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Describes the structural testing performed on two half-scale models
of a concrete cask proposed as a container for irradiated nuclear re-
actor fuel. The testing conducted on the first model was based on In-
ternational Atomic Energy Agency (IAEA) regulations for licensing
containers used to transport high level radioactive materials. The tests
consisted of a drop test from a height of 9 m (30 ft), followed by a
1-m (3.3-ft) drop onto a steel pin, followed by exposure to a severe
fire condition. The second model was subjected to tests representing
thermal loads encountered under normal service conditions.

The cask models withstood all test conditions, retaining their
structural integrity and providing full containment of the simulated
payload. Significant cracking, spalling and crushing of concrete, and
rupturing of reinforcing bars were experienced, however. The test
program and the resuits are discussed herein, with emphasis on as-
pects pertaining to structural performance.
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A need exists for long-term solutions to the problem
of safe handling and final disposal of irradiated nu-
clear reactor fuel. Currently, work is directed towards
developing alternative programs for irradiated fuel
management (IFM), where such programs must make
provisions for interim on-site storage, for off-site
transportation, and for final disposal of the irradiated
fuel. While current IFM strategies are typically based
on the use of three distinct handling and containment
systems, the possibility of using one container for all
three aspects of IFM is also being examined. In this re-
spect, reinforced concrete is being recognized as a po-
tentially viable material for use in the fabrication of
such integrated containers.

Prototype containers must be shown to meet a num-
ber of stringent performance criteria, including radia-
tion shielding requirements, long-term material stabil-
ity, and structural integrity. For transporting high-level
waste, a highly regulated activity, the International
Atomic Energy Agency (IAEA) requires that a proto-
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type cask be licensed by subjecting a model to two suc-
cessive drop tests followed by thermal radiation expo-
sure (i.e., fire test). The drop tests, in particular, im-
pose severe demands on the structural integrity and
containment value of the package and, thus, often rep-
resent the severest test of the viability of any integrated
IFM system.

A comprehensive program was initiated at Ontario
Hydro with the aim of developing and assessing the
performance of a concrete integrated container or con-
crete cask as a possible IFM option. An essential aspect
of the developmental program involved the fabrication
of two half-scale models of a prototype cask. One
model was subjected to drop and fire tests as per IAEA
guidelines. The second was subjected to various ther-
mal environments which would be expected in the stor-
age phase of an integrated IFM plan. The test program
and test results will be discussed in this paper. The
scope of the discussion is limited to aspects pertaining
only to structural performance under the imposed load
conditions.

RESEARCH SIGNIFICANCE

The reinforced concrete cask models tested were sub-
jected to extreme impact, puncture, and fire condi-
tions, as well as simulated service conditions. Few ex-
perimental data have been previously reported in this
regard, particularly for high-density concrete. The
casks’ performance, both from measured data and vi-
sual observation, will assist in understanding the be-
havior of reinforced concrete containers under severe
load conditions and may point to methods of improv-
ing current cask designs.
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CONCRETE CASK TECHNOLOGY

Concrete is an effective and relatively inexpensive
shielding material, making the concept of concrete
casks viable for use in packaging nuclear wastes. De-
velopmental work in Canada began in 1974 with a test
program by Atomic Energy of Canada Ltd. (AECL)'
aimed at evaluating the performance of concrete stor-
age casks. A subsequent test program? investigated ex-
tending the function of the concrete casks from storing
to transporting irradiated fuel. The results revealed that
normal density reinforced concrete casks would have
difficulties passing the impact and puncture conditions
experienced in the IAEA drop tests. Subsequent studies?
have shown that the puncture-resistance of concrete can
be improved with more effective detailing of steel rein-
forcement. The use of certain metallic-based aggregates
(e.g., ilmenite, magnetite, and hematite) is also effec-
tive.** In addition, steel fiber reinforcement improves a
cask’s resistance to impact and thermal loading, and
polymer impregnation increases its impermeability to
water.® Finally, an outer casing may be used to
strengthen and protect the concrete wall. The casing
may either be an outer steel liner which forms an inte-
gral part of the cask® or a reusable concrete or steel
‘‘overpack.”’™®

