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Three large-scale reinforced concrete portal frame models were sub-
Jjected to combinations of thermal and mechanical loads. Test condi-
tions included unrestrained thermal deformation, restrained defor-
mation under shock thermal loads, and loading to ultimate capacity.
Aspects of response were monitored in terms of resulting restraint
forces, deflections, strains, cracking, and leakage. Test results indi-
cated that thermal loads can result in significant stressing of a struc-
ture and can lead to concentrated damage in local regions. A pro-
posed theoretical analysis procedure was found to give reasonably
accurate predictions of response.
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Various analytical procedures™® have been proposed
for the analysis of thermal stresses in reinforced con-
crete frame structures. In general, these procedures at-
tempt to account for reduced member stiffnesses when
determining the moment distributions that arise from
the restrained deformations of frames under thermal
load. However, the proposed methods tend to be com-
plicated or rely heavily on simplifying assumptions.
Many do not adequately account for such factors as
concrete tensile strength, tension-stiffening effects after
cracking, simultaneously acting mechanical loads, force
redistribution, nonlinear thermal gradients, or non-
uniformly cracked members. Others resort to overly
simplistic single-section analyses, ignoring overall
structural response. Not surprisingly, the methods yield
radically different results.® Unfortunately, little experi-
mental data has been available to corroborate these
proposed analysis procedures.

An alternative nonlinear approach’ was recently sug-
gested for the analysis of reinforced concrete frames
subjected to thermal loads. It is distinct from previ-
ously proposed methods in that it incorporates sec-
tional-response calculations into the overall frame
analysis, taking into account nonlinear material behav-
jor and time- and temperature-dependent effects.

An extensive test program was undertaken to pro-
vide the basic data required to calibrate and validate the
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theoretical formulation. The experimental program was
also expected to address specific questions regarding the
performance of concrete structures under high thermal
gradient loads and to provide some insight into behav-
jor. This paper summarizes the details and findings of
the test program. Reference 8 gives a more detailed de-
scription and complete test resulits.

RESEARCH SIGNIFICANCE
The test findings described in this paper represent a
large database useful for investigating the accuracy of
current analytical procedures. As well, they serve to
emphasize the behavioral concepts important to under-
standing and correctly modeling the response of rein-
forced concrete structures to thermal loads.

TEST PROGRAM

The experimental program consisted of three large-
scale reinforced concrete frame models subjected to a
total of 61 tests. The tests covered a diverse range of
thermal and mechanical loading conditions.

Fig. 1 shows the test model. The configuration of the
test model was essentially that of a simple portal frame
consisting of two columns, each measuring 300 x 800 x
2350 mm (12 x 32 x 92 in.), and one beam measuring
300 x 800 x 2700 mm (12 x 32 x 106 in.) [see Fig. 1(b)].
The model sat in an inverted position on a reaction
frame, with the ends of the columns connected by two
25 mm (1 in.) diameter tie-rods [see Fig. 1(a)]. Two
reinforced concrete side panels spanned the interior of
the frame to form a tanklike structure. Flexible silicone
waterstops were used to bridge between the panels and
the frame, which allowed the panels to be structuraily
independent and thus did not affect the frame’s stiff-
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ness or response. Water was placed in the tank to a
depth of 1500 mm (60 in.), and a 120 kW immersion
heater was used to apply thermal loads to the structure.
The sides of the model were insulated to insure unidi-
rectional heat flow from the inside to the outside sur-
faces. Mechanical loads were applied simultaneously by
pretensioning the tie-rods, or by external forces applied
- through a 1000 kN (220 kip) servo-controlled actuator.
The test models were instrumented extensively with
load cells, thermocouples, strain gages, and displace-
ment transducers to monitor response.

