up to six months.
After unloading, creep recovery was observed for 70 days. They corrected
the applied axial stresses to account for saturated steam pressure due

to moisture at temperatures of 121, 149, 177, and 232°C (250, 300, 350,
and 500°F) [pressures were 0.14, 0.34, 0.83, and 2.89 MPa (20, 530, 120,
and 420 psi) respectively]. The apparatus developed for measuring creep
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3 specimens al temperatures to 232°C (500°F) deserves description
e Figure 44 shows the details of the machine. Fach unit is made
of 7.94—cw~diam (3 1/8-in.), 0.79-cm~chick (5/16-in.) mild-steel pipe

with 1.27-cm—thick (1/2-in.) mild-steel flaonges and a mild-steel pistom
assembly. Brass diaghragms 0.025 cm {0.010 in.) thick seal the piston
assembly and concrete against oil and moisturse leakage. Load is applied
through the piston assembly by 0il pressure. The unit is designed for
a pressure of 20.68 MPa (3000 psi). Displacements are measured by a
extensometer attached to the cover plate and piston assembly. > pipe
is wound with high-resistance wire for heating the enclosed concrete.
The results of some creep tests are presentad in Figs. 45 and 46.
Figure 45 represents tests at 177°C (350°F) for various stress levels.
Twe straight lines were f£it to the data of each stress level, one from
1 to 21 days, and the other from 21 to 180 days. Figurs 46 shows the
creep curves obtained for a stress/strength vatio of 20% at various
iemperatures. The creep increased with tewperatures up to 150°C (302°F)
(after 40 days} and then decreased at 177 and 232°C (350 and 450°F).
For siress/strength ratios of 35 and 50%, lthe maximum creep occurred at
177°C (350°F). At ratios of 35 and 507 they observed that the creep rate
between 121 and 180 days increased up to 71°C (160°F) and thereafter

jar}

€]
=)
]

decreased with temperature tu 232°C (450°F). (This observation agrees
with Nasser and Neville's3" ' 'creep maximum,' as discussed previously.)
The creep rate did not begin to decrease for the 20% test until after

150°C (302°F). Figure 47 shows the 180-day creep data up to 232°C
(450°F) for the three stress levels used. The authors went through a
procedure whersby values of actual stress/strength ratios corresponding
to applied siresses at each temperature were calculated. They used the
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amount of steam pressure present and the strength of the specimens as
determined at the completion of the tests. It is not clear how they
obtained their adjusted ratios. They showed no creep recovery data but
stated that creep recovery was independent of temperature and dependent
on stress. The maximum measured recovery strain was 390 X 107%., Nasser
and Lohtia referred to the theory of absorbed moisture and the viscous
nature of the creep mechanism, '

With regard to the study in general, comments made previously con-
cerning Nasser and Lohtia’s study of strength and elasticity at high
temperature33 apply here. That is, their specimens were demolded at the
age of one day and cured in a sealed condition at the test temperature.
This procedure is not believed to be representative of the PCRV concrete,
which would not be exposed to high temperatures until months after casting.
In the PCRV, heat of hydration will cause most of the concrete tc be
exposed to early age elevated-temperature curing, but certainly not at
temperatures of 100°C (212°F) and above. It would be interesting to
compare data obtained in a similar manner, but using more mature concrete.

Experiments conducted by Kennedyk7 were designed to determine the
long~term creep behavior of conmcrete at 20 and 65°C (68 and 149°F) in the
sealed and unsealed conditiong. He investigated the effects of curing
time, curing history, and state of stress. The mixture consisted of
fine and coarse limestone aggregate with type II cement and a water/cement
ratio of 0.425. The tests involved 15.24-cm~diam, 40.64~cm-long (6 % 16 in.)
cylinders tested under uniaxial, biaxial, and triaxial conditions. The
multiaxial cases will be discussed later. A 34.47-MPa (5000-~psi) hydraulic
pressure loading system was utilized, and specimens were sealed with epoxy
coatings and 0.020-cm-thick (0.008~in.) copper jackets. Vibrating wire
strain gages were embedded in the specimens for strain measurements.

Measurements of shrinkage strains during a 90-~day curing period at
20°C (68°F) showed almost negligible shrinkage in the sealed specimens,
while the air-dried cylinders experienced continuous shrinkage to about
200 microstrain. During loading the sealed specimens showed no shrinkage
at 20°C (68°F), but at 65°C (149°F), about 40 microstrain of expansion
was recorded. For the creep tests at 20°C (68°F), curing history and
curing time prior to loading were important. For a 16.54 MPa (2400-psi)
uniaxial stress, shorter curing periods resulted in greater creep strains
during loading. ¥For the first 2 to 2.5 years the mass-cured speacimens
showed less creep strain than did the air-dried, but during the next 2.5
years the ratio of mass—cured to air-dried creep approached a value of 1.
At 20°C (68°F) the ratios of five~year to one-year creep for 180- and
365-~-day mass—~cured specimens were about 1.5 and 1.8, respectively, with
the absolute values of specific creep being equal at about 27.6 micro-—
strain/MPa (0.19 microstrain/psi). Interestingly, the five-year results
at 20°C (68°F) for 180-day curing were essentially predicted by equations
developed in an earlier study.‘+8 Those equations were based on tests of
specimens loaded at 90 days and kept under load for one year. As an example,
the axial creep strain for a mass~cured specimen loaded at 65°C (149°F)
is given by

0,37k
(g,), = 0-323 (1 — gT0.1187 )(oa — 0.2980y) , (3)
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where
O,y = axial stress, psi,
¥ = radial stress, psi,
t =  time after loading, days, and
(50)0 = creep strain in axial direction, microunits.

With regard to creep recovery, Chuang et al. found that a larger percentage
of ihe creep strain, which occurred during one year under load, was recovered
from the sealed concrete than from the air-dried concrete.®? Thus the
lack of dependence on temperature for creep recovery agrees with the obser-
vations of others.>®>"*®

A mathematical model for isothermal creep behavior was developed by
Mukaddam®? for sealed concrete specimens loaded at stress/strength ratios
of 35 to 457 and temperatures up to about 100°C (212°F). The model was
based on the linear, viscoelastic response of concrete and its behavior
as a thermorheologically simple material. Based on the time-shift principle,
then, Mukaddam demonstrated, using data from various investigators, that
the total specific creep of comcrete for any temperature is constant when
considering ages at loading of 28 to 400 days and loading times up to
1000 days. He cooacluded that further work on the effects of temperature
above 100°C (212°F), multiaxial stress states, and Poisson's ratio is
needed, as well as additional analytical investigations. A summarized
version of Mukaddam's work is given in ref. 51.

Creep tests on the concrete used in the Wylfa PCRV were reported by
Browna.!® Shrinkage was found to be very small in sealed concrete aond
indicated that heating could cause some expansion. A limit curve was
constructed for shrinkage to a 30-year life based on expected conditions
in the Wylfa vessel which showed that 400 microstrain was a conservative
estimate. For temperaiure gradients and bLemperatures above those now in
current use, more precise information would be required. In tests up to
95°C (203°F), Browne found that uniaxial creep did increase substantially
with temperature, but much scalter was obtained using 15.24-cm~diam,
30.48-cm~long (6 X 12 in.) cylinders with 3.8l-cm (1 1/2-in.) coarse
aggregate, Generally, the creep deformation decreased with increasing
age at loading and decreasing water/cement ratios. He expressed the creep
behavior using an equation that considered the age at load application,
the time after loading, and the temperature during loading. The equation
includes factors that must be experimentally determined for the particular
concrete being utilized in a design application. Browne reported that his
limited data above 80°C (176°F) did not allow an observation as to whether
the creep rate decreased at those temperatures as suggestad by Nasser and
Neville.3"

Experiments conducted by Gross®? on creep behavior showed, again,
that creep increases very substantially at high tempevaltures. Tests at
different stress levels showed, upon normaliziog yesults to a stress level
of 0.2, that thermal creep strains may be treated as linear, viscoelastic
strains up to about 300°C (572°F) (within confidence limits of *10%).
Gross did not state whether specimens were sealed or unsealed, although
the age at loading was given as 6 to 12 months; so it is presumed that
they were not sealed against moisture loss. TIn addition, the time under
load was only 7 to 15 days. The author provides various justifications
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for this, mainly that about 7537 of full creep response may be registered

in that time period. No tesults in his paper were found to provide adequate
justification for that kind of conclusion. In fact, with regard te high-
temperature creep of sealed specimens, his statement is judged to be
premature.

Tests by Wang53 resulted in conclusions that (1) elevated-temperature
[up to 425°C (797°F)] creep~time curves of concrete have the same shape as
those at room temperature, (2) creep rate is higher at high temperatures
and high stress/strength ratios, (3) low water/cement ratios result in
less creep, (4) a nonlinear relatiomship generally exists hetween creep
and stress/strength ratio, and (5) ultimate compressive strength at elevated
temperatures is much higher than that predicted by others. The tests
were not performed using sealed specimens. The conclusion regarding the
nonlinear relationship between creep and stress/strength ratio was based
on two ratios (40 and 60%) and extrapolated to zero. Some of the relation-
ships did result in linearity, while some did not. The high ultimate
strengths at high temperatures were probably observed because the specimens
were heated while under load. The author felt that the heating while
under load was more practical for actual structures. His high values of
creep are considered to be a result of the unsealed nature of the specimens.
The results of Seki and Kawasumi®® substantiate that observation.

The investigations of behavior at elevated temperatures produce the
common observation that increasing temperature results in substantially
higher creep strains. In general, the specific creep of sealed specimens
is shown to be less than that for specimens subjected to some degree of
drying. Also, it is apparent that creep will be substantially greater for
young concrete in both sealed and unsealed conditions. The phenomenon of
a "creep maximum” has been observed by many investigators. The term is
somewhat of a misnomer, because the observation is that the specific creep
rate reaches a maximum with increasing temperature and is not necessarily
accompanied by a corresponding maximum in actual creep strain. The observed
maximum has been reported variously from 50 to 100°C (122 to 212°F) and
for one case of a 20% stress/strength ratio, up to 150°C (302°F). In fact,
not all studies have reported the maximum creep rate effect. Also, in
general, most studies have reported that the shape of the curves for creep
vs time at high temperatures is similar to those at voom tamperature.

Creep recovery has been observed to be less than the associated creep
strain. The degree of creep recovery appears to be independent of tempera-~
ture but dependent on stress. In addition, shrinkage strains of concrete
are reported to be very low for sealed specimens, and, in fact, high-
temperature exposure has been shown to result in expansion. With regard
to stress/strength ratio, increasing ratios increase creep substantially.
Considering the reports on deterioration of compressive strength at
temperatures over 100°C (212°F) for sealed specimens, the stress at which
creep becomes structurally significant is substantially decreased. For
temperatures below 100°C (212°F), the procedures of limit design appear
to be adequate for prediction of structural behavior. For sustained tem~
peratures above 100°C (212°F), the variations in experimental techniques,
concrete mixtures, curing, and loading histories prohibit the development
of a reliable general conclusion of long-term behavior.



3.3.5 Thermal Properties

The thermal properties of concrete affect 1ts performance over a long
period of time under varying conditious. The dissipation of heat from
radiation absorption and from the reactor coolant is important in the
PCRV for the development of thermal gradients and vesultant thermal stresses.
The ability of the comcrete to dissipate heat is determined by the coef-
ficient of thermal conductivity, k, the mormal thermal diffusivity, a,
and the specific heat, ¢. The three parameters are related by the term
a = k/ep, where p is the density of the material. Specific heat is a
measure of heat required to raise the temperatuve of a unit mass by 1°,
while the normal thermal diffusivity relates to the ease with which the
material will submit to a temperature change. The themmal conductivity
is affected similarly by the other two parameters. That is, k will
increase with increases in either diffusivity or specific heat. A high
thermal conductivity will result in a rapid dissipation of heat flux into
the material. That is desirable in order to minimize thermal gradients
through the thickness. As shows in Table 3, Browne'® states that the
cooling requirement can be minimized with high thermal conductivity.

The coefficient of thermal expansion represents the change in volume
of material subjected to a temperature differential. It is usually
expressed as a change in length per degree of temperature change for test
specimens. The thermal expansion is of importance to reduce structural
movement and therwal stresses (Table 3). Thevmal expansion is a compli-
cated phenomenon in coucrete because of the differential expansion of its
components and the resulting development of internal stresses. These
changes are dependent primarily on the properties of the cement paste and
aggregate. The properties of the aggregate appear to control the thermal
expansion characteristics of the concrete. Furthermore, the wmain factor
influencing the thermal expansion of rock and, therefore, of concrete is
the proportion of quartz. Low coefficients of expansion are obtained
with rocks having little or mo quartz. In addition, the coefficient
increases nonlinearly with temperature, and, thus, a particular coefficient
can only be given over a limited temperature range. Moreover, the thermal
coefficient of expansion in concrete is affected by the mix proportions,
moisture content, age of concrete, and the coefficients of various
constituents.

Harada et al."? measured the coefficients of thermal expansion for
various concretes in the unsealed condition. Their results are shown in
Fig. 48. The water/cement ratios varied from 60 to 70%, depending on the
aggregate used. The coefficients for silica aggregate concrete coincide
with those of the original stomes. The limestone concrete was similar
and was closest to the value of the reinforcing steel.