PROTOTYPE CASK DESIGN

The conceptual design of a full-size prototype cask,
as formulated and investigated at Ontario Hydro, is
shown in Fig. 1. Essentially, the cask consists of a
sealed steel chamber within a reinforced concrete body.
It is cylindrical in shape and has a storage capacity of
two standard CANDU fuel-storage modules. The steel
chamber, which lines the inner cavity of the cask, is a
25 mm (1 in.) thick carbon steel plate and forms the
primary containment boundary for the irradiated pay-
load. Irradiated fuel bundles are sealed in the inner
cavity by welding a carbon steel lid to the chamber
walls. The entrance to the cavity is then sealed with a
concrete lid bolted to the main cask body. The space
between the concrete lid and concrete walls is grouted
to provide corrosion protection for the hardware and to
insure even force distribution on impact. The cylindri-
cal shape was chosen for better impact and pressure re-
sistance, and the two-module capacity maintains the
overall cask size within road transportation limits.

The cask is constructed of high-density, high-strength
concrete. The 530 mm (21 in.) thick walls are rein-
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Fig. I — Conceptual drawing of concrete cask

forced with two layers of No. 20 bars at 120 mm (4%
in.) centers in the circumferential direction, and two
layers of No. 25 bars at 120 mm (4% in.) centers in the
longitudinal direction. The overall dimensions of the
cask include a 2750-mm (108-in.) diameter and a 2410-
mm (95-in.) length; dimensions of the cavity are 1640
mm (65 in.) in diameter and 1300 mm (51 in.) in length.
The dead weight, empty of fuel bundles, is 48,000 kg
(52 tons).

PERFORMANCE REQUIREMENTS

A prototype cask must undergo rigorous testing be-
fore it can be licensed for high-level waste transport. As
part of the IAEA licensing requirements, a model must
be subjected to two successive drops from different
heights followed by a fire exposure. The guidelines for
these tests® are as follows:

1. One drop test is to be a free drop from a 9-m (30-
ft) height onto an unyielding surface. The cask orien-
tation at impact must be such that the container is
likely to sustain maximum damage.

2. Another drop test is to be a puncture test, where
the cask is dropped from a 1-m (3.3-ft) height onto a
vertical steel pin rigidly mounted to the unyielding sur-
face. Again, the orientation is to be such as to inflict
the greatest amount of damage. The recommended pin
dimensions are 150 mm (6 in.) in diameter and 200 mm
(8 in.) in length, but the actual dimensions are to be
chosen so as to cause maximum damage.

3. The actual order in which the drop tests are con-
ducted must be such that the cask will suffer the great-
est damage upon completion of the drops.

4. The same model is then to be engulfed in a hydro-
carbon fuel/air fire for 30 min. The average emmissiv-
ity coefficient of the fire shall be 0.9 with an average
flame temperature of 800 C (1470 F).

Upon completion of testing, the cask must be shown
to have retained its structural and functional integrity.
The pass/fail criteria are that the cask must maintain a
specified level of radiation shielding and any loss of its
radioactive contents must not exceed a specified maxi-
mum rate.® Under normal service conditions, the cask
is expected to remain essentially crack-free, to meet
very stringent IAEA radiation limits.
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(a) WALL SECTION

Fig. 2 — Details of half-scale model

(b) REINFORCEMENT

Table 1 — Mix proportions and properties of fresh concrete*

Mix proportions (kg/m’) .
A Super- Plastic
Silica ggregates plasticizer, Slump, Air, density,
Cement' | fume | Water | Fine | Coarse' ml/kg w/c mm percent kg/m’
318 80 159 1289 1753 63.7 0.40 195 4.3 3599

gible variation for the second model.
'ASTM Type 5 — sulfate resistant.
*6 mm (0.25 in.) maximum.