The amount of longitudinal reinforcement provided
in the models’ beams and columns was the primary
variable in specimen construction. In Model PF1, the
longitudinal reinforcement in both columns and in the
beam was identical. In Model PF2, one column was
more lightly reinforced than the remainder of the
frame, whereas in Model PF3 the beam was more
lightly reinforced than the columns. In all cases, the
longitudinal reinforcement was symmetrically placed
within the cross section, and adequate shear reinforce-
ment was provided. Fig. 1(c) gives section details, and
Table 1 provides reinforcement details.

The material properties of the concrete and rein-
forcement in each of the models are given in Table 2.
The concrete cracking strengths shown were deter-
mined from split-cylinder tests, and the coefficients of
thermal expansion for the concrete were calculated
from results of tests on wet prisms. The thermal diffu-
sivity of the concrete was measured for Model PF1
only; similar values were assumed for the other two
models. The stress-strain response of the reinforcement
was characterized by a long, flat yield plateau.

Each of the models was subjected to a multiphase
test program involving three distinct types of thermal/
mechanical load conditions (see Fig. 2 and Table 3).
The test program was conducted such that each succes-
sive test represented a more damaging condition than
the previous one. (Note that the alphabetical labeling of
tests represents a chronological order, except that PF2-
V precedes PF2-U.)

The Type I tests were conducted with the test models
in an unrestrained mode with the tie-rods disengaged
[see Fig. 2(a)]. The applied thermal loads involved up
to three cycles of heating and cooling, with the load
consisting of a 80 C (144 F) increase in internal temper-
ature applied at a rate of 40 C/hr (72 F/hr). No me-
chanical load was applied. Conditions at each half-cycle
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Fig. 1 — Test model details

(i.e., at 15 and 95 C) were maintained for 24 hr, so that
both transient and final steady-state conditions could be
monitored. Type I tests were conducted at the begin-
ning of the overall test program (with the test models
essentially uncracked) and again at the conclusion of
the Type II tests (with the models extensively cracked).

In the Type II tests, the tie-rods were engaged to ren-
der the structure one-degree statically indeterminate [see
Fig. 2(b)]. Thermal loads applied to the model resulted
in the column ends tending to deflect outward. How-
ever, with the columns restrained from outward deflec-
tion by the tie-rods, restraint forces were induced in the
tie-rods and hence in the frame. The Type II test pro-
gram was subdivided into three series of tests, in which
each series differed in the amount of preload placed in
the tie-rods (before the application of thermal loads). In
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Table 1 — Specimen details

PF1 PF2 PF3
b (mm) 800 800 800
h (mm) 300 300 300
@ A - 4#20M | 3#20M/2#25M 3#20M
= |d (mm) 55 50 50
x1A, - 4#20M | 3#20M/2#25M 3#20M
@ fd (mm) 245 250 250
A, - #10M #10M #10M
s (mm) 150 150 150
b (mm) 800 800 800
5lh (mm) 300 300 300
= | Ay - 4#20M | 3#20M/2#25M | 3#20M/2#25M
| d (mm) 55 50 50
2|A - 4#20M | 3#20M/2#25M | 3#20M/2#25M
O|d (mm) 245 250 250
A, - #10M #10M #10M
s (mm) 150 150 150
b (mm) 800 800 800
o~ | h (mm) 300 300 300
Ola - 4#20M 3420M | 3#20M/2#25M
Zld (mm) 55 50 50
31 A - 4#20M 3420M | 3¥20M/2#25M
S|d (mm) 245 250 250
A, - #10M #10M #10M
s (mm) 150 150 150

Note: Area of #10M is 100 mm?; #20M is 300 mm?;
#25M is 500 mm®,

Table 2 — Material properties

I ]r PRt | PR2 | Pr
£, (MPa) 424 484 30.1

w
E f, (MPa) 3.12 3.80 3.10
% E. (MPa) 28,980 33,500 30,000
°l o (0 9.86 x 10 | 1.9 x 10° | 121 x 10°
"uz: f, (MPa) 448 448/452 450/445
§ 1, (MPa) 710 7101720 710720
§ E, (MPa) || 217,000 200,000 200,000
2l o, (o) || 124x10% | 12x10* | 12x10°%
i ,
Note:

1. For Modeis PF2 and PF3, f, and {, are given for 20M

and 25M bars.