Tests by Marechal®® indicated that microcracking affecited the
expansion measurements at temperatures as low as 300°C (572°F), but, for
most concretes, 500°C (932°F) was more common. By submitting specimens
to ten thermal cycles between 20 and 500°C (68 and 932°F), they showed
that, when cooled to 20°C (68°F), the concrete retained shortening compared
with its original state. In addition, it expanded a2 little less at the
end of ten cycles than during the first cycle. Thus, at elevated tempera-
tures below a critical temperature for microcracking, the concrete tends
to evolve toward a more consistent thermal expaocsion behavior.
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Fig. 48, Thermal Expansion of Various Concretes at Elevated
Temperatures. Source: T. Harada et al., "Strength, Elasticity, and the
Thermal Properties of Concrete Subjected to Elevated Temperaturess,"

ACI SP-34, Concrete for Nuclear Reactors, pp. 377406 (1972).

Campbell-Allen and Desai?’ reported coefficient values for aggregates,
mortars, and concrete mixtures used in their program. From 20 to 300°C
(68 to 572°F), the limestone concrete showed an increase in thermal
expansion coefficient from 6.7 to 10.8 microstrain/°C (3.72 to 6.0 micro~
strain/°F), a change of 60%. The change for fireclay brick was slightly
greater, while that of expanded shale concrete was slightly less.

Philleo®® also measured expansion on unsealed specimens., The coef-
ficient increased with water/cement ratio as expected. The values above
427°C (801°F) were, in most cases, twe toc three times higher than those
below 260°C (500°F). He relates the results to dehydration of cement
paste and attributed the differences above and below 427°C (801°F) to the
fact that drying shrinkage of the paste keeps the coefficient low,

England and Ross®’ sealed specimens with a relatively impervious
membrane of polyester resin and fiberglass reinforcement. The concrete
had a water/cement ratio of 0.45 and was 14 days old at testing. After
heating to 140°C (284°F), they reported coefficients of 10.5 x 107 V/°C
(5.83 x 107%/°F) for the sealed specimens and 12.1 X 107%/°C (6.72 x 107%/°%)
for unsealed specimens. As drying progressed in the unsealed case, the
coefficient value decreased.

Brownel? emphasized that the coefficient of thermal expansion, even
within a particular rock group, can vary considerably. He gleaned data
from various sources and showed, as suggested by Griffiths (ref. 45 of
ref. 10), that increasing silica content in the aggregate resulted in an
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increased coefficient. For example, a limestone aggregate with negligible
silica may have a coefficient 504 iess than an aggregale of high silica
content. Browne presented three graphs, reproduced in Figs. 49, 50, and
51, which relate the thermal strain and/or coefficient to temperature,
humidity, and age respectively. The figures show that limestone concrete
exparienced a permanent expansion set, due to a thermal cycle, which
Browne relates to differences in expansion coefficients of aggregate and
cement paste. The effects of age and relative humidity on mass concrete
may be related because of a slow decrease in relative humidity within the
massive section as hydration proceeds. Browne's test results for sealed
Wylfa concrete are shown in Fig. 52 for wvarious concrete ages and tempera-
tures. The changes with age vary only from 8.7 microstrain/°C (4.83 micro-
strain/°F) at 60 days to 7.9 microstrain/®C (4.39 microstrain/°F) at two
years (not shown on the graph). Also, the coefficient given is represent-—
ative for the entire range of 20 to 95°C (68 to 203°F). A water—stored
specimen had a coefficient about 207 less than did the sealed specimen of
the same age. Browne states that selection of an aggregate with a low
tbermal expansion could significantly reduce thermal stresses in the
concrete. He does not address any affects it might have on the reinforcing
and prestressing, such as some loss of prestress, of the structure because
of large differences in expansion characteristics between concrete and
steel.
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Bertero and Polivka's®' tests of sealed concrete shown in Fig. 53

revealed the same permanent expansive set phenomenon after one thermal
cycle [to 149°C (300°F)] that Browne observed. In addition, they reported
that the permanent expansion increased with number of cycles, but at a
decreasing rate. The expansion strain at 149°C (300°F) for one cycle

was 1200 microstrain, whereas for 14 cycles it was about 1600 microstrain.
The permanent expansion after cooling was about 350 and 700 microstrain
after 1 and 14 thermal cycles respectively. For a sealed specimen exposed
to 149°C (300°F), the thermal strain increased from 1100 to 1520 micro-
strain when held at temperature for 14 days, analogous to the creep phenom-
enon. The authors reported a slight increase in coefficient of thermal
expansion at high temperature. It is barely discernible from Fig. 53,

but from 20 to 90°C (68 to 194°F) the average coefficient was reported as
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7.74 microstrain/°C (4.3 microstrain/°F), and from 20 to 149°C (68 to 300°F)
as 8.46 microstrain/®C (4.70 microstrain/°F). The difference is less than
10%Z, and the coefficient is considered comstant up to 149°C (300°F). On
the other hand, a heating rate of 5.5°C/hr (9.9°F/hr) resulted in a 16%
increase over the coefficient obtained with a rate of 11°C/hr (19.8°F/hr).
In addition, the coefficient decreased with number of thermal cycles.
During the first cycle the value was about 8.60 microstrain/®C (4.78 micro—
strain/°F); during the 1l4th cycle it was only 6.73 microstrain/°C (3.74
microstrain/°F), a decrease of 22%. Even though the specimens were sealed,
water escaped on heating and collected in the gap betwsen specimen and
jacket. Thus, some drying shrinkage must have occurred which caused the
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measured value of thermal expansion to be less rhan that due simply to
heating. The authors claim that the measurement of 730 microstrain
permanent expansion afier 14 thermal cycles must have been due to a
considerable amount of microcracking. Specimens allowed to dry after
initial heating showed much less expansion during subsequent thermal
cycling. Because of this, they conclude that the presence of free
moisture increases the amount of microcracking. Also, the coefficient
was about 10%Z lower for the dried specimens.

As with many of the other properties discussed, the thermal expansion
characteristics are dependent on many factors. 1In one case the unsealed
condition resulted in a higher coefficient, and in another, a lower
coefficient. 1In fact, even with the tremendous variation in mixtures,
test techniques, and concrete conditioning, the coefficient of thermal
expansion does not vary a great deal. It is a universal observation that
the coefficient increases only slighily with temperatures to 250 or 300°C
(482 or 572°F). Other factors such as moisture content, thermal cycles,
and heating rate can affect a given concrete to a greater degree than
the aforementioned temperature range.

Typical values of thermal conductivity for normal concretes are in
the range of 1.0 to 5.2 Wm * K™} (0.9 to 4.5 keal hr * m * °C™%, 2.0 to
9.8 Btu hr'* ft”! °F71)., Tests by Harada et al."? ou unsealed silica
concrete showed that the conductivity decreased with increased temperature.
The magnitude of the decrease can be seen in Fig. 54. Curves F and &
both show a decrease of about 8% from 20 to 200°C (68 to 392°F). Out to
750°C (1382°F) the decreases are over 50%. The thermal diffusivity
measurements showed the same behavior.

Marechal's®® measurements on unsealed quartzite concretes showed a
decreagse with higher temperature, but the conductivity, k, leveled off
after 200°C (392°F). 1In fact, from 20 to 50°C (68 to 122°F) the k value
increased about 7%. Then from 50 to 200°C (122 to 392°F) the k value
decressed over 447 for the concrete with a high coarse/fine aggregate
ratio, and about 30% for the concrete with a low coarse/fine ratio.
Havada's tests vesulted in only a 107 decrease up to 200°C (392°F), and
the k value continued to decrease even above 700°C {1292°F). The respec-
tive reports do not provide many details of curing history, age, etc.,
to allow rigorous comparison for analysis. However, Browne!® states that
loss of water can change % considerably, as can development of micvocracking.
Also, the quartzitic concretes give the highest values of k, and the higher
the saturated conductivity, the greater the decrease in k upon desorption.
For the Wylfa concrete the maximun design value was chosen from conduc-—
Tivity measurements on oven-dried samples to represent the situation that
may occuyr in the hot zones of the vessel after prolonged heating (i.e.,
adjacenl to liner and penetratioms).

The informatiom on thermal conducitivity at various temperatures in
the sealed and unsealed conditions shows that the k value does decrease
as temperature increases and as moisture is lost. The absolute value
of the conductivity and the magnitude of change with temperature can vary
substantially and are depeadent on the aggregate and the relative constit-
uent content of the mixtura., For design of a PURV, relative to thermal
conductivity, the prudent procedure appears to prescribe measurements in
the dry state at the maximum design Cemperature. This will provide for a
minimum value applicable to that portion of the vessel receiving the initial
heat flux.
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3.3.6 Properties Under Multiaxial Stress States

A review of the behavior of concrete under combined states of stress
could involve discussion of phenomenological and physical thecries of
failure, as well as the analytical methods used to predict behavior under
various loading conditions. Such a rveview is beyond the scope of this
report, Rather, we intend to review a few representative studisg of
concrete properties under multiaxial stress conditions only, to provide
perspective for the previous section which dealt with concrete under
uniaxial stress. Thus, it is desirable to review studies which have
investigated the effects of high temperatures on strength, creep, atc.,
of mass concrete. Although there are many studies of concrete behavior
under biaxial and compressive triaxial stress conditions, the more specific
cases of multiaxial compression and tension, with infinitely varving ratios
of stress, ave not plentiful. When considering the additional effects of
moisture and temperature, the available data are even more scarce.
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Simply speaking, after all prestressing is applied, the bulk concrete
of a PCRV will always be in a multiaxial state of stress. Most of the
multiaxial strength studies on concrete have been performed on cylinders
where radial pressure results in two of the principal stresses being equal,
while the third stress is varied in the axial direction. In addition,
very few tests have been conducted with a combination of compressive and
tensile stresses. One of the major thrusts of current multiaxial research

ig directed at the method of load application. TIn most studies of compressive

vroperties, steel platens are used in contact with the specimen, while it
is loaded to failure. It is well recognized that ithe application of a
uniform stress or strain depends on the stiffness of the platens and that
end restraints, that is, friction or restraint at the platen-concrete
interface, can significantly affect the results of the compression test.
The end restraints can be responsible for substaniial overestimations of
the real strength of a specimen. On the other hand, it is also well
established that the ultimate strength of concrete increases when multi-
axial conditions are imposed. The questions reguiring answers relate to
the true sirength of concrete under any stress state and the most realistic
method of measuring it. Questions concerning moisture and temperature can
possibly be aanswered, since the effecis of those pavameters are measured
in a relative manner. It is the true strength value that is required for
more precise and realistic structural design.

Richart, Brandtzaeg, and Brown>® reported, in 1928, that the magni-
tude of the maximum principal stress was roughly equal to the unaxial
strength plus 4.1 times the lateral pressure. Their triaxial tests were
on 10.16~cm~diam (4-in.), 20.32-cm—long (8~in.) cylinders that were tested
one day after removal from a moist room and were somewhat wet when tested.
Axial deformations up to 7% maximum load were recorded, much of which
they attributed to an inelastic compaction (simply a reduction in volume
under the high three-dimensioonal stresses).

Chinn aod Zimmerman,©°° in 1965, reviewed the work om triaxial testing
of concrete by many authors. Tests in which the lateral pressure was
supplied by fluid pressure produced curvilinear relations between principal
stresses, 01 and O3, However, tests in which lateral pressure was produced
with spiral wrapping or by a metallic jacket showed lionear relationships
between o1 and U3. Generally speaking, the expression 01 = fé' + 405 fit
the results fairly well, as mentioned for Richart, Brandtzaeg, and Brown
(fz~ is uniaxial compressive strength). Chinn and Zimmerman performed
tests on a large tyiaxial machine, using cylindrical specimens with
type I cement, gravel aggregate, and various constituent ratios. All
specimens were oven~dried at 100°C (212°F) and air—-dried for one to ten
days. Type I loading involved application of a hydrostatic stress condition
and then increasing the axial stress to failure. Type LV loading consisted
in maintaining the lateral stress at a constant fraction of the axial stress
and inecreasing both to failure. Types I and IV results were almost
identical, indicating no effect of the path of loading. The authors
combined the results and fit equations to the data as follows:

0 < o3 < 35 ksi ,

o1 = f,7 + 4.69005°+ %830 | (4)
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35 < g3 < 75 ksi ,

-

o1 = £, + 10.57005°-°3%% | (5)

where the maximum discrepancies were calculated for o1 — f»” rather than
for 01 and were about 137 for both cases. Because of the great amount of
bulging . in the specimens, the stress distribution was changed considerably,
and the validity of calculating axial stress as axial load divided by
original area is doubtful. They calculated the normal stress at midheight
on the basis of the bulged section, and the stress at which bulging began
was sort of a vield stress, which was nearly constant over a wide rangs

of axial strain. Thus the equations given above are conservative, Type 11
loading involved the application of a hydrostatic stress followed by
increases in the lateral stress until failure. Results indicated some
effect of the intermediate principal stress. Tests showed that a cylinder
can withstand 2.105 f»~ when stress is applied as an all-around lateral
stress., Chinn and Zimmerman's results did not allow a single Mohr envelope
to be applied to all stress states, nor did the octahedral shear stress
theory fit the data. Their studies were restricted to dried specimens

at room temperature only.