*From Reference 12: Proportions and properties given are those for the drop and fire test model.- There was negli-

NOTE: | kg/m’ = 0.0624 1b/ft’; ml/kg = 1.53 U.S. fluid 02/100 Ib.

Table 2 — Concrete properties

Compressive strength, MPa 62.9

Tensile strength," MPa 4.7
Modulus of elasticity, MPa 58,900
Hardened density, kg/m’ 3630
Thermal diffusivity, m*/s 0.091 x 10°*
Coefficient of thermal expansion, degree C 11.25 x 10

*From Reference 13: Properties given are those for the drop and fire test
model. There was negligible variation for the second model. Strength proper-
ties are at 28 days.

'Split cylinder test.

NOTE: 1 MPa = 0.145 ksi; 1 kg/m’ = 0.0624 Ib/ft’; 1 m*/s = 38,740 ft*/
hr; °C = (°F - 32) = 1.8.

SCALE CONSIDERATIONS

The testing of scale models has proven to be an ac-
ceptable method for analyzing drop test response. Ac-
curate relationships have been derived for the correla-
tion of deflection, stress, force, energy, mass, time, and
acceleration? provided linear geometric scaling is used
and the impact velocity is the same for the model and
prototype. These relationships have been confirmed by
many tests of model casks with varying scale ratios.
Not surprisingly, the correlation of results is best for
models closer in size to the full-scale specimen. Mini-
mum recommended scale values found in literature
have ranged from %, to %.'*!!

To correctly model reinforced concrete behavior, it is
necessary to scale down the steel reinforcement and ag-
gregate sizes, and to modify the cement mixture so that
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the compressive failure stress of the scale model cement
is the same as for the prototype cement.? For the steel
reinforcement, both the bar diameter and the spacing
must be scaled so that the same reinforcing ratios are
maintained. Scaling of the concrete aggregates must be
such that the mechanical and thermal properties of the
concrete are maintained while the aggregate sizes are
reduced.

For fire testing a scale model, the fire temperature
and duration of exposure must also be modified. The
changes are necessary to simulate the induced thermal
loads and temperature distributions in the cask as they
relate to structural response of the prototype. Simi-
larly, the internal heat loads specified for simulating in-
service design conditions must also be adjusted.

HALF-SCALE MODEL

The half-scale models constructed had overall di-
mensions of 1205 mm (47.4 in.) in height and 1374 mm
(54.1 in.) in outside diameter [see Fig. 2(a)]. The pri-
mary containment steel chamber was fabricated from
12.5 mm (0.5 in.) thick plate and had nominal dimen-
sions of 650 mm (25.6 in.) in height and 820 mm (32.3
in.) in diameter. The concrete walls were 265 mm (10.5
in.) thick. The weight of the model, when empty, was
approximately 6000 kg (6.6 tons).
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Fig. 3 — Concrete cask model as built

Reinforcement details are shown in Fig. 2(b). The
longitudinal reinforcement consisted of two layers of
steel placed 47 mm (1.85 in.) from the outside and in-
side faces of the wall, with the bars spaced at 60 mm
(2.4 in.) on centers. Similarly, there were two layers of
circumferential reinforcement, placed 37 mm (1.5 in.)
from the outside and inside faces of the wall, with the
bars vertically spaced at 60 mm (2.4 in.) on centers. The
longitudinal bars had a nominal diameter of 12.5 mm
(0.5 in.) and the circumferential bars had a nominal di-
ameter of 10 mm (0.4 in.).

The concrete used in the cask was of high-density,
high-strength design. The high density, necessary for
radiation shielding, was achieved using magnetite and
hematite aggregates and arrived at 3630 kg/m’® (226 1b/
ft’). The entire range of aggregate sizes was a scaled
version of the full-scale design mix. The coarse aggre-
gate was a 6 mm (0.25 in.) maximum size magnetite and
the fines were specularite hematite. A design strength of
45 MPa (6.5 ksi) was specified to give the cask good
impact resistance and high energy absorbing capacity.
Actual strengths in excess of 60 MPa (8.7 ksi) at 28
days were achieved using sulfate-resistant (ASTM Type
5) cement and silica fume, together with a superplasti-
cizing admixture. The mix proportions and concrete
properties are given in Tables 1 and 2, respectively.