2. Thermal diffusivity for PF1 was measured at 0.774 mm?/s.

the Type II Series I tests, a low level of preload was
imparted to the tie-rods (see Table 3). In the Series II
and III tests, moderate and high preloads, respectively,
were applied to the tie-rods. For each series of tests,
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Fig. 2 — Loading conditions

shock thermal loads were applied ranging from 10 to 80
C (18 to 144 F). Thermal loads were applied at a rate
of approximately 40 C/hr (72 F/hr) up to the test tem-
perature; this temperature was then maintained for a 1
to 7-day duration. Instrument readings were taken at
frequent intervals. Crack patterns were mapped and
measured shortly after the peak thermal loads had been
reached and again prior to the conclusion of the test.

In the Type III tests, the models were in the unre-
strained configuration with the tie-rods disengaged [see
Fig. 2(c)]. A large and constant thermal gradient was
imposed on the structure throughout the test (7i = 95
C (203 F)]. A simultaneously acting mechanical load
was applied laterally to the columns at a location 680
mm (27 in.) above the centerline of the beam. The load
was monotonically increased from zero, while the ther-
mal gradient was held constant, until the ultimate ca-
pacity of the structure was attained.
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TEST OBSERVATIONS
Type | tests

Condensed results of the Type I tests are summa-
rized in Table 4. Typical response histories are shown
in Fig. 3 for an uncracked specimen (Test PF3-B) and
for an extensively cracked specimen (Test PF3-T).

During Type I testing, transient thermal gradients
were created within the structural members. These gra-
dients developed in a manner consistent with the com-
puted response based on a standard unidirectional heat
flow analysis. Thus, the gradients were exceedingly
nonlinear shortly after loading (see Fig. 4). Steady-state
conditions, characterized by a fairly linear gradient
through the depth of the section, were achieved ap-
proximately 18 hr after the thermal loads were applied.
At steady-state, the exterior surface temperature was
significantly higher than the surrounding air tempera-
ture, reflecting a pronounced ‘‘skin effect.”’ On the in-
side surface, where the contact medium was water, the
surface temperature was essentially the same as the wa-
ter temperature. The thermal gradients observed during
the Type I tests on Model PF3 are shown in Fig. 3(a),
which shows the two loading conditions to be virtually
identical. Note that the drop-off in gradient shortly af-
ter peak is due to warming of the outside surface.

The imposed thermal loads resulted in an upward
deflection of the beam relative to its ends, and outward
deflections of the columns relative to their bases. These
deflections occurred quickly following load applica-
tion, with maximum deflections essentially attained
within 2 hr. The total relative deflection of the col-
umns, at tie-rod level, a distance of 2200 mm (86 in.)
from the base, is shown in Fig. 3(b) for the Type I tests
conducted on Model PF3. The deflections observed did
not appear to be influenced to a significant extent by
preexisting cracks, as little difference is seen between
Test PF3-T (cracked) and Test PF3-B (uncracked) re-
sponses. Also note that the thermal loads resulted in a
permanent residual deflection accumulating through
each loading cycle, with the uncracked specimens ex-
hibiting greater residual deflections than did the pre-
cracked specimens.

Primary thermal stresses were induced in the test
models under Type I loading conditions. These arose
primarily from nonlinearity in the thermal gradients
shortly after loading but also from differences in coef-
ficients of thermal expansion between concrete and re-
inforcement. A measure of these stresses was obtained
from embedded strain gages, which were corrected for
thermal strains. The concrete stresses computed were
greatest 2 to 1 hr after peak thermal loading was
achieved, with compressive stresses occurring near the
inside and outside surfaces and tensile stresses in the
middepth regions (see Fig. 4). As the thermal gradients
approached linear steady-state conditions, the stresses
in the concrete diminished. Compressive stresses were
also found in the top and bottom reinforcement, deter-
mined from strain gages placed on the reinforcing bars.
In the top reinforcement, located near the heated sur-
face, these stresses tended to peak shortly after the ap-
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Table 3 — Test parameters