Goode and Helmy60 tested hollow cylinders 91.4 cm (36 in.) long to
veduce the effect of end restraint and measured the strength in compression
and tension at room temperature.  They found that the tensile strength
of the hollow cylinder in pure torsion was 60 to 70% of the split-cylinder
strength, and that the tensile strength was not linearly related to the
crushing strength. Their results were generally represented by Mohr's
theory, with the adoption of Leon's parabolic envelope for direct com-
pressive and shear stresses. The octahedral stress theory was found o
be no more accurate. i

Gardner®! concluded that the failure strength, ductility, and value
cf the instantaneocus Poisson's ratio at failure all increase with increasing
confining pressure. He presented an equation for predicting triaxial test
results from unconfined cylinder tests, using the instantaneous Poisson's
ratio. The expression is representative only at stresses below 80% of
ultimate.

Hansson and Schimmelpfennig62 reviewed multiaxial testing up to 1970
and stated that tests which guarantee that the assumed stress state exists
in the failure region of the specimen are:

1. biaxial compression tests with slabs,

2. triaxial compression tests with solid cylinders,

3. biaxial and triaxial tests with cubes.

They say that the biaxial compression state is of most interest in PCHVs
and that test technigques must minimize end restraints. They present a
failure criterion for design use that is based on results of other
investigators. The authors used the more conservative results obtained
by researchers who minimized the end restraints during testing. They
also state that limestone concrete shows higher multiaxial strength than
does gravel concrete.
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Launzy and Gachon®® measured triaxial strength of 6.98-cm (2 3/4-in
cubes at 20, 40, and 60°C (68, 104, 140°F). Their machine is shown in
Fig. 55. 1He 1oad1nq platens rest on ball-—aad-socket joints, and an
aluminum pad [four alumiouwm sheets 0.4 mm (0.016 in.) thick, with each

face lubricated with tale] is insevied between platens and cube faces Lo
minimize friction. Figure 56 showz the undimensional ultimate-strength

surface, where Og represenis bhe uniaxial ultimate strength. No mention
was made of elevated-lemperature tesis
b . .
Bremers used cubes and tested

multiaxial strength for both com-
pressive and tensile stresses. He states that tensile forces are applied
with a vigid steel plate cemented o the specimen and that the residuasl
friction in compression was veduced to less than 1%, He does not give
the method of load application; bult indicates that Launay and Gachon®?
used his techrnology. Figure 57 shows Brewer's muliiaxial strength vela-
tionships, with the results of Launay63 for comparison. He concluded
that concrete is subject to strain failures rather than stress failures
and that the mean principal stress is important to strength. Foxr design,
Bremev rvecommended allowing teunsile stressses and local cracks to occur
but using slack reinforcement (o take up z predetermined amount of tensile
force to ensure structural slasticity
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Fig. 55. Triaxial Testing Machine. Source: P, Launay and H. CGachon,
"Strain and Ultimate Strength of Concrete Under Triaxial Stress," ACI
SP-34, Concrete for Nuclear Reactors, pp. 26%-82 (1972).
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Fig. 56. Triaxial Strength Envelopes. Socurce: P, Launay and
H. Gachon, "Strain and Ultimate Strength of Concrete Under Triaxzial
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Fig. 57. Ultimate Strength of Concrete Under Multiaxial Loading.
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In a comment made concerning the work of Launay and Gachon, Garas®®

stated that multiaxial strengths are affected by specimen size (for
cubes) and load application. Based on available results, he comnstructed
failure envelopes for cubical specimens, taking size effects and loading
conditions into consideration (he doesn't say how). TFiguve 58 shows his
curves, and comparison with Fig. 56 of Launay and Gachon®? shows that
their data, apparently, overestimated the multiaxial strength. The para-
bolic nature of the failure criterion was given as

2 2

(01 + g” + 0'3?') — 0,75{(010 + Ua03 + ()’30'1)

©2.05 £,7(01 + 02 + 03) + 2,45 f,7 =0, (6)

Much of the multiaxial strengih research undertaken in recent years
has centered on the method of load application, such as the brush-bearing
platens described by Linse®® and developed by Kupfer and Hilsdorf (see
refs. 1, 2, and 3 of ref. 66). Figure 59 shows the dimensions of the
steel filaments and the spacing on the platen. The filaments are so
flexible that they follow the lateral deformations of the concrete
surfaces almost without transferring shear forces. They are clamped
rigidly at the base and are 9.525 cm (3 3/4 in.) long. Sufficieat buckling
resistance and small bending resistance are required. TIn a later report,57
Linse describes fthe use of a massive prestressed concreie frame which
houses the 10-cm (3.94~in.) cube specimen and separately controlled
presses, which can exert compressive or tensile force in each of the

e 30

Fig. 58. Ultimate Strength of Concrete Under Triaxial Stress. Source:
F. K. Garas, discussion attachment to: P. Launay and H. Gachon, "Strain
and Ultimate Strength of Concrete Under Triaxial Stress,'" Proceedings of
the First International Conferecoce on Structural Mechanics in Reactor
Technology, 1976, Vol. 74, part 4, pp. 3538 (1972).



77

Fig. 59, Description of Brush~Bearing Platens. Source: D. Linse,
"Strength of Concrete Under Biaxial Sustained Load," ACI SP-34, Concrete
for Nuclear Reactors, pp. 32734 (1972).

three directions for triaxial testing. The results of biaxial strength
measurements are shown in Fig. 60. ¥or short~time tests, the highest
increase in strength (25%) was at a stress ratio of about 2:1. At a
ratio of 1:1 the increase was 15%Z. For sustained loading, the ratio of
2:1 resulted in only a few percent increase in strength, while the 1:1
ratio gave a decrease in strength to about 957 of uniaxial. Triaxial
testing with the brush platens showed that the increased strength was
dependent on the stress ratio and is greater for more nearly equal
stresses. Even at 0:1/03 = 0.30, a load up to six times the uniaxial
strength did not break the specimen.

In a review of multiaxial test apparatus, Schickert®® emphasizes
the need for a device to test cubic specimens with three independent
loading directions. He discounts the steel platens, as discussed previ-
ously, as well as the use of lubricants, because of nonuniform stress
distribution due to extrusion of lubricant at the specimen edges. He
stated that multilayer insertions of laminated materials have limitations
but have given reasonable results. They have to be proven at elevated
temperatures, however. The brush platens do not guarantee uniform loading
on bigger specimens, due to displacement differences between inner and
outer teeth. His design would incorporate a deformable bearing platen
in which the platen is divided into 64 pistons (loading stamps or rods)
guided through a deformable platen and supported by a hydraulic cell.
Thus the bearing platen can follow the deformation of the test specimen.
Comparisons will be made with rigid platens having laminated aluminum
and lubricants. Specimens will be 20-cm (7.87-in.) cubes. He has also
experimented with various combinations of rod size and number in the
platens.



PBey = 300 kgtiem? 6,

imens. Source:

Fig. 60, TUltimate Str 5Lh of Biaxially Loaded Spec
ained Load," ACT SP-34,

D. Linse, "Gtrength of Concrete Under Biaxial Sust
Concrete for Nuclea Reacz’;ors, pp. 32734 (1972).

Atkinson and Ko®® have develo oped a multiaxial test cell that employs
fluid-pressurized cushions in loading cubical specimens. The frame was
machined from a solid steel billetr, using electrical discharge wachining
for final dimensions. A specially designed seal of leather and vinyl is
sufficiently flexible to transmit full {luid pressure uniformly to the
cube faces and is strong enough to close the gap between specimen and
frame. Figures 61 and 62 from Andenes’? show details of a recently
designed frame and fluid cushion. Hydraulic oil fills the seal and trans-
mits the load, while deformation measuremenis are made with proximitor
probes. The probes use the inductive principle to determine the distance
between a conductive target of aluminum foil on the specimen and a coil
embedded in the tip of the measuring probe. Tn fLhis wny, ghysical con-—
nection to the specimen is not required by the transduce The frame

is designed for about 137.9 MPa (20,000 psi) for the unlaxial loading

and 68.95 MPa (10,000 psi) for the hydvestatic condition, although a
stronger frame has more vecently been comstructed.’’ Photoelastic studies
were conducted to measure the developmeoni: of shear stresses duriog loading
and to verify the uniformity of loading and minimization of end restraints.
The leather pad seal produced a shear stress of about 3 to 47 of the load
compared with 1 to 2% for plastic seals. With steel platens., stress con~-
centration factors of 2 or greater were rvecorded, even with a teflon-
grease—teflon friction reduciung layer.

Andenes’? tested mortar specimens iou biaxial loading, using the
fluid cushion device. The uniaxial tests showed an ultimate strengih of
40.48 MPa (5875 psi) with the fluid cushion and 51.67 MPa (7500 psi)
with steel platens, a difference of about 27 The biaxial failure
envelopes are shown in Fig. 63. The ratios are norumalized to the strength
of the mortar, using the fluid cushion platen. The steel platen shows
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¥ig. 61. Exploded View of the Fluid Cushion Test Cell Source:
. Andenes, "Response of Mortar to Biaxial Compression,” M.S. thesis,
University of Colorado, 1974.
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Fig. 63. Biaxial Strength Envelopes for Mortar, Using Fluid Cushion
and Steel Platens. Source: E. Andenes, "Response of Mortar to Biaxial
Compression," M.S. thesis, University of Colorado, 1974.

greater increases in strength than that of the fluid cushion because of
end restraints. Other figures in the Andenes report show a considerable
amount of scatter for the fluid cushion tests and little scatter for the
steel platens. Both tensile splitting and corner-edge failure were
observed with fluid cushion testing. Andenes states that brush-bearing
platens do not allow the specimen to defoym at the surface and, there-
fore, will always result in a tensile splitting parallel to the
unloaded faces. He says that the fluid cushion allows the specimen to
choose its own mode of failure, depending on local stress concentrations,
etc. Comparisons of various investigators' results are shown in Fig. 64
(refs. 11, 14, and 15 of ref. 70). The maximum biaxial stress occurs at
a stress ratio of about 2/3 and is 1.25 times the uniaxial fluid cushion
strength. The other curves oa the graph were obtained with brush~bearing
platens. Alsc shown is fthe Von Mises failure envelope, which provides a
conservative prediction of biaxial streangth. Andenes concludes that
concrete~mortar may be considered as a nonlinear continuum to failure when
tested under nonconstraint conditions (oil cushion). The constraint due
to steel platens had no effect on the material behavior until after it
became a discontinuum, defined as the onset of extensive internal micro-
cracking. The failures of fluid-cushion~tested specimens were brittle
but indistinct, whereas the steel-platen~tested specimens failed in a
ductile manner.

The fluid cushion device appears to offer potential for multiaxial
testing but requires additional study relative to Failure modes, measuring
techniques, and scatter of results.



81

3/
@g 73
r2
19 ’////xléﬁﬁij
a5 L
06 |
04 ///i/////lwv
e
s
¢ 05 ' o Tie s 7

7; "t
Fig. 64. Biaxial Failure Envelopes Chtainad with Either 0il Cushions

or Steel Brush~Bearing Platens. Source: ©T. Andenes, "Response of Mortar
to Biaxial Compression,”" M.S., Thesis, University of Colorado, 1974.

Taylor and Patel’? tested biaxial and uniaxial specimens, using four
platen designs. The various platens and the uniaxial compressive strength
that they produced on 4.76-cem (1 7/8-in.) dry cubes were:

1. solid steel plates, 23.49 MPa (3.41 ksi);
2. steel brushes made by inserting short lengths of 0.159-cm (1/16~in.)

wire into holes in brass plates, 21.36 MPa (32.10 ksi):
3. steel plates with 0.079-cm (1/32-in.) hall bearings, 16.19 MPa

(2.35 kei};
4. steel plates with 0.159~cm (1/16~in.) ball bearings, 15.85 MPa

(2.30 ksi). :
The specimens loaded with solid steel plate failed om planes inclined
45° to the loading axis, or by general disintegration. Brush~ and ball-
loaded specimens generally split in planes parallel to the leoading axis,
indicating true uniaxial conditions. The ball bearings did produce
indentations in the specimen surfaces about one-third the ball diameter.
Because they did produce the lowest strength measurements, and due to
alignment problems with the brushes (specimens also tended to slide out
sideways under load, indicating possible shearing stresses), the ball-~
bearing platens were used for biaxial testing. ' For a gravel concrete
[0.635 cm (0.25 in.) maximum aggregate] with a water/cement ratic of
0.67, the biaxial envelopes are shown in Fig. 65 along with those of
other investigators. The saturated concrete resulted in greater relative
increase in strength under proportional biaxial conditions. This was
true for mixtures of other water/cement ratios also, although the wet
specimens were weaker than the dry specimens. The envelopes were larger
than expected for the ball-bearing loading, possibly because of friction
induced by increased penetration into the concrete as a result of higher
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Fig. 65. Comparison of Biaxial Failure Enveleopes of Various
Investigations. Source: M. A. Taylor and B. K. Patel, "The Influence
of Path Dependency and Moisture Conditions on the Biaxial Compression
Envelope for Normal Weight Concrete," J. Am. Conecr. Inst. 71(12): 627
(December 1974).

stress levels than in uniaxial loading. Since the mixture with the
highest water/cement ratio showed the greatest difference between wet
and dry specimens, the authors stated that the hydrostatic load-carrying
capability of contained free water could be the reason for greater
strength increases for wet concrete. However, they minimize rhat
mechanism for various reasons, such as the improbability of completely
isolated spaces existing in concrete, and say that biaxial stress relax-
ation tests might help to explain the observations. They also recommend
further study concerning the ball-bearing platen concept. Further in-
depth comparisons between results obtained with brush-bearing platens,
deformable platens, fluid cushion, ball bearing, and rigid steel platens
should provide answers to this complex experimental problem.