Instrumentation for the first model included 2 triax-
ial accelerometers, 8 bar-mounted quarter-bridge strain
gages, and 48 thermocouples for acceleration, strain,
and temperature measurements, respectively. The sec-
ond model was extensively instrumented with 66 strain
gages and 42 thermocouples, generally located on two
meridians.
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Fig. 4 — Cask model No. | in position for 9-m drop

The half-scale model, as constructed and prior to
testing, is shown in Fig. 3. Full details of the model de-
sign, construction, and instrumentation can be found in
References 14 and 15.

TEST PROGRAM — CASK MODEL NO. 1

Testing of the first model was conducted at AECL’s
Nuclear Laboratory at Chalk River, Ontario, which is
equipped with a drop test facility and an open fire test
pit that meet IAEA specifications. In implementing the
IAEA guidelines, it was decided that the 9 m (30 ft)
drop test should precede the puncture test in order to
maximize damage.

For the first drop, 9 m (30 ft) onto an unyielding
surface, the cask was oriented so it would impact on its
upper edge (see Fig. 4). The cask’s center of gravity was
positioned above the impact point to minimize the en-
ergy loss due to rotational movement of the specimen
after impact. This orientation was chosen in an attempt
to damage the cask in the area of the concrete lid and
sealing system, perceived to be the most vulnerable
area.

For the 1-m drop onto a pin, the same cask orienta-
tion and impact point were chosen as for the 9:m drop
(see Fig. 5). Again, the cask sealing system was the tar-
get of destruction. It was anticipated that the cask
would have suffered extensive concrete loss from the
initial impact and an attempt should be made to pene-
trate the concrete in this weakened zone. The pin used
for the puncture test was 75 mm (3 in.) in diameter and
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Fig. 5 — Cask model No. 1 in position for 1-m drop
onto steel pin

280 mm (11 in.) in height. This size was selected on the
basis that 75 mm (3 in.) is a half-scale diameter and 280
mm (11 in.) is the depth of the concrete to the steel
chamber at the impact point.

The same model was then subjected to the fire test.
A full-scale fire test requires exposure time of 30 min
and a temperature of 800 C (1470 F). The theoretical
equivalent for a half-scale model is a 7.5-min exposure
to 971 C (1780 F).'*"" Further, Reference 16 recom-
mends the time be adjusted according to the flame
temperatures actually recorded during the test to com-
pensate for variable flame temperatures and emmissiv-
ities. In the case of the half-scale concrete cask model,
software problems resulted in flame temperatures above
500 C (930 F) not being recorded. Therefore, an expo-
sure time of 10.5 min was arbitrarily chosen to com-
pensate for the resulting uncertainty. Subsequent tests
at Chalk River indicated an average flame temperature
of 1000 C (1830 F), which would have required only a
7.5-min exposure.'s

TEST PROGRAM — CASK MODEL NO. 2
The test program the second half-scale model was
subjected to was designed to study the cask’s response
to realistic and diverse thermal environments. The pro-
gram consisted of four distinct phases of tests: heat
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transfer, power-cycling, accelerated weathering, and
maximum heat-load tests. In each of ¢these tests, the
model was subjected to various combinations of inter-
nal heat load and ambient conditions. The internal heat
loads were based on the decay heat of irradiated fuel of
an age and quantity as that to be stored in the casks.
The prescribed ambient conditions were those expected
in the storage phase of IFM. The tests are described as
follows.