MODEL || TEST MECHANICAL | THERMAL | DURATION
MODE PRELOAD LOAD

F° (kN) AT, (°C) (hr)
PF1-B Type | - 70 2@ 48
PF1-C *{| Type ll 3.2 80 144
PF1-D Type Il 3.2 10 24
PF1-E Type i 3.1 2 24
PF1-F Type Ii 3.1 31 24
PF1-G Type Ii 3.0 41 24
PF1-H Type Ii 3.0 51 24
PF14 Type Il 3.0 60 24
PF1-J Type Il 3.1 67 24
PF1-K Type Il 3.1 80 24
PF1-L Type Il 29 20 24
PF1-M Type Il 2.9 40 24
PF1-N Type I 29 60 24
PF1-0 Type Il 23.0 80 24
PF1-p Type Hl 385 21 24
PF1-Q Type i 38.2 41 24
PF1-R Type Il 38.4 60 24
PF1-§ Type It 39.1 78 2
PF1.T Type | 70 48
PF1-U Type lil - 80 4
PF2-A Type | - 80 3@ 48
PF2-B Type il 37 1" 24
PF2-C Type it 3.6 16 24
PF2-D Type Il 3.8 20 144
PF2-E Type Il 3.8 26 24
PF2-F Type Il 37 30 24
PF2-G Type Il 3.9 37 24
PF2-H pe li 3.6 42 168
PF24 Type Il 3.6 51 24
PF2-J Type i 3.6 60 168
PF2-K Type 0 35 72 24
PF2-L Type ll 3.6 81 144
PF2-M Type Il 29.6 21 24
PF2-N Type Il 29.5 41 24
PF2-0 Type Il 29.4 60 96
PF2-P Type It 29.5 78 24
PF2-Q Type il 4.1 2 24
PF2-R Type Il 4.4 42 24
PF2-S Type 0 44.3 60 12
PF2-T Type Ul 44.2 78 24
PF2-V Type | - 65 48
PF2-U Type il - 80 4
PF3-B Type | - 78 3@8
PF3-C Type Il 40 1 24
PF3-D Type Il 42 21 144
PF3-E Type Il 41 28 24
PF3-F Type Il 39 31 24
PF3-G Type Il 4.0 4 144
PF3-H Type Il 43 52 24
PF3 Type Il 4.0 62 72
PF3-J Type I 39 gl 24
PF3-K Type il 4.0 80 168
PF3-L Type Ui 214 2 24
PF3-M Type U 214 41 24
PF3-N Type Il 7S 61 168
PF3-O Type H 209 80 24
PF3-P Type U 334 22 24
PF3-Q Type U 33.2 41 24
PF3-R Type Ul 33.2 60 168
PF3-S Type U 326 80 24
PF3-T Type | - 80 3@ 48

* Gradual heating condition »
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Fig. 3 — Typical response observed in Type I test
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plication of the load. The bottom reinforcement, lo-
cated near the cooler face, showed a more gradual in-
crease in stress and attained generally lower values [see
Fig. 3 (¢)].

No new visible cracks formed as a result of the Type
I test conditions. However, the strains measured by
embedded gages at middepths of the sections would in-
dicate that internal cracks developed (see Fig. 4). Also,
no leakage of water was noted during the Type I tests
in either the uncracked or precracked specimens.

Type Il tests

Representative results from the Type II tests are
summarized in Tables 5 and 6. Table 5 reports data re-
corded shortly after the peak restraint forces had been
attained in each test. In Table 6, the data given corre-
spond to conditions just prior to the removal of ther-
mal load, from 1 to 7 days after application. In Fig. 5,
the response histories from a set of tests are given to il-
lustrate typical behavior. The four tests summarized
were all performed on the same specimen (Model PF3),
with the same preload in the tie-rods (4.0 kN), but with
the thermal load ranging from 20 to 80 C (36 to 144 F).