Kupfer73 reported that the behavior of concrete under biaxial loading
could be described accurately by simple mathematical expressions. Those
for stress are approximated as follows:

compression—compression region,

g1 U2 2 g1 O2
91 4 92\ 4 01, 34592 g 7
( Bp ~ Bp > By B
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compression-tension region,

Uz G
== 1+ 0,8 4 > i B
B By
tension~-tension region,
3
g2 = fBy = 0.64/8, % = constant ; (23

w! are

F1, Uz = principal stresses,
ﬁp = unjaxial compressive strength,
B, = uniaxial tensile strength.

The behavioral equations were obtainad by breaking down the
and strain states into hydrostatic and deviator components. Using iu“%
equations in conjunction with finire-element methods and construction of
a so—-called rigidity matrix (dinterrelates force and deformation) provides
the means for performing nonlinear analyses of conventional structuves.

With further reference to effects of moisture, ’k?fyd7“ found that
gaturated concrete failed at a much lower load than did dry concrete, and
the shear strength veached a waximum of about five times the uwncombined
compressive strength. He observed that sufficiently high latersl pressure
in test cylinders caused the saturated specimens to behave more like
saturated plastic material, such as clav. However, rthe failures were
sudden and rapid and clearly like those of a brittle material. Generally,
conical-shaped fractures were produced using rigid steel platens.

!"

IScrbOTJ " tested hollow cylinders in the saturated, sir-dried, and
oven-dried conditions by subjecting them to combined torsiom and comps

For a ratio of compressive to tensile stress of 1 or greatsr, the satu-
vated specimens were weaker than dried specimenz. At a Latlo of 3, the
oven—-dried specimens were twice 88 strong as the satwurate
his observations agree with those of Tdylwz and Patel.

With regard to temperaturs, Haonant'® rested solid and hollow ix
in the sealed and unsealed cooditions afrer exposure to temperatures up
to 150°C (302°F). He imposed a triazial stress distribution by apvlving
a hyvdrostatic pressure of 3.31 MPa (480 p2i) during axial loadiog (the
unheated compressive strength was not given). The moisture loss varied
dirvectly with the strength after heat exposure. The sealed spaoimen
pressive strengihs were veduced to about 70 and 60% of the refsveace
strength at 100 and 150°C (212 and 302°F) respectively.

Browne'' references work by Newman {vef. 14 of ref. 10} on biazial
loading in which he claimed that, before the ultimate strength of concrels
is reached under short~term loading, a sritical stress level exists at
which severe permanent damage takes placed within the specimen. This
stress may be as low as 30% of the ultimate and varies with many factors,
Joder sustained loading. a critical stress alse exists above which event:
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failure can occur, aboul: 70%4 of the short—term ultimate strength. Figure 66
shows the biaxial envelopes of Newman. Browne points out that vessel design
should consider the critical stress under short- and long-term loadiung
rather than the uniaxial ultimate streagth.

ajc 45 by wt; w/c 0-55 by wt . .
Concrate water-stored for 27-29 days prior to testing
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Fig. 66. Strength of Concrete Under Biaxial Stress. Source:
R. D. Browne, "Properties of Concrete in Reactor Vessels,' Group C,
Paper 13, Conference on Prestressed Concrete Pressure Vessels, Westminster,
S.W.I., March 1967.

3.3.7 Mechanisms Causing Observed Temperature Effects

It is the intent of this section to provide a brief summary of the
approach of various authors to the mechanisms which caused variation in
concrete behavior with increasing temperature. Because the concretes
tested varied widely in many ways and because experimental methods and
treatment procedures also varied, hypotheses have been formulated to
explain the observed behavior.
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A universal observation, of course, is that the results can be
related to the amount of free moisture in the concrete during exposurs
and testing. Campbell-Allen and Desai?? neted the often~stated hypothesis
that the incompatibility of the linear expansion coefficients of warious
concrete constituents is the primary cause of property deterioration at
high temperatures. They performed tests to determine the ceefficients
of the mortar mixes, aggregates, and concretes used in their study. The
results are given in Table 7 and are intevesting because they show, for
instance, that the coefficient of thermal expansion for limestone becomes
compatible with the mortar mix aboeve 150°C (302°F), while it was less than
one-half the mortar mix value at 20°C (68°F). However, the limestone
concrete showed the most deterioration in properties at temperatures o
150°C (302°F) and above. The fireclay brick aggregate showed the 1
compatibility of ezpansion coefficients with mortar above 150°C (302°F
yet it showed the least deterioration in mechanical properties. The
authors showed photos of broken concrete depicting the dislodged limestone
aggregate and firmly held fireclay brick aggregate. They attributed the
excellent bond to the influence of surface texture and shape of aggregate,
plus a possible chemical reaction between cement and fireclay brick.
Expanded shale-clay aggregate was as stable as fireclay brick but had a
smooth texture and rounded shape which caused dislodgiog of the rocks at
high tmperature. Tests on the limestone aggregate revealed that limestone
may not be entirely stable at 300°C (572°F). The excellent bound at yoom
temperature, caused by a surface chemical reaction, was virtually destroyed
by chemical changes in minor constituents and, particularly, iron ozxides
of the limestone. Their concrete specimens were unsealed, and, thus,
free moisture was not a consideration.

Table 7. Coefficients of Thermal Expansions
from 20 to 300°C

Mean coetficient of
thermal expansion
Material (microstrain/PC)
Below Above
150°¢ 150°C
Cement mortar mix 1 + 6.7 + 0.6:)10.8 £ 0.7
limestone agpregate
Cement mortar mix 1 105+ 0.6 121 + 0.4
Cement moxtar mix 2 + 7.9+£06: 136205
fireclay brick
Cement movtar mix 2 10.7 = 1.(>  120 0.6
I
Cement mortar mix 3 - 6.6+ 0.6 | 10.0+0.5
expanded shale
Cement mortar mix 3 10,7+ 1.6°112.1 £ 0.3
Limestone rock core per~ '
‘pendicular to bedding plane | 4.5 = 1.0:] 16.0 + 0.6
Fireclay brick ‘ 40510 | 57506 |

Source: D. Campbell~Allen and P. M. Desai, ~The Influence of Aggregate
on the Behavior of Concrete at Plevated Temperatures,’ Nuel. Eng, Des.
6(1): 20 (August 1967).
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Lankard et al.’? attribute the effects heat exposure on unsealed
specimens to the absence of free moisture. e desorption of cement
paste vesults in a collapse c¢f the gel structure and closure of gaps
between primary gel particles. Reference is made to work by Mills
(ref. 16 of ref. 30) and by Phillec (ref. 18 of ref. 30), who showed
that molding pastes under pressure force gel particles closer together,
resulting in creation of additional bonds and incressed strength. Sealed
concrete contains superheated water and/or water vapor when heated. That
hot~tesied specimens were only slightly weaker than the cold-tested specimens
led them to conclude that the effect of high-pressure steam in the flaws
was minor. They conclude that rveaction in the matrix between hydrated
calcium silicates and Ca{OU}y produces lime-rich crystalline hydrates,
resulting in a decrease in the coherency of the matrix. A beneficial
effect: can also occur, they say, from r2action of the silica with Ca(OH),
or with the produclts of the first reaction. Their observation of greater
property deterioration for low-silica-content limestone relative to the
highly siliceous gravel supports that conclusion. Because the minerclog-
ical phase changes are increasing functilons of temperature and time,
deterioration in properties should decrease with both parameters, which
was {heir observation. Thus, Laokard et al. recommend that siliceous
aggregates be used whenever free moisture is retained in the concrete
during heating.

Bertero and Polivka®' also concluded that retention of moisture
and duration of exposure to high temperature resulted in severe deteri-
oration of properties, bui they offered no mechanistic explanation for
their observations.

asser and Lohtia®?® did not study the physical, chemical, and
mineralogical changes in concrete during their testing program. They
did, however, utilize information from other researchers fo analyze their
results, They reference the observations of Lankard et al.3? regarding
the hydrothermal reactions that transform the tobermorite gel. They say,
howaver, that their resulis, and those of olhers on cement pastes (refs. 5
and 7 of ref. 33), show that those changes start avound 120°C (248°F),
though at a relatively sluggish rate. They emphasize that the relative
amount of the new weak compounds and the extent of crystallizarion should
increase with temperature and age of curing, resulting in aggravation of
property detevioration as shown in their studies.

With regard to increasing creep deformation with increasing tempera-
ture, Nasser and Neville®" discussed the work of Ali and Kesler (ref. 2
of ref. 34), in which they considered true creep to be a process o
molecular diffusion and shear flow of the gel, and of adsorbed water
under load. High temperature increases mobility of those processes. At
a certain temperature the adsorbed water begins to evaporate, so that
the rate of creep decreases. They postulate a temperature of about 80°C
(176°F) for that process and state that higher temperatures would cause
the gel to change to a wicrocrystalline form and furthey resist creep
deformation. Using creep recovery observations along with the creep
results, they hypothesize that the creep mechanisn at high temperature
is esseniially the same as at room temperaiure. The character of the
creep equation is primarily viscous and not elastic.

of
Th



87

Gross,sz however, concluded thatr the superposition princinle in
creep analyses, analvzed by normalizing his creep data to a 0.2 stress/
cold-strength vatio, does apply and justifies the freatment of thewmal
creep strains as linear thermoviscoelastic strains up te about 300°¢
{572°F). The auvthor discusses in detail the development of an equation
for determining the stress, temperature, and time-dependent strvains
psecurring in virgin concrete. The ezpression is used in conjunction
with thermal relazation weighting factors and experimentally determined
temperature~dependent parameters. Because of the many vavriables affecting
creep cowpliance, relevance of the results is claimed only for the partic
ular mixture used., A full discussion of Gross's methodolegy for creep
analysis is not within the scope of this report, but it deserves detal
attention, albeit develeoped with unsealed specimen dats, for meve goneral
application to thermal creep analyses.

Geymayer,”z in his review, stated thar most test results seem to
lend support to the seepage theory and cast further doubt on other concepts
such as the capillary condensation theory, plastic theoriss, and differ-
ential shrinkage.

Seki and Kawasumi’®" postulated that the decrease of the viscesiyy
of leaching water due to temperature, and the formation of crystals due
to h]dratlon, lead to the creep increase at elevated tempsrature [up to

C (158°%)].

3.4 FEffects of Radiation

As mentioned previously, the PCRV serves not only as the primary
pressure-retaining structure but, in the case of a nuclear reactor, is
subjected to nuclear radiation emanating from the core and must serve
as a biolegical shield. The primary concern is the attenuation of gamma
rays and neutrons. Neutrinos are of no concern because they do wotr
cause damage to tissue and materials. Charged particles are highly
interacting, and relatively swmall amounts of material can provide a
sufficient shield (they may be important, however, with regard to thermal
effects). Concrete has been traditionally used as a zhielding material
because of its ability to attenuate gamma ravs and neutrons with reasonable
thickness requirements, has sufficient mechanical strength, can be con-
structed at reasonable cost, and requires little maiuntenance. An important
factor is that councrete is hydrogenous. The slowing down of fast neulrons
to thermal neutrous is best accomplished with hydrogen. Oxygen is also
light enough to possess high efficiency in the slowing-down process,

Thus the water present in concrete provides an excellent thermalizing
medium that most other materials do not have. Once the neutrons are
thermalized, they can be absorbed or captured by many of the constituents
in the concrete. Thus it is apparent that the success of concrete as a
shielding material depends heavily on its water content, and migration
of moisture in concrete can be important from a shielding standpoint.
Many shielding concretes are so~called heavy concretes, because fhey are
made with heavy elements as aggregates, such as o0 ore of barife ‘
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Operation of a reactor for 30 to 40 years will resulf in exposure of
the concrete to fast and thermal neutvon fluxes for the entire time. The
concern, then, is the effect that this exposure will have on the concrete
properties. Nuclear heating caused by interaction of gamma rays and
neutrons must be investigated,; as well as any radiation damage that occurs
and the level of exposure at which significant damage occurs. Exposure
is usually expressed in terms of fluence, which is the integrated neutron
dose (the neutron flux, neutrons cm”™> sec” ', multiplied by time of exposure
results in neutrons/cm®, called wwt). The gamma-ray exposure is expressed
in rads. This report is concerned primarily with ordinary portland cemeut
concretes as used for current PCRV designs. Discussion of the physics of
gamma-~ray and neutron attenuation involves consideration of factors such
as secondary radiation, produced by neutron absorption, and eunergy of the
jncident radiation; these items will not be discussed except as they might
relate to damage to the material (direct radiation damage or indirect
damage due to such things as thermal effects). The collision of a neubtron
with the nucleus of an atom can, depending on incideul energy, etc.,
destroy the crystal lattice equilibrium, and long-term exposure can lead
to changes in the material's physical and chemical properties. It is well
known that properties of various materials are affected to varying degrees
and at different levels of exposure.

Information on properties of irradiated concrete is scanty. Most of
the available data have been measured on specimens removed from concrete
shields and other structures. As a resuli, the concrete was subjected to
elevated temperatures as well as radiation. Any changes in properties
due to radiation alone are difficult to ascertain, because there is gen-
erally no material available for testing which has been subjected to the
radiation without accompanying the elevated temperature. As mentioned
earlier, the temperature can be elevated in the concrete from nuclear
heatiog alone.