In the heat transfer tests, the model cask was sub-
jected to a constant internal thermal load and differ-
ent, but constant, external ambient temperatures main-
tained until steady state conditions were achieved. The
internal heat load was 750 watts, and the ambient tem-
perature conditions ranged from 35 to —20 C (95 to
— 4 F). The objectives were to monitor the induced
thermal gradients in the cask wall, and to study the
cask’s heat dissipation characteristics under various
ambient conditions.

In the power-cycling tests, the cask model was sub-
jected to a constant ambient outside temperature while
the internal heat load was ramped through a series of
on-off cycles. In all, the cask was subjected to five
power cycles of 750 watts while the external ambient
temperature was maintained at —20 C. Power was
switched on or off only after the thermal gradients had
stabilized. This test was meant to assess the cask’s be-
havior under shock loading events, which in practice
would occur when a cask is loaded or unloaded with
fuel.

In the accelerated weathering tests, the cask model
was subjected to a constant internal thermal load of 213
watts and alternating freezing and thawing tempera-
tures externally. The internal heat load was that of 30-
year cooled fuel and the external ambient temperature
was cycled between —18 and 4 C (0 and 40 F) for 22
complete cycles. Freeze-thaw actions were simulated by
spraying water on the surface of the specimen. The
purpose of this test was to determine the effects of var-
iable exposure.

The intent of the maximum heat load test was to
subject the model to internal heat loads greater than
750 watts, while the outside ambient temperature was
cycled between temperatures of 20 and —20 C (68 and
-4 F). The internal heat loads started at 1.0 kW and
increased to a value of 1.5 kW after one complete cycle
of the ambient temperature.

All tests were conducted in a variable condition
room, which had a temperature range of —20to 35 C
(-4 to 95 F) and a relative humidity range of 25t0 75
percent. The decay heat was simulated by placing an
electric heater in the cask’s steel chamber. The electric
heater consisted of an annular vessel, similar in shape
to that of a scaled-down fuel basket, with heating ele-
ments placed around its circumference. The heater out-
put was controlled with a variable voitage regulator and
the supplied power (wattage) was continuously re-
corded using a strip chart watt meter. The heater had a
rated maximum capacity of 1.5 kW.

Note that the internal heat loads of 750 and 213
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watts correspond to full-scale design loads of 3000 and
850 watts, respectively. A decay heat output of 3000
watts is that of a 5 year cooled fuel, and 850 watts is
that of a 30 year cooled fuel. The values of 1.0 kW and
1.5 kW are arbitrarily selected heat loads greater than
design values, which correspond to full-scale loads of
4.0 kW and 6.0 kW, respectively. The equivalent heat
loads for the half-scale model were calculated on the
basis of achieving the same thermal gradient through
the model wall as that which would occur in the full-
scale prototype.

RESULTS FROM 9-m DROP TEST

Upon impact, the cask rolled approximately 10 deg
counterclockwise, but otherwise did not bounce. The
orientation of the cask’s center of gravity above the
impact point, at the time of impact, was approximately
2 deg off vertical. The peak deceleration, on the out-
side of the cask and inside the steel chamber, was es-
sentially the same at 118 and 115 g, respectively (see
Table 3).

The cask experienced significant loss of concrete at
impact. Fragments of concrete as large as 50 mm (2 in.)
in diameter were projected as far as 10 m (33 ft) from
the impact point. Although the total amount of con-
crete lost was less than 1.5 percent of the cask’s entire
weight, the loss was concentrated in the two areas cen-
tered about the 0 deg (impact) and 180 deg meridian, as
can be seen in Fig. 6. There was no spalling or cracking
in areas 90 deg from the impact point. The loss of con-
crete at the 0 meridian extended over a circumferential
distance of 90 deg and an average of one-quarter of the
cask’s height. The top outer hoop bars were twisted and
bent, two longitudinal reinforcing bars at 0 and 354 deg
were ruptured, and the top interior hoop bar was se-
verely bent. At 180 deg from the impact point, the con-
crete loss and exposed reinforcing bar were confined to
the top shoulder of the cask, from which a large net-
work of cracks extended part way along the cask’s
length. A major crack 19 mm (0.75 in.) wide was lo-
cated at the 200 deg meridian, across which three of the
top outer hoop bars were ruptured. At approximately
22.5 deg on either side of the 0 deg meridian, the con-
crete lid had separated from the cask wall. The result-
ing gaps were approximately 6 mm (0.25 in.) wide. The
lid movement is confirmed in Fig. 6 by examining the
grid line dividing sector 7 and 8. The grid line on the
concrete lid is offset towards the 180 deg meridian with
respect to the corresponding line on the cask wall. This
offset was approximately 10 mm (0.4 in.).