The thermal gradients reported in Tables 5 and 6
represent the difference between the average inside-sur-
face and outside-surface temperatures of the test
models. The gradients achieved during a particular test
were greatest shortly after the maximum inside (water)
temperature had been attained, typically 1 to 2 hr after
the commencement of testing [see Fig. 5(a)]. However,
it should be noted that the gradient at this time was
highly nonlinear through the depth of the structure.
Linear, steady-state conditions were achieved approxi-
mately 18 hr after load application, when the outside-
surface temperature stabilized.

In each of the three models tested, as progressively
higher thermal and mechanical loads were imposed, a
progression of cracking was observed along the under-
side of the beam and in the lower exterior surfaces of
the columns (see Fig. 6). In a typical test, any propa-
gation of crack lengths or widening of crack ‘widths
would occur shortly after application of the thermal
load. Crack widths and lengths would then remain es-
sentially constant over the duration of the test. Upon
unloading, the cracks would recover somewhat, but the
residual width of the cracks would increase after each
test.

The restraint forces induced in the models generally
peaked within 2 hr after the peak thermal loads had
been attained. The forces would then decrease gradu-
ally over the next 24 hr but in an amount greater than
any decrease in the acting thermal gradient. Over the
next 6 days, the decrease would continue but at a grad-
ually diminishing rate. At the end of 7 days, the re-
straint forces remained relatively constant. The level of
restraint force induced depended on the level of ther-
mal load applied, but in less than direct proportion [see
Fig. 5(b)]. Test results showed a gradual and progres-
sive softening in stiffness as the models sustained
cracking and, in some instances, yielding (e.g., at
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Fig. 4 — Transient conditions in an unrestrained section (Test PF3-B 2.1 hr after

application of thermal load)

beam-column joint, Test PF2-S). The preload in the tie-
rods was also seen to influence the thermal-restraint
forces, since thermal loads coupled with these mechan-
ical loads induced cracks that rendered the structures
less stiff.

Specimens with larger amounts of reinforcement had
higher restraint forces induced under a given thermal
load due to increased member stiffness. For example,
under similar thermal and mechanical load conditions,
Model PF2 developed significantly higher thermal-in-
duced forces than did Model PF3 (see Table 5). Fi-
nally, restraint forces were seen to be also influenced by
the rate of thermal loading. The results of two series of
tests performed on Model PF1, in which different
heating rates were used, are shown in Fig. 7. The
“‘shock-heating’’ envelope was obtained from tests per-
formed under the Type II Series I program. The

Table 4 — Results of Type | tests

‘‘gradual-heating’’ condition was obtained by applying
a 5 C (9 F) increment every 8 hr (Test PF1-C). At the
higher thermal-load levels, the shock loads resulted in
significantly higher restraint forces being developed
than did the gradual heating conditions. Note, how-
ever, that relatively lower forces were developed under
shock-load conditions at the lower gradient levels. This
anomaly is due to the Type II test program being pre-
ceded by Test PF1-C; thus, the model was precracked
to some extent before the shock loads were applied.
Deformations in the models also followed consistent
patterns. Column-end deflections were initially main-
tained at zero, through periodic adjustment of the tie-
rods, to simulate the desired fixed-support condition.
After the thermal load had been sustained for several
hours, however, the column ends typically began to
creep inward. The elongation of the bottom beam oc-

TEST F° T, T, (a4t | ¢t T | Ty | ATg | F 0, Sy Oc | €amt |€abb | €uct | €Eseb
(kN) Cc) | o) | o) lhn |CC) | (°C) |(°C) | (kN) |(mm) |(mm) | (mm) | (u€) |(pe) | (p€) | (ue)

PF1-B 0.0 210 18.7 69.5 48.0 | 89.2 | 356 | 513 0.0 1.156 |-1.023 | 12.446 | N/A N/A N/A N/A
216.0 | 22.9 | 19.1 14 0.0 0.198 |-0.137 2.208 | N/A N/A N/A N/A