Clark,’® in 1958, reported that there were no data that uniquely
measured radiation damage for exposure to integrated neutron fluxes up
to 2 x 10*° nvt and where temperatures did not exceed 120°C (248°F). ie
concluded that induced heating appeared to be more of a problem than direct
radiation damage up to that exposure level. However, he referenced work
at Harwell by Price et al. (ref. 31 of ref. 76). Their data showed that
a thermal neutron fluence up to 7 X 10'? resulted in a decrease of about
30% in the ruptuvre stress of a portland cement concrete. They concluded,
however, that radiation damage for reactors built to that data was not as
severe as overstressing due to nuclear heating.

The ORNL Graphite Reactor shield was studied and the findings were
reported in 1958.77 A cross—sectional view of the shield is shown in
Fig. 67. The shield consists of a 1.52-m-thick (5-ft) section of barytes-
haydite concrete sandwiched between two 0.305~m (1~ft) sections of ordinary
portland cement concrete. Cylinders 11.75 e¢m (4 5/8 imn.) in diameter were
cored out of the shield, using an air-cooled, diamond—edged drill. During
full~power operation at 3.5 MW, the tempervature gradient through the shield
varied from 40°C (104°F) at the inner face to 19°C (66°F) at the cuter
face. Measuremeunts were made of the dose rates for gamma rays and fast
neutrons, as well as the thermal neutron flux, as a function of shield
thickness. Also, activity measurements were made from concrete dust removed
duriag each coring.
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Fig. 67. Crose Section of ORNL Graphite Reactor Shield. Source:
T. V. Blosser et al., A4 Study of the Nuclear and Physical Propertiss of
the ORNL Graphite Reactor Shield, ORNL-2195 (August 1958).

Results of water content, density, and compressive strength are
given in Table 8. The data are not compared with original dats before
exposure, but, rather, they are comparved with data obtainsd in a similar
study in 1948 (ref. 1 of vef. 77). The study in 1948, however, was of
limited usefulness, since water was used to cool and clean the drill bit,
although the effect of the water could not be determined.’’ The raport
observed that the chemical properties and density of the concrete had
not been substantially changed since the 1948 study. However, the com-
pressive strength was generally lower. Table 8 shows that the compressive
strength was reduced 50% at the 0.15~ and 0.30-m (1/2~ and 1-ft) marks
and about 30% as far into the shield as 0.762 m {2 1/2 ft). The unusually
high strength for drilling 5 could not be explained by the authors.
Figure 68 shows the fast-neutron and gamma~-ray dose rates as well as the
thermal neutron flux through the shield thickness. The reactor had been
in coperation for 12 years at the time of the study, but the fluences
were not provided. It cannot be assumed that the reactor operated at
full power continuously during the 12 years, and thus the total fluence
iz not known. The compressive strength, however, did decrease at locations
closer to the reactor core. However, Table 8 shows that the strength
decreased 20% at a depth of 0.914 m (3 ft) into the shield. Figure 68

shows a thermal flux of about 2 X 10" neutrons cm™? sec” ' at that location.
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Table 8. Water Content, Deasity, and Compressive Streungih of
Samples of Concrete from the ORNL Graphite Reactor Shield
e Density Coupressive Strength

Shield Water Comtent (g/c2) B (psi,
fiiing  Thickness ), s . ibts
o, & ) This Stvdy Study  1948° Study 10L8b
. 67 6.73 2.22 2.20 1605 165C
2 5 -6 5.96 z.26 2.27 PLiC 2LEC
3 ¥ . 5 11,9 2035 2.28 2550 2775
L 3 - L 12.0 2. 34 2.26 2520 2891
5 2.5 « 3 10.72 2.3 2.17 3970 2980
6 o o. 2.5 1%.2 2.3k 2.17 214¢ 295%
7 1.5 - 2 i5.0 2.35 2.16 2050 2765
8 i - 1.5 1%.5 2.15 1.96 1585 2170
g 0.6 - 1 9.2k 2,36 2.21 1610 2676
10 0 - 0.6 6.9% 2.54 2.11 INTC 2450
a. Driiiings 1, G, and 10 were in Portiland concrete; other drillings weres im
barytes-~-haydite ocncrete.
.  Averags values from Ref. 1.

at
Properties of the ORNL Graphite

T. V. Blosser al., 4 Study of the Nuclear and Physical

Keactor Shield, ORNL-2195 (August 1958).



s <

ON DOSE RATE { grg

H FAST - NEUTR,

C-&MMA~R!‘AY O

E—

THERMAL»NEUTRON FLUX

e

fd

UNCL & SRicwp
Eo- 01 (3.1 0383

SHitL THICKNESS (£t}
3 a é

Lux thautrons fop “sac)

L
]

T GARMMA “RAY OGge HATE
[ -

NEUTRG, £

Rtgay

THE

;-1
o T4 GoLp FOIL Mf{ASUF(&’MENTS
<20 INDIUM FIL wme "UREMENTS

68, GammawRay Dose Rate, FastmNeutron Dose Rate, and Thermgy

30 16 20 140 160 180 200 280
SHIED THICKNESS {em}

Neutraopn Flux vg Shield Thicknesg OFf the ORNT, Graphite Reactor Shielq,

s A Study o e Vuclear g Physicgy Properes gg

of the ORNT, Craphite Reactop Shie Zd, ORNL~2195 {August 1938y,



92

Even if one assumes the maximum possible exposure (i.e., full power
for 12 continuous years), the fluence at that point would be only
7.5 x 102 wut. If significant damage could be caused by that low level
of fluevnce, the inner 0.15 m (1/2 ft) of concrete would have lost 20%
of its strength after only 12 min of exposure. At that rate of damage,
the concrets would have been completely deteriovated after 12 years of
operation, but, of course, it was not. Thus, even in the absence of
radiation damage data, it seems highly unlikely that the strength loss
was due in any way to the neutron radiation. Apparently, data were not
available for the concrete at the time of placement and prior to any
exposure. Lf 40°C (104°F) was indeed the highest temperature at the
ioner face of the shield, and the watev content was decreased in ihe
first 0.30 w (1 ft) as shown in Table 8, it does not seem that, in light
of the previous discussion concerning temperature effects, the loss of
407 compressive strength could occur as a result of temperature exposure
alone. On the other hand, the repori gives the temperature gradients at
5 and 10 hr after shutdown and shows that the inside foolt of concrete
changes temperature much more rapidly than the rest of the shield (this
is expected). The cycling history of the reactor is not known, but the
theirmal cycling effects of changing stresses, etc., could be an important
factor in the deterioration of strengih.

Experiments by Elleuch et al.’® were carried out on a serpentine
concrate with aluminous cement. The irradiation temperature was 200°C
(392°F), and the water/cement ratio was 0.38. Specimens were also driec
at 250°C (482°F) prior to irradiation. Thermal neutron fluences up to
6.5 x 1029 nvt, fast neutron fluences up to 1.1 X 10%° nvt, and gamma
exposures to 1.3 x 10'? rads were urilized in their study. They also
tested unirradiated control samples stored at the irradiation temperature.
Much gas was generated during radiation, presumably due to radiolysis of
the water released by the concrele. 1In addition, the concrete samples
showed expansion of up to 7000 um at a fast neuiron dose of 1 x 10°°% wwei,
and it appeared that the aggregate was the primary factor. Young's modulus
(as measured by pulse velocity) decreased 20% at the same dose over an
unirradiated but thermally cycled [to 200°C (392°F)] sample. The bending
and compressive sirength decreased substantially, but the decrease was
about the same for irradiated and unirradiated, thermally exposed samples.
The serpentine, however, showed a loss of about 65% bending strength
under a dose of 9 x 10'® nvt and no loss under temperature cycling. Thus,
with regard to structural properties, it does not appear that irradiation
affected the concrete substantially more than did the high-temperature
exposure.

Tests by Granata and Montagnini on standard mortar (portland cement
and fine limestone sand) were performed at neutron fluences of 1018
to 10*° #vt and irradiation temperatures of 130 and 280°C (266 and 536°F).
Control samples were subjecied to the high tewperatures but not the radiation.
They concluded that the effects of irradiation up to around 10'° not are
retatively small, and no significant dimensional changes resulted. The
thermal conductivity and thermal expansion coefficient were unot affected.
However, ihe mortar samples were affected at the higher exposure of 10%° nvt.
They reported that specimens irradiated to that fluence level at 280°C
(536°F) were so severely cracked and damaged that it was not possible to

79
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carry out measurements on them. There are some points in thig report
that require discussion. The authors did report that the thermal history
samples were 2ll in good condition (not cracked, etc.}. The samples in
the 130°C (266°F) test rig irradiated to 10'° were partially cracked and
damaged. These sanples showed about a 107 lower flexural strength.
However, the compressive strength was not measured, Therefore, it seems
that the authors’' conclusion regarding relatively small effects of 10?2 not
is somewhat contradictory. 1If the irradiated specimens were visibly
cracked and damaged, it seems that a significant effect occurred.
Obviously, damage at 102° nut was quite severe, since the samples could
not even be tested.

Browne'® states that the maximum integrated wseutron irradiation dose
in PCRVs is kept below 3 x 10%? wot and higher irradiation levels are
thought to affect concrete properties. He also stated that the data
regarding critical doses and the magnitude of their effects are inadequate.

Table 9 gives the radiation exposure levels allowable under Section IIT,
rivision 2, of the ASME Boiler and Pressure Vessel Codet? {Table CB3430-2).
It should be noted that the allowable neutron exposure for concrete is
10 % 10%° or 1.0 x 10%' wwt. The criteria upon which that number is based
are not known. It may well be that exposure limits to other portions of
the vessel, such as the liner, cooling tubes, or reinforcement, may nat-
urally limit the exposure of the concrete to a fluence far below the
established limit. It ds also recognized that the data regarding radiation
effects on concretes, especially normal concretes as used in PCRVs, are
scarce. However, in view of some of the results presenﬁed,77’79 a fluence
1.¢ x 10*" seems to be guite high and should be examined for justification.

Table 9. Radiation Exposure Limits

Muaterial Exposure

Liner and attachments As specified in
Design Specification

Concrets 10 = 10%%nvit
Reinforcing steel ) 1 % HW0%nvit>1 MeV
Prestressing steel 1 % 10V7nvt>1 MeV
Parmanent coatings 108 rads!
NOTE:

{1) Higher exposure may he permiried as long as the effect
on parmanant coatings is shown to be acceptable.

Source: '"Concrete Reactor Vessels and Contaimments,'' AMSE Boiler
and Pressure Vessel Code, Section ITI, Division 2 (1975).



As fav as is known, present-day PCRV designs do aot allow axposures
over 3 x 10'° nvt. hapges in desiga to decrease the size of the PCRV
and allow greairsy irvadiation exposure canncot be supported with reliable
information nor by experience. The =ffecis of radiation on concrate
pr?gerties are not well known or understood, especially at fluences above
10°° nvt.

3.5 Moisture Migration

In wosi of the discussions of coincrete nroperiies for PCRVs, rvefe
has been made to testing of sealed and unsealed specimens. The concep
of sealing is, of course, to provide moisture conditions in the small
laboratory test specimens that siwulate those in mass concrete. Presumzhkly,
the testing of sealed and unsealed p rcimens provides limits for matevial
behavior, with the actual PCRV concrefe somewhaere Lbelween Lhose limits.

The variacion of concrete properties at alevaied Cemperatures has been
seen to have a strony dependence on the free-moisture content during the
high~temperature exposure, In addition, the shielding properties of

n

normal PCRV concrete are dependent on the watevr content, because hydrogen
is relied on to slow down fast neutrons to thermal energies. Also, the
thermal conductivity will decrease with moisture loss, with a resultaunt
temperature increase and inducement of thermal stresses. The presence
and movement of moisture ars also thought to be associated with the
cracking of concrete. With regard o creep, moisture movement has been
proposed and supporied by many investigators as a mechanism of creep
deformation.

Yuan, Hilsdorf, and Kesler®? studied the drying of mortar specime
[5.08~cw~diam X 10.16-cm-long (2 X 4 in.) cylinders] with water/cement
ratios of 0.40, 0.45, 0.55, and 0.70 at temperatures from 4 to 60°C
(39 to 140°F). They concluded that moisture loss is a funciion of the
watev/cement ratio, temperature, and relative humidity. The rate of
uwoisture loss decreases with increase jo time. For temperatures of 40,
52, and 60°C (104, 126, and 140°F), the equilibrium moisture content is
dependent on water/cement ratio under all relative vapor pressuress. They
also concluded that diffusion coefficients could adequately describe the
drying process of mortars under the tested conditions. The diffusion
coaefficients, X, increased with water/cement ratio, given similar moisture
conditions, and increased with increasing temperature. The variation of
K with temperature appeared to be a parabolic function.

England and Ross®! performed experiments on thick sections of comcrete
to measure long-term shrinkage, pore pressures, and moisture distribution.
Hot-face temperatures up o 150 C (302°F) and a cold-face temperature of
20°C (68°F) were utilized, with moisture paths up to 3.05 m (10 ft) in
length. Drying occurred simultanecusly at both ithe hot and cold faces.