Strain measurements from the 9-m drop are reported
in Table 4. The maximum tensile strain of the reinforc-
ing steel measured at the eight instrumented locations
was 1200 microstrain and occurred in the hoop bar
nearest the impact point. This bar, an interior hoop lo-
cated approximately 220 mm (9 in.) below the top of
the cask, was the inner counterpart of one of the outer
bars that had ruptured. The maximum measured lon-
gitudinal compressive strain occurred closest to the im-
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Fig. 6 — Cask model No. 1 after 9-m drop

Table 3 — Maximum accelerations

Acceleration g

Longitudinal Parallel Vertical
direction to lid direction

Drop | Outside | Inside | Outside | Inside | Outside | Inside
9m 74.2 70.9 92.4 90.8 118.4 114.7
I m 15.9 12.1 12.3 17.5 19.4 21.2

Table 4 — Maximum reinforcing bar strains

Strain Strain pe
gage Location Bar type | 9-m drop | I-m drop
220 mm below top end
1 inner layer of steel hoop +1200 - 66
220 mm below top end
2 inner layer of steel longitudinal | - 840 -152
600 mm below top end
3 inner layer of steel hoop + 288 - 14
600 mm below top end
4 !inner layer of steel longitudinal | - 510 - 60
600 mm below top end
5 outer layer of steel hoop + 80 + 18
600 mm below top end
6 | outer layer of steel longitudinal | - 200 - 28
950 mm below top end
7 inner layer of steel hoop + 144 + 20
950 mm below top end
8 inner layer of steel longitudinal | - 96 - 22

pact point and attained a value of — 840 microstrain.
All strains recorded during the 9-m drop were below the
yield values for the bars. Obviously, however, some
reinforcing bars exceeded yield strain at unmonitored
locations, as evidenced by the ruptured bars. A com-
plete discussion of test observations and data can be
found in Reference 14.
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Fig. 7 — Cask model No. 1 after fire test showing
damage on windward side
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Fig. 8 — Thermal conditions during fire test

RESULTS OF PIN DROP TEST

The 1 m (3.3 ft) pin drop test followed the 9-m (30-
ft) drop. This test was unsuccessful at inflicting addi-
tional damage to the cask because, at impact, the steel
pin was bent and paruially torn away from the base
plate. The steel pin did not penetrate the outer layer of
reinforcing bars, and an inspection of the cask did not
disclose any new cracks or significant additional spall-
ing. Some concrete loss occurred when the cask glanced
off the pin and impacted on the target surface. Accel-
erations and reinforcement strains recorded during the
pin drop test are also given in Tables 3 and 4.

RESULTS OF FIRE TEST

The principal damage caused by the fire was spalling
of surface concrete (see Fig. 7), which began after ap-
proximately 5 min of fire exposure. The spalling was a
continuous process, as small fragments of concrete 10
mm (0.4 in.) maximum diameter were projected from
the cask surface. No new cracks developed on the sur-
face, nor was there evidence that the original cracks
from the drop tests had widened significantly.