At temperatures less than 100°C (212°F), drying is not likely to be an
important factor in thick sectious, such as for PCRVs, because drying,
even after many years, is unlikely to venetrate morve than half a meter
from either face.®! Figure 69 shows the moisture distvibution for wvarious
lengihs of moisture path and a hot-face temperature of 125°C (257°F)

after 887 days for a 2.05-m (10-ft) section. The depth of drying was

=
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Fig. 69. Phase Diagrams for Water in Concrets Specimens of Various
Lengths After 887 Days and a Hot-Face Temperature of 125°C (257°F).
Source: G. L. England and A. D. Ross, "Shrinkage, Moisture, and Pore
Pressures in Hardened Concrete," ACI SP-34, Concrete for Nuclear Reactors,
pp. 883-008 (1972).

about 0.49 m (1.6 ft). This compares with depths of about 0.305 and 0.914 m
{1 and 3 ft) for hot—~face temperatures of 100 and 130°C (212 and 302°F)
respectively. In addition, for the longer specimens, mors water migrated
into the intermediate regions than from those producing zones of higher

than normal water content. The authors also concluded that pore pressures
are unlikely to be important in the bulk of the PCRV concrete, but could

be important to vessel liner instability. England and Ross did not

describe how moisture measurements were obtained, but it is assumed that

a gravimetric technique was utilized.

Browne'® discussed the moisture migration for the Wylfa vessel and
concluded that une significant moisture migration should occur over 30 years,
except near the outer face. The maximum temperature for the Wylfa wvessel,
however, is 35°C (95°F). He references work by Lowe (ref. 9 of ref. 10),
which showed Fick's law of diffusion to apply to moisture migration in
concrete, particularly at elevated temperatures. Those results also show,
in agreement with Yuan, Hilsdorf, and Kesler,80 that the diffusion coef-
ficient is small, decreases with moisture content, and increases parabolically
with temperature.

The concept of a thermal moisture conductivity, S¢ [kg m™% (°C)7'],
is discussed by Pihlajavaara and Tiusanen.®? The value of 54 decreases
with moisture content and is zero for saturated cement stoune, In addition,
it varies proportionally with the inverse of temperature. The authors state
that definitive conclusions regarding thermal moisture transfer in concrete
cannot be made with existing knowledge, but that further research regarding
the thermal moisture conductivity concept is warranted.



In an effort to wmore accurately simulate the dimensional effects
on moisturs migration in cylindrical PCRVs, McDonald®? utilized a pie-

shaped specimen. The specimen was 2.74 m (9 ft) long with cross-sectional
dimensions of 0.61 by 0.6 m (2 by 2 ft) on ong end and $.61 by 0.81 m

(2 by 72.67 ft) on the other end. ‘the small ond (representing the inmer
face of a PCRV) and the lateral surfaces were sealed with coppar sheet and
epoxy. The large end (repraseating the ouiter face of a FCRV) was exposed
to ambjent air. Relative humidity and neutron scattering methods, as

well as a PapaCifﬂnce—*"pe embedded moisture gage known as the open—
wire~line (OWL) probe, were used to measure moisture contents along the

specimen. Tne O%L probe measures the dielectric constant. In additioa,

a Monfore gage was used for rel ’vo—Humidiry measurements. Sitrain and
temperature readings were provided by Cavlson strain mebers and thermo-
couples. The peak temperature of hydration waes 75°C (167°F) reached at

98 hr after coating. Temperatures stabilized ar room tempervature 60 days
after casting. When 510 days old, the inner face was exposed to a tempera-—
ture of 65°C (149°F) with a series of heat lamps. A steady-state
temperature distribution was reached after about three weeks. At the

end of one yeay, the moisture content near the ends of the specimen was
about 15% less than the bhulk value, and the authors provided Fig. 70 to
show the effect. One must be careful in atiributing significant moisture
wigration to the imposed temperature gradient. Figuve 71 shows the change

in moisture conie t along the specimen as a result of the one-year period
of heatding. The greatest change racoided was about 0.5 pef, using the
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Fig. 70. Specimen Moisture Content Profile at the end of Test
Period. Source: J. E. McDonald, Motsture Migraltion in Concrete,
ORNL~TM~3051 (May 1975).
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Fig. 71. Changes in Meoisture Content at Various Measuring Stations
in the Specimen After Heating. Source: J. E. McDonald, Molisture Migration
in Concretz, ORNL-TM~5051 (May 1975}.

least-squares~fit equations for each data peint. That represents a change
of less than 5%. An examinatioun of the data for the position osarest the
sealed end shows that the individual rveadings varied by as much as 6%
from the best-fit line. Thus, almost 211 of the moisture exchange
recorded occurred prior to heating, and one yvear of heating at 657

-

.
(149°F) [with a temperature gradient of about 16.4°C/w (9°F/ft)] produced
no significant change in the moisture condition of the 2.74-m-ihick
(9-ft) specimen.

Although the data are scarce regarding moisture migration in mass
concrete structures, a qualitative statement appears fo be j tlfl@u
concerning the probable moisture condition of PCRV comcrete. T i
apparent that moisture migration in thick concrete sections ig a very
slow process at the temperatures expected in current PCRV designs
[<100°C (212°¥)}. Results indicate that the zones of moisture loss,
in a 3.0%-m-thick (10-ft) section, would include omly about 0.305 m
{1 ££) of concrete nearest the inner and outer surfaces. The moisture
will migrate in the direction of decreasipg temperature. As temperatures
increase, the rate and amount of migration will increass, so that the
affected zones will penetrate deeper into the structure. Indications
are that the moizture movement under a given set of conditions could be
predicted with diffusion theory, provided that certain boundary conditicns
and the diffusion coefficient are known. For current PCRV operating
conditious [X100°C (212°F)], it does not appear that a massive research
effort to provide precise quantitative data regarding moisture migration
is necessary for assessment of vessel reliagbility. For wnderstanding of
long-term behavior and efficiency in concrete vessel design, moisiure
migration studies are warranted. However, for extensions of present
design thermal conditions [2100°C {(212°% ], indications are that moisture
movement could be quite significant, and the ability to design for that
effect would rely on parameters such as the thermal woisture conductivity.
For efficient and reliable nondestructive molstuve messurements, Instruw~
mentation and measuring techniques should receive emphasis.
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3.6 Hot Spots and Models

Most of the previous discussions of concrete properties have resulted
from investigations with laboratory specimens of small dimensions relative
to the PCRV structure. The problems of size effects are often brought
to focus in attempting to analyze structural behavior from small-sample
test results. For example, the analysis of thermal stresses in a very
thick section on the order of 3 m (~10 ft) is difficult, if not unrealistic,
when based on test results obtained from specimens only a few inches
thick. An obvious altermative 1is through the use of model testing. In
this way, analyses of vessel deformation under couditions more represen-—
tative of actual PCRV operating conditions can be made in the context
of proper geometry, stress distribution, and thermal gradients. The
determination of the effects due to localized temperature increases (hot
spots) are particularly suited to model testing. The effect of hot spots
on structural integrity is of grealt interest to designers and operators.

A localized failure of the vessel cooling system, for example, could result
in a localized portion of the concrete being subjected to over—design
temperatures. Table 4 showed that the ASME Boiler and Pressure Vessel
Code has established a temperature limit of 121°C (250°F) at local hot
spots during normal operation of the reactor. During abnormal and severe
environmental conditions, the local hot spot allowable is 190°C (374°F).

In the event that a portion of the concrete is subjected to very high
temperatures for limited periods of time (days, weeks), an assessment must
be made concerning the structural imtegrity of the vessel.

A model study was coaducted by Dubois et al.®" on a one-tenth-scale
PCRV model of the French EDf3. They subjected Che model to eight thermal
cycles from 20 to 200°C (68 to 392°F) for varying lengths of time, using
different temperature gradients. The total time involved was two years
and three months. They reported that the firvst cracks appeared during
the initial heating between 175 and 200°C (347 and 392°F) and extended
to within about 12.7 cm (5 in.) of the outer surface of the 40.6~cm—thick
(16~in.) vessel, The outer surface, however, retained its integrity.

The authors stated that, even though a thermal gradient of 200°C [499°C/m
(274°F/ft)] induced cracking in the cylinder, equilibrium was maintained
with cracking at a depth of 10.16 cm (4 in.) and very acceptable thermal
compressive stresses in the uncracked region. The authors attach most
importance to their observation of the detachmeot of the outside laver

of the cylinder as a result of cracking. The authors concluded that the
behavior of the vessel was satisfactory when held for nine months at
200°C (392°F), even though considerable concrete cracking was observed.
They supported the present concrete temperature limit of 80°C (176°F) as
being justifiably safe and suggested that an inner wall concrete tempera—
ture of 150°C (302°F) is possible for normal operation. The use of wire
fabric reinforcement at the outer face was suggested as a method for
controlling the cracking of the vessel.

A one~-fourth—-scale model of the Fort St. Vrain PCRV was tested by
Northrup and Ople85 to investigate elevated-temperature effects on long-
term behavior. The maximum temperatuve used was 60°C (140°F). Small
specimens were tested under the same conditions to characterize the
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material and provide reference data. Moisture measurements showsd thatr
a considerable length of time would be required for the dry coudit
to be veached and that it may not be attained at 211 1f
surrvouvnding ailr is considered. A sigoificant vesult wasg
rate (including shrinkage) during the combined condition of pr
cading and elevated temperature was lower {han or equal Lo the
rate (including shrinkage) under prestress and ambient
They attributed this Lo opposing effects of thermal s
axpansion strains as well as to i{ncreased strength due
additional hydration due to heating. Also, all the creep ra
2l were less than the creep rates of vefervence specimens. o
the effects of temperature were much greater with The specimens than

™

fes

with the model, calculated cresp rates overestimated the measured
values oo the model, when elevated temperatures were used, by as wuch
as ten times. The authors emphasize the inadequacy of using dirvectly

measured uniaxial creep data from small test specimens in siunple desigs
technigues. However, they also point to the finite-elemeni wethod as

a procedure which can utilize the uniazial data. Thus the shaer-—
vation was that the effect of elevated tempevature [66°C (1407 on

creep of copncrete in a PCRV model was less severe than observed oo small,
plain concrsete test specimens. The main reason for that observation,
accorvding to Nerthrup and Ople, was the difference in rvestrajiuvt conditions
That is, the configuration and size of the model and the presence of
bonded steel elements provide restraints (such as multiaxial stress coo-
ditions) against creep and shrinkage. Thelr testiog did not include
sustained temperatures above 60°C (140°F) or hot spots.

Tests by ILrving, Carmichael, and Hornbya6 were undertaken to assess
the damage, if any, resulting frow measured hot-spot tempervalures, up to
180°C (356°F), during the commissioning trials of the Oldbury PCRV. They
constructed a full-scale mwodel of the penetration region, where the
highest tempevatures were observed. Since hot spots can ivduce high
thermal stresses dn the concrete, a theoretical study was performed, aod
it showed that therve was no cause for concern about the safsety margin
against failure of the wvessel. The study did show, however, that it
was possible that c¢racking could occur in the concrete close to the
liner. The model test was designed to assess the exten:t of cracking
and the effect in the liner retention system. The L.324-uw {5-It)
model was heated to 180°C (356°F) for 98 days. They used dve penstrants,
core samples, and ultrasonic testing te detect and measure c¢racking, as
well as embedded strain instrumentation. The hot spot was confined to
a small area of the model. CGages indicated that some cracking occurred
during reactor start~up when the penetration liner was only 24°C {75°%)
hotter than the adjacent concrete, This was attributed to thermal
diffusivity differences between steel and concrete, resulting dn strain
differentials. Mo cracking of the concrete was observed at heated los
agway from steel parts. Cracking was limited to a central rvegion of aboul
0.46 m {1 1/2 ft) where the concrete tempevature was 100°C {(Z12°F). ¥Neo
damage was observed outside that region., A sedond degree of cvacking
pecurred during shutdown, after a perviod of sustained operation, caused
by stress reversals due to residval creep strains. Uncracked regions of
the heatead concrete showed no loss of strength over control sawples stored
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separately. In addition, measurements of vapor pressures behind the
liner showed less severe pressures than those corresponding to the
concrete temperatures imposed. Thus, no pressure buildup would occur
at the hot spot, probably because of pressure relief along the liner-
concrete interface. The authors conclude that the sustained high
hot~spot temperature in the Oldbury vessel did not cause serious damage
to the liner or to the concrete.

Fluge, Gausel, and Lenschow® reported the results of an experi-
mental and analytical study that utilized four cylindrical models of
1:12 size relative to an 800-MW(e) prototype reactor. Two of the models
were constructed without bonded reinforcement. Models of this type
underwent explosive ruptuvre, while the models with the reinforcement
failed with uniform crack distribution and gradual, progressive failure.
The authors obtained good agreement between experimenial resulls and
analytical predictions for the static failure state, using finite-
element methods. However, for deformation in the plastic range, simple
failure considerations resulted in better correlations. This study did
not include the investigation of sustained high temperatures or hot spots.

A PCRV thermal cylinder model about one-sixth scale of the central
barrel section of a cylindrical PCRV was tested at Oak Ridge National
Laboratory. A descriptioa of the model and test procedures are detailed
in refs. 88 and 89, while the initial results are described in ref. 90.
The model was 1.22 m (4 ft) high, 0.46 m (1.5 ft) thick, and 2.06 m
(6.75 ft) in outer diameter. It was constructed with an inner concrete
core allowing for a pressure annulus of about 3.81 cm (1 1/2 in.) and
was prestressed with both axial and circumferential tendons. A mild-
steel liner provided the inner seal, while the outer surface of the model
was Sealed against moisture loss with sheet metal. The top surfaces of
the cylinder and core were coated with layers of epoxy and copper foil.
The model was subjected to internal pressure and elevated temperatures.
A temperature of 65°C (150°F) was sustained for about 14 months. During
a subsequent period, a narrow circumferential band oa the inner surface
of the test section was heated to 232°C (450°F) for 84 days to investigate
the effect of a hot-spot condition. Sectioning of the model after testing
revealed "no significant defects"®® ia the cut surfaces, although the
concrete immediately surrounding the heating elements was darkened. A
sclerometer (impact hammer) was utilized to approximate the compressive
strength of the concrete at the hot-spot location. Neglecting excessively
high readings associated with the aggregate particles, the results showed
that a substantial decrease in strength (lower reading on sclerometer)
occurred close to the heater. The amount of reduction decreased with
increasing distance from the heater location. At a distance of 10.16 cm
(4 in.) from the heater, the strength was that of the unaffected concrete.
The strength at the heater location was only about 617 of that of the
unaffected concrete (actually measured on the matrix). Thus, there
appeared to be a decrease in strength of the concrete subjected to the
232°C (450°F) temperature, but no observable cracking or other loss of
structural integrity.

The purpose of the foregoing was not to discuss or even present the
state of the art of model testing relative to PCRVs. Rather, the intent
was to present a few representative examples of research investigations

7
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which have attempted to examine the behavier of concrete under loading and
envirvonnental conditions morve closely resembling those existing in a real
PCRV. The few results presented are difficult to compave, hut the two
studies that investigated the effects of hot spois were {n agreement:
local hot spots up to 200-250°C (392-482°F) for extended lengths of time
(a few months) did not reauit in damage (except, pessibly, loss of strength)
to the concrete itself.?%,°¢ Cracking was observed in the vicinity of
steel components because of differences in expausion characteristics,’®
Some models without bounded reinforcement experienced L\w]oab ]
strophic rupture, whereas reioforced structures failed in o progressive,
controlled manner.®? BRecause it is felt by many investigatore that
cracking is inevitable in a PCRV tvpe of structure, it has been sugs
that the structural designer take advantage of that situation and ut
91,32 1In simple term
Se

it to construct a vessel of segmented design,” " : 1S .
sezmenbed vessel would be oune in which large cracks (jeints) es ti
exist at the locations desired by the designer, in order to reduce sir
and thermal gradients through the entire vessel. There is, of course,
disagreement as to the feasibility or even usefulness of such a concept.

It seems apparent that the limitations of laboratory specimesns arg
sufficient enocugh to motivate further testing of model structures i
analyses of their behavior with regard to prediction of actual PCRV
structures. Much information can . be gained from such testing; lfurther
improvements in embedded instrumentation and analytical methods will
provide results even more representative of actual vessel behavior than
now available.

4,  SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
4.1 Summary

The introduction to this rveport made mention that many investigations
have been conducted through the years to develop data for various concrete
properties of specific interest to designers of prestressed concrete
reactor vessels (PCRVs). It was also mentioned in Sect. 3, and emphasized
throughout the discussions, that concrete is a very general term for a
class of materials that vary widely in properties and applications. Fven
with regard to PCRVs, it was stated that concrete mixtures vary substan-
tially, as reported by many iovestigators. The unusual amount of detail
provided herein for many of the reports reviewed was intended to show that
that is, in fact, the case. For most of the properties considered, only
representative studies were discussed. In addition, the purpose of this
review was to direct attention to plain concrete, sans reinforcement or
prestressing components. Most studies of concrete properties for PCRV
applicatiouns have been concerned with plain concrete.

It is appareut from the results presented that a plethora of data
has been reported regarding rtemperature effecis on concrete properties.
Most of the reports taken szingularly appear to prov1d9 T@auLﬁublh results
with credible justification for the observations .
the results taken together provide a confusing di

y1¢ ionz. However,
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that appears to preclude reasonable predictions of concrete behavior im
2 Lon. other hand, thuse two outlooks represent
f the situation untempered by a reasonable and prudent exami-
ion of the data within the perspsctive of application. As mentioned
in Sect. 3.3.1, the data shown in ¥Fig. 22 provide a representative
section of results from the literature regarding concreife com-
i trengih at high temperatures. Any abttempis to present those
as average behavior with expected deviations weould be vidiculous
usc of the iremendous variation in types of concrete, experimental
reatment, and testing procedures, and. indeed, that is mnot the intent
of this repocrt. Rather, one intent is to show that a person cannot
simply make an entry into Lhe technical literature, extract data from
one Or two reports that provide results on high-temperature testing
of concrete, and generally apply the data to structural design situations.
The studies of compressive strength and modulus of elasticity are,
perhano most indicative that the observed effects are functions of
many variables. Some of these variagbles are mixture constituents, curing
procedures, curing time, age at loading, tims of exposure, temperafure
of testing (i.e., hot— or cold-tested), moisture condition, aumber of
exposures (i.e., thermal cycling), and test methods. A normalized
comparison of all data reviewed, Figs. 22 and 31, showad that the com—
pressive strength and modulus of elasticity both decreased with increases
in tewperature, time of exposure, free-moisture content, and thermal
cyeles, evond that, preulsc statements caanot be made without consid-
eration of more specific variables, such as those mentioned below. The
data cannot realist 1cally be represented by a line of average behavior.
The most coiservative use of the data would show losses of 70 and 60%
in compressive streugcn and elastic modulus at 150°C (302°F). The most
libersl use would show improvement in both properties at 150°C (302°F).
Thus an answer as Lo the effect of temperature on concreis is not easily
obtained from the available literature. With vegard to high temperatures,
maity researchers observed that limestone aggregates generally resulted
in greater losses of strength and elastic properties than did other
aggregates, such as siliceous gravels. In faci, in a few reports,
recommendations were made that limestone definitely not be utilized
for applications where the concrete could be subjected to sustained
temperatures above 100°C (212°F). Previously, it had been thought that
compatibility differences between the aggregate and the matrix wevre the
cause of strength deteriorvation. Reports reviewed here have shown, for
example, that the thermal expansion characteristics of limestone aggregate
are more compatible with the mortar at elevated temperatures than at
TOOM fLeniperabur: Many studies have pointed to silica content of the
aggregate as haVLng affected various propervties substantially. Higher
silica contents resulted in greater thermal expansion bui less deterio-
atrion of properLieq at high temperatures. Ti was suggested that a
chemlcal reaction between silica and Ca(OH)2, or between silica and the
products of the Ca(Of}; and hydrated calecium silicates reaction, could be

responsible for improving properties. IbL hias alsc heep sitated often
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that high-pressure sicam develops in the flaws and pores, creat ing
internal stresses, which lead to cracking and loss of sivength. Specimens
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that are cold tested, iu fact, generally appear fe give lower {or egual)
strength than those tested atr the exposurse temperature, Indicating that
the vapovr pressure effect is minor.

It is obvious from the results that the specimens :
moisture loss showed much greaterv deteviovation in strength propertie
than did dry specimens. Hven though a gquantitative description of
average behavior 1s not veasonable, if is felt that an analysis of the
results of sealed specimens does indicate severe deteviors of some
concretes, particularly limestone, at sustained tewperatures zbove 100°C
(212°F). There is no evidence to suggest that exposurs tempersiures
below 100°C (212°F) would resuli in significant damage to PORV concrefras.
With regard to tensile stresgth, that property appears to be aifected
by temperature in about the same manner as thab of the compressive
strength.

The creep of concrete varies with the parameters mentionsd previou
and is also affected by increases in temperature. At curvent POEV design
tamperatures, indications avre that creep will not result in excessive
deformation; that is, it can bhe incorporated in the design. A% elevated
Femperatures, substantially higher creep straing were obsayved. The

i)

specific creep of szealed concretes appears tu be less tha for
specimens. As stated throughout the litevature, the creep w be subh-

5Ldntla11y grgater for young concrete regardless of moisture condition,
Also, the "creep maximum’ observation, in which the creep vate supposedly
begins to decrease at some temperature around 80°C (176°F), cannot be
labeled as representative of general concrete behavior. It is important
that further investigations of high-temperature creep be undertaken to
confirm that type of behavior. The very limited amount of data conceyning
creep of sealed and unsealed concrete over 1007°C (212°F) makes comparison
difficult because of great variatioons in testing procedures. and concretes,
High~temperature cveep of concrete should be a primary task of regearch
for any program seeking to evaluate concrete properties for bigh-temperature
applications. Tt is important to note that one cannot separs creep
and streungth when evaluating performance under Jload. As the stress/styength
ratio dincreases, the gspecific creep will increase. Thus, 1f the compressive
strength of the concrete deteriordtes at some particular tempevature, the
stress/strength ratic (assuming a constant loading wtf@ﬂ@} will dncrease,
and the deformation may increase, whether the material’s creep resiztancs
is affected or not.

With regard to thermal properties, there is not a large amount of
data, especially for the effects of free moisture. Available results
indicate that the coefficient of thermal expansion will be less as drying
increases. Practically speaking, the coefficient of therwal expansion,
relative to the degree of change observed fovr other properties, does uvot
vary a great deal and increases ooly slightly with temperatures to 250
or 300°C (482 or 572°¥). The coefficient can be affectsd more by othex
factors such as moisture, thermal cycles, and heating vate. Again, with
regard o aggregate, limestone gave the lowest ccefficient, and increasing
silica resulted in greater coefficients of expansion.

The themal conductivity decreases as tomperature jno =Y d as
moisture is lost. The consevvative procsdure is 1o o
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negasurements on dry concrete at the maximum design temperature This
would provide a minimum value applicable to that portion of the vessel
receiving the iniiial heat flux.

As stated often herein, experimental investigations have largely
considered the properties shown under uniaxial loading. The concrate
in a vessel will be in a multiaxial state of stress, biaxial or triaxia
compression. It appears nhat the hiaxial case would be of most concerm,
because immediately aft reactor shutdown, the vessel will be hot and
subjected to the full px ssing load. It is generally accepted that
the ultimate strengih of concrete increases when sustain i
st es are imposed. The method of load application is a primary tc
of research, and recent results with steel-brush platens, ball-beari
platens, fluid-cushion platens, and deformable platens have shown pr

[

of reducing end restraints to tolerable levels so that the true ul
strength can be measured. The most reliable data indicate a maximum
biaxial compressive strength of 1.25 times the uniaxial strength measured
with the same apparatus. Triaxial tests indicate strengths up to four
to six times uniaxial strength. Tests at elevated temperaturss and with
sealed specimens are very limited. Results indicate ithabt the sealed
specimens are weaker than dry concrete, but that wet concrete gives a
greater relative ipcrease in strength under multiaxial stress conditioms.
An important observation concarns that of a supposed critical stress level
under biaxial loading, a stress that may occur as low as 50% of the
ultimate and at which severe permanent damage takes place within the
specimen. Since uniaxial strength is generally used as a matecvial
property for desigu, one may suppose that the actual vessel conditi
involving biaxial stresses will make that data comservative by 25%.
However, tests conducted with steel platens, the common method, indicate
a strength measurement that is 25% too high, measing that there may be,
essentially, no additional margin for strength data obtained with steel
platens. The additional observation of a critical stress below ultimate
for short— and long~term loading may be more realistic for desigo purposes.
Much work needs to be dome tfo develop ao undersianding of multiaxial
behavior as well as methods of providing accurate strength and creep
data, especially with regard to sealed concreie and elevated temperatures.
Concerning the mechanisms respensible foi observed effects of elevated
temperatuie on concrete propercties, the presence of free moisture is
generally seen as the major contriburting factor to the deterioralion.
Evidence indicates that the commonly accepted rheory of differences between
the aggregate and cement paste thermal expansion characteristics may not
be the primary cause of streungth loss at high temperature. The streungth
of dry concrete, according to soms esults from the desorption of cement
paste, leading to a collapse of ihe gnl structure and closure ci gaps
between primary gel particles. In addition, it does not appear that
high~pressure steam in the flaws has wmuch effect on strength. Rather,
chewical reactions may occur that weaken the matrix coherency. The rec-
ommendation by some authors that limestone aggregate (low silica) not
be used for sustained high-temperature application [abeve 100°C (212°F)]
correlates well with other recommendations ihat silicsous aggreg
utilized because of favorable chemical veactions involving the @
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The seepage theory has gained support as an explanation of creep hehavior,
but conitroversy still abounds and the chavacter of the creep equation
is not well defined.