On the day of the fire test, a breeze prevailed to-
wards the open front doors of the fire pit. This breeze
resulted in an uneven flame distribution around the
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cask and, consequently, in differences in the thermal
gradients recorded on the windward and leeward faces
of the cask. The maximum gradient recorded through
the wall on the leeward side was 386 C (725 F). This
gradient was extremely nonlinear, as the temperature
was 400 C (750 F) 37 mm (1.5 in.) below the concrete
surface, 30 C (86 F) at middepth of the wall, and 14 C
(57 F) at the surface of the steel liner. The correspond-
ing gradient on the windward face was only 146 C (295
F). The temperature 37 mm (1.5 in.) below the surface
was 160 C (320 F), at middepth 20 C (68 F), and 14 C
(57 F) on the steel liner. The resulting fire damage was
consistent with the uneven flame distribution as the
maximum spalling was sustained on the leeward face
and very little spalling occurred on the windward face.
The maximum depth of spalling on the leeward side
was approximately SO mm (2.0 in.) or 19 percent of the
concrete wall thickness.

Thermocouple readings indicated that the concrete
body was effective in shielding the chamber and pay-
load from the fire. The ambient temperature in the ves-
sel, initially 14 C (57 F), remained stable for 30 min be-
fore slowly rising (see Fig. 8). At 90 min,. the internal
temperature had peaked at only 16 C (61 F).

RESULTS OF THERMAL TESTS

Thermal load conditions imposed on the second test
model and the resulting thermal gradients are shown in
Fig. 9. The response curve for Thermocouple T42 rep-
resents the temperature in the variable condition room,
while Thermocouple T37 gives the internal temperature
of the steel chamber. Thermocouple T39 was located on
the exterior surface of the concrete wall; Thermocouple
T10 was located 47 mm (1.85 in.) below the exterior
concrete surface; Thermocouple T11 was located 237
mm (9.33 in.) below the exterior surface; and Thermo-
couple T12 was located on the interior surface of the
steel liner.

During the heat transfer test [Fig. 9(a)], a maximum
temperature of 75 C (167 F) was attained inside the
chamber when the outside temperature was 35 C (95 F).
Approximately 72 hr were required to achieve stable
thermal gradient conditions after each change in the
outside temperature. The maximum temperature dif-
ference across the wall was 17 C (31 F), and this oc-
curred equally through the entire range of outside tem-
peratures. Also note the significant temperature differ-
ential between the chamber wall (T12) and the chamber

- air (T37), indicative of the so-called skin effect. The

maximum air temperature was 75 C (167 F), while the
maximum temperature of the steel wall was 50 C
(122 F). Similar observations can be made with respect
to maximum thermal gradients and time required to
achieve stable conditions in the power cycling test [Fig.
9(b)], accelerated weathering test [Fig. 9(c)], and maxi-
mum heat load test [Fig. 9(d)]. Further, in the power-
cycling test with the ambient temperature at —20 C, the
freezing front penetrated to approximately three-quar-
ters of the depth of the concrete cask wall. During the
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accelerated weathering test, under the coldest condi-
tions, the freezing front completely penetrated the wall.
The most severe thermal conditions were achieved dur-
ing the maximum heat load test, where a thermal gra-
dient of 34 C (60 F) and a chamber temperature of 98
C (208 F) were attained.

Crack patterns were monitored and crack widths
were measured at frequent intervals during the thermal
tests. Several hairline cracks existed prior to the test-
ing, a likely result of drying shrinkage. The heat trans-
fer, power-cycling, and accelerated weathering tests did
not cause any new cracks to form or any existing cracks
to propogate or widen. The maximum heat-load test
did, however, cause further cracking with a maximum
crack width of 0.2 mm (0.008 in.) observed. At the
conclusion of the test, many of the new cracks were no
longer visible to the naked eye, and the existing cracks
had generally returned to their original widths.

Fig. 10 shows the strains measured on the outside
and inside layers of the circumferential reinforcement.
During the heat-transfer test [Fig. 10(a)], compressive
strains were induced in the inner hoops while tensile
straining occurred in the outer hoops. Similar trends
occurred during the power-cycling [Fig. 10(b)] and ac-
celerated weathering tests [Fig. 10(c)], although the
various thermal conditions resulted in somewhat dif-
fering patterns. Peaks in the strain response typically
coincided with a change in boundary temperature (e.g.,
turning heater on or off). In general, the maximum
tensiles strains recorded during the first three tests were
well below 100 microstrain (i.e., concrete cracking
strain). Strains recorded during the maximum heat load
test [Fig. 10(d)] were much higher, however. Further,
the inner hoop reinforcement showed significant tensile
strain as a cumulative result of the temperature cycling.
With high tensile strains occurring simultaneously in the
outer layer of reinforcement, the indication is that
cracking was induced through the total thickness of the
cask wall.

Complete data and a detailed discussion of the test
results can be found in Reference 15.

CONCLUSIONS

The following conclusions can be drawn from the
impact and fire tests conducted on the first model:

1. The cask had maintained its structural integrity at
the conclusion of testing. The reinforced concrete body
proved effective in protecting the steel payload cham-
ber from the high impact forces in the drop tests and
from the extreme heat in the fire test. Inspection of the
liner revealed that no tearing or distortion had oc-
curred, and that the chamber remained leak-tight.

2. The structural system exhibited good energy-ab-
sorbing capacity. The peak deceleration at impact was
relatively low at 118 g, and the cask did not bounce at
impact. The payload chamber did not experience a dif-
ferent deceleration from the cask body at impact.

3. Significant cracking occurred as a result of the 9-
m (30-ft) drop, in a region of the cask 180 deg from the
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Fig. 9 — Thermal load conditions imposed during test-
ing of cask model No. 2

impact point. These cracks were caused when the con-
crete lid was forced back into the 180 deg hemisphere
at impact. Rupturing of some reinforcing hoops also
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Fig. 10 — Strains in hoop reinforcement of cask model
No. 2

took place in this region. It is evident that a higher per-
centage of reinforcing hoop steel is required to resist the
high tensile stresses due to the oblique corner drop.

382

4. Significant crushing and spalling of concrete also
occurred as a result of the 9-m (30-ft) drop. The dam-
age was concentrated at the impact point and directly
across on the lid surface. The total amount of concrete
lost was less than 1.5 percent of the cask’s weight,
however. There was no cracking or spalling in areas 90
deg from the impact point.

5. The 1-m (3.3-ft) drop onto a pin did not result in
any further significant damage to the cask. The pin did
not penetrate past the outer layer of reinforcing bars,
indicating the high density concrete together with
proper detailing provided adequate puncture resis-
tance.

6. Significant damage to the cask occurred during the
fire test, in which there was continuous spalling of the
concrete. Maximum cumulative concrete losses from
the drop and fire tests were 19 percent of the wall
thickness in local areas. )

7. The extremely nonlinear temperature gradients
through the thickness of the wall and circumferentially
around the cask did not cause any new cracks to open
or existing cracks to widen on the exterior surface.

8. The concrete walls effectively protected the steel
chamber from extreme rises in temperature. The am-
bient air temperature of the chamber rose by only 2 C
as recorded after a 10.5 min exposure to 1000 C (1832
F) and an 80 min cool-down period.

The following was concluded from the thermal tests
conducted on the second model:

1. The high-density concrete did not suffer any ap-
parent degradation as a result of the exposure to vari-
able ambient temperatures and humidity, and to re-
peated freeze-thaw cycles. No evidence of spalling, pit-
ting, or other form of surface deterioration was visible.
2. The model withstood the initial three thermal tests,
which were based on design service conditions, without
spalling or cracking. The measured tensile strains in the
reinforcement remained below concrete cracking strain
levels, and all strains were recoverable at the end of the
tests.

3. For a given internal heat load, the thermal gra-
dient achieved was constant, irrespective of the exter-
nal ambient temperature.

4. Under heat loads greater than design service con-
ditions, significant surface cracking was observed.
Tensile strains measured on both the inside and outside
reinforcement indicated the cracks penetrated the com-
plete wall thickness.
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