The eﬁferf of radiation on concrete ars not well documented, The
sture has an effesct on neutrvon sttenuation because hydrogen
: tbe pr;mary element responsible for slowing down fast neutrons. Mozl
data on radistion damage have resulted from tests on core sawmples removed
from reactoy shields, and any property deterioration due to ivradiation
iz difficult to separate from Cthat due to thermal conditions. Available
studieg indicate that damage may occur at neutron fluences between 10°°
and 10°% nwt. One author recoumends that 3 % 10%? #vf be the maximum
allowable exposure until definitive data become available, while the
ASME Boiler and FPressure Vessel Code allows 1 x 10%' nups exposure for
concrete, ‘

The guestion of moisture migration in mass concrete structures is
a central one and is the primary motivation for testing of sealed speci-
mens. It is generally believed that moisture movement in thick sectiouns
such as PCRVs is slow, but quantitative data with regard to the depth
of drying, the time involved, and effects of temperature are scarce
and inconclusive. ¥For inner~face temperatures lezs than 100°C (212°F),
resultz dndicate that 4 Z, €ven after many vears, is unlikely to
penetrate more than half a meter from ei het the inner or outer face of
a PCRYV. Increasing Lemp9:aiur@ will cause greatev migration towaxrd the
nnrer erLWun of the vesse ] Hﬁéi tion proceeds dn the

X . of decreasing tes g that the
mﬁxetuvﬁ at the lmmer face w i resuls in . 3 of attesuation
, by in the affectad arsa -, the
needed for adequate bilological shi
fect, and the effect of, say, the
not affect the shielddi capacity of prasent-day PORVe, which sre wuch
thicker than required for shielding. For sustained sxposure at tempera-
tures of 1507°C (302°7) and above, howewer, the situation could be
considerably different. The results of creep testing showed that
specimens expatienced less specific creep than did dry specimens ix
the bulk of the vessel will more closely represent tfhe sealed case, it
zeems that the dryving effect would not have wmuch impact on long-taem
deformation, unless the creep rates are very different, so as to induce
significant strain differentials. That is not apparent from resulis tc
date. With regard to strength, the sffect of drying would be to increase
strength and increase resistance to elevated temperatures. Up to 150°C
{302°F) the largest loss of strength observed in the reports raviewad
for unsealed specimens was 30Z in uniaxial compression. The effect of
the high temperature will be less for the bulk concrete with lsss moisture,
because the temperature will be lower toward the puter portion of the
vessel.

Because of these observations and the great importance of thermal
stresses when operating at elevated temperatures, it seems that model
testing is the best method available for investigating wvessel behavior
under a set of conditions. Thermal gradients are more realistic, as are
stress conditions, and the movement of moisture can be more nearly
represented. Tn addition, the important effects of reinforcement can

¢ is only oo the order of a few
st 2 £t being fully dried would
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be evaluated with models. As shown in ons report, models without bonded
einforcement can undergo EX}lOSlVP rupture, while those with the rein-
ck distribution in a controlled, progressive
ocal hot spots can be evaluated with

+

yts revibw“d were in agireemant that hot—spot
~ures of 200 to 250°C (392 to 482°¥), for up to three wonths

ure, did not cause visit lamage to the concreie except in local
areas of concrete-reinfo .
1t seemns, from > foregoing, that curreni opervating conditions

for PCRVs will not produce any loading situation thai canuot be reasonably

incorporated iniko the structural design. Also, currently known limiis
for temperaibure and radiation should not resulif in any loss of cnaractﬂr
to the concrete ihat could lead to a nificant decrease in structural
integrity. The lack of know! 2 oreg g moisture movement in mass
concrets, and the stivong effects of teapervatures above 100°C (212°F) c

ture, do noiti allow a statement advocat irg

rx
ultiaxial testing of sealed and unsealed
concrete is mecessary to gain a good understanding of plain concrets
ehavior at high temperatures. When combined with reliable testing methods
o provide "veal" strength data, it may be shown that the relative effeccts
T such conditions as high tewperature can be conducted with uniaxial
a

ing of plain

vates.  But it wmust be emphiasized rhai vessel design d incorporate
onded veinforcement, and thai some type of re1nforced specimen, such as
m can more nearly represent ithe azctual vuqqel
nps in the laboratory are usually plain concreie and do

cm (~6 in.) in diametev or thickoness. lhb models are
usually reinforced and/or prestressed strvuctures of a few feet in diameter
and vange in thickness from 0.305 to 1.524 m (1 to 5 [t) or more. Thermal
gradients arve applied to models but not generally o laboratory specimens.
I is most difficult, therefore, to base a prediction of PCRV structural
behavior oun the resulis of small, plain concrete specimens. Lo certain
cases, results on plain concreifs may indicate loss of structural integrity
that would not occur iii the actual structure. Thai is not to say that
laboratory testing is not useful. On the conivary, it is the most efficient
way to obtain large quantities of data for specific, but limited, conditions.
It seems that the wmost efficievt and productive program to determine data
for PCRV design would be to engage in experiments with models and laboratory
specimens of the same concrete mixture. Once the behavior of the reinforced
and presire
of various material properties, laboratory testiag on a specific concrete
will be sufficient to enuable a p iction of wvessel performance.

Iere ave oither programs be RV

1
Ue
T
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testing. ‘Tthese kinds of data will help to provide underst
conc jy
‘L
(3]
a

wodel striucture
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e

ing undertaken in PCRV research studie

that have not been discussed. The cooncept of a segmented vessel was men—

, and it is felt that serious consideration is warranted. Since

e oncrete cooling system is an expensive underiaking, any steps that
might 2llow its eliminaltion or, at least, reduction are attractive from

an econowical standpoint. Elimination of the cooling system is attractive
with regard tw safety also, because breakdown of a cooling system can lead
to abnormal conditions and shutdown of the reactor. The priunciple of the

ised structure is understood and characterized as to the imporvtance
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bvot~liner (hot-wall) Concept i LU niace a 1qver of

This ie also sometimes rekerred ?J a8
in which the initial layver of special ; ;
as long a8 it can still transfer structural load te
concrete. There ave many studies under way in West
Auwti]d on short- and long—term multiaxial concrete
ts of tempervature and radistion.”’ In addi JOH?
effort iz being expended to develsp test methods and equiy
axial studies in this country as well as ia Lurope.

0é
concrels
Towed o d

4.7 Conclusions

1. The available data regarding most concrete proper
voluminous and must he extfracted from the literature very
to avoid making generalizations of data not representative
ular situatioo.

2

2. Most propert

ies of conerete are degraded at el mparat
The degree of degradation at a particular temperature is dependent on

factors such as miziure constituenis, curing history, age at J
visture conditions, number of thermal expoanresa anid

3. Strength and wmodulus of elasticity generally
creasing temperature, time of exposure, fres-moisture

cycles. The offs irked above IG?°'
s . Chewical resctions, vather than
are thought to be responsible for severe utgf&ﬂ&tl@ﬂm

4, The most counservative evaloeation of available udﬁa indicates
fosses from unheated test valuves of 70 and 60Z in comprs strenghh
and elastic modulus, respectively, at 150°C (302°F).

5. There is no evidence to suggest that sustained exposure of
typical portland cement concrefes fto current PLRY voymal operating cone
ditions will result in any significant loss of propertiss.

6. FProperties of mass concrete caonet be obtained by testing of
unsealed laboratory specimens because of the effects of retained free
molsture. .

7. There ave strong indications that sealed concrete suffers much
deterioration at sustained temperatures over 100°C (2127F)
stone aggregate concrete being most susceptible. Increased silica content
in the aggregates rvesults io less deteriovation.

8. Creep is enhanced at elevated temperatures, bur there is sone
evidence that a maximun may occour in the curve of spucifis creep rate vs
time at some temperature from 50 to 150°C (122 ro 202°F).

9. The specific creep of sealed specimens, at least at temperatures
less than 100°0 (212°F), is less than for unsealed specimens. shvink:
of sealed concrete is very low, and expansion can cccur at high tempe

16. Young concrete is much wore susceptible to creep meLormatimn
than mature concrete, regardless of moisture condition.

11. As temperature increaseés and drving proceeds, the coefficien
thermal expansion (@) and therwal conductivity (&) both increasse. B
changes very slightly up to 250°C (482°F).
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12. The biaxial state of stress is of most interest for the large
‘estressed vessels, and the most reliable data indicate a maximum
iaxial compressive strength of 1.25 times uniaxial stvength at normal

13. Development of reliable equipment and tesitiog techniques to
oliminate end restraints in uniaxial and multiaxial compression testing
i+ imperative to the undevstanding of concrete behavior, as well as for
the genevation of reliable design data.

14, The significance of a cviirical stress, 7uch lower than ultimate
strength, in sustained biaxial loading deserves serious consideration in
aily strengih investigations for irs 1s nlchatlon% to structural integrity.

15. Reliable evidence 4is lacking for radiation effects on normal
concretes, buf it appears that daincze nay occur at a total neutron [lueunce
of 10'° to 10%° wvt. The fluence iimit of 1.0 X 102 myt for concrete
allowed by the ASME Boiler aand Pressure Vessel Code should be reevaluated.

16. At current PCRV temperatures, moisture migration is not seen
tv be a limiting parameter for design. Sustained temperatuves over
100°C (212°F) cause faster and decper drying and would therefore requive
serious evaluation.

17. The limited dara available indicated that hot-spot temperatures
of 200 to 250°C (392 to 482°F), for up to three months exposure, will not
cause serious damage fo the coucrete at locations away from steel rein-
forcing. However, cracking at concrete reinfercement junci

18. Model testing should he used o evaluate PCRV reliability under
a given sei of conditicns. Until 2nalytical description is developed
that can define the contribution of ihe plain concreie properties to
il overall behavid t the reinforced vessel, laboratory specimens can-—
not be usad to pl“‘ict vessel integrity.

19. Specimen testing should be accomplished by simulating the PCRV
conicrete as clos ely as possible. This includes such things as the use
of an early age hydration heat cycle and retention of free moisture
(sealed specimens).

20. The lack of knowledge concerning moisture wmigration in mass
concrete, and rhe strong ef fects of temperatures above 100°C (212°F)
on plain concrete with ratained free moisture, do not allow a siatement
advocating PCRV operaiion much above curvent Limits.

21. For reiiability and economy, the investigations of hot-line
concepis, segmeoted vessel designs, and oew concrete material development
stiould be pursued. The minimization or elimination of the vessel cooling
system is desirable.

>
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4.3 Recommendations for Furiher Study

The following recommendations are made within the scope of this
report and may noit reflect the needs for study in areas not considered
herein. Although the veport was primarily concerned with concrete prop-
erties in a nuclear environment for the HIGR, it is necessary to point
out that prestressed concrete primary containment structures are being
proposed and seriously considered for many other applications. ‘Thus the
impact on reliability and eccnomy is more wide-vranging than if based sole
on HTGR applications.

T
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The three areas of study listed may have common and/or overlapping
requirements, especially with regard to temperature,

1. A major program is needed to perfect the design, testing, and
evaluation of PCRV model structures. Scme of the important aspects
involved in this program are:

a. Development of reliable instrumentation.

b. Determination of the effects of thermal gradients (may entail models
of various thicknesses).

¢. Testing of models with and without bonded reinforcement.

d. Flexibility of design to allow application of sustained elevated
temperatures and local hot spots.

e. Detailed chemical and microstructural examinations.

f. Testing of laboratory specimens that simulate, as closely as possible,
the concrete conditions of the model and the PCRV. This would include
the use of an early age hydration heat cycle, and it may also be
necessary to simulate the high (PCRV) heat of hydration on the model.

g. Continued development of three-dimensional analytical techniques to
describe PCRV behavior.

The ultimate goal of the program should be the development of an
analytical procedure that describes the model behavior and identifies
the contributions of various plain concrete properties so that reasonable
predictions of PCRV behavior could be made on the basis of laboratory
test results,

2. Other studies are recommended that are applicable to improvement
and/or understanding of current PCRV designs.

a. Continued development of multiaxial testing techniques and equipment
(short and long term). Equipment should be designed to test cubical
specimens, which allow infinite variation of the three principal
stresses. Testing of sealed specimens up to 100°C (212°F) is required.
The minimization of end restraints is a primary problem and is applicable
to uniaxial compressive testing as well.

b. Turther development of the creep equation and relationship of plain
concrete to that of a reinforced structure. Investigation of the
relationship between creep and stress/strength ratio should also be
performed.

c. Investigation of the supposed critical stress observed in biaxial
loading.

d. Refinement of already developed techniques for testing of sealed
specimens to be used for testing of strength and elastic properties
at temperatures up to 100°C (212°F). Testing is required for each
particular concrete mixture used.

2. Because limestone is a commonly used aggregate for concrete construc-
tion in the U.S., the investigation of techniques to improve resistance
of limestone concrete to property deterioration at high temperatures,
especially over 100°C (212°F), is desirable. The addition of silica,
for example, might provide one method for improvement.

f. More detailed chemical and microstructural studies of sealed concrete
exposed to elevated temperatures.

2. A feasibility study of the establishment of more precise standardization
for concrete mixtures to be used for nuclear applications.
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3. For extensions of current PCRV design criteria, the following
items of research are strongly recommended:

a. Development of techniques to measure physical properties of sealed
concrete under multiaxial loading conditions at temperatures well
above 100°C (212°F). This would include shori- and long—ierm {creep)
testing.

b. An evaluation of the extent of moisture migration in thick concrete
at temperatures of 100°C (212°F) and above.

c. Additional testing to verify the occurrence and/or validity of a
maximum in the curves of specific creep rate or total creep vs
temperature for sealed concrete. This would involve long-term
tests to investigate the possibility of an inflection in the creep-
time behavior.

d. Concrete material development to maximize resistance to lLempervature.
A concrete with very low water content might be desirable. The
effects on radiation shielding wmust be consideved, especially if
improvements in design and properties allow for a considerable
reduction in vessel thickness.

e. Determination of the effects of radiation on properties of wnormal
plain concrete and the dose at which deterioration occurs. The
radiation effects must be separated from any effects of temperature.

. A detailed feasibility study of other wvessel concepts such as the
hot~wall and segmented designs.

=h
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