PF1-T 0.0 15.5 19.5 70.0 240 | 848 | 286 | 60.2 0.0 0.912 |-1.553 | 16.626 | N/A N/A N/A N/A
PF2-A 0.0 14.7 14.3 80.0 240 | 90.7 | 326 | 57.7 0.0 1.374 |-1.624 | 18.862 -34 -2 | <111 <76
48.0 | 16.7 | 17.7 1.4 0.0 0.266 |-0.468 5.531 180 46 60 -1

72,0 | 93.3 | 33.0 | 59.9 0.0 1.596 |-1.805 | 20.302 -9 10 -93 -70

96.0 | 156 | 17.2 -2.0 0.0 0.369 | -0.547 6.569 | 235 65 87 11

120.0 | 93.4 | 323 | 60.7 .0 1.464 |-1.802 | 21.181 18 14 -79 -60

168.0 | 14.6 | 16.7 -2.6 0.0 0.348 |-0.606 7.235 | 270 84 107 15

PF2-v 0.0 19.9 20.6 | 65.0 24.0 | 829 | 325 | 51.1 0.0 0.820 |-1.192 | 13.209 | -160 84 | -261 -85
PF3-B 0.0 16.4 16.1 78.0 | 240 | 91.8 | 31.9 | 59.6 0.0 1222 |-1.654 | 17.944 | -118 -29 -13 -35
480 | 129 | 168 | -4.3 0.0 0.313 |[-0.347 4358 | 178 86 135 26

720 | 92.1 | 31.0 | 60.8 0.0 1.351 |-1.718 | 19.059 -83 1 15 -29

96.0 | 16.7 | 16.5 0.2 0.0 0.468 |-0.494 6.356 | 205 101 165 38

1200 | 923 | 2.0 | 63.0 0.0 1.471 |-1.813 | 20.565 -57 3 34 -1

1440 | 13.8 | 141 0.7 0.0 0.538 | -0.521 7.004 | 245 120 196 55

PF3-T 0.0 13.6 145 80.0 | 24.0 | 925 | 326 | 61.0 0.0 NA |-1.603 | 15.769 | -196 -225 -56 -110
48.0 | 15.2 | 15.9 0.2 0.0 N/A 0.382 2977 | 128 -92 38 -30

720 | 92.7 | 329 | 60.7 0.0 NA |-1.770 | 17.135 | -102 <257 | 131 -116

96.0 | 147 | 178 -2.0 0.0 N/A |-0473 3.509 | 218 -7 55 -44

120.0 | 92.7 | 33.7 | 60.0 0.0 NA |-1.818 | 17.566 -68 -261 | <110 -126

1680 | 150 | 17.7 | 1.5 0.0 NA | -0.568 4.543 | 250 -103 88 45
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curred gradually with the rise in thermal load, stabiliz-
ing only after steady-state thermal conditions were at-
tained. The magnitude of the elongation was essentially
in linear proportion to the magnitude of the applied
thermal gradient. The beam midspan deflections, con-
versely, were very sensitive to crack/yield conditions
within the structure. The general trend was for a down-
ward deflection to attain a peak value within approxi-
mately 2 hr of the peak thermal load and then remain
essentially constant thereafter [see Fig. 5(c)].

Strains in the beam and column reinforcing bars were
monitored at several locations. The beam reinforcing
bar strains reported in Tables S and 6 are those mea-
sured at the midspan; the column reinforcing bar

strains are those directly above the column-beam joint
in Column C2. In all cases, the strains reported are in-
crements in strain due to the applied thermal load.
Thermal strains and initial strains due to the preloads
in the tie-rods or the self-weight of the model have been
factored out. The thermal loads generally caused com-
pressive strains in the inside reinforcement and tensile
strains in the outside reinforcement of both the beam
and columns. In the compression reinforcement, the
strains developed gradually over 6 to 12 hr after load-
ing, eventually leveling off and not showing much de-
crease. The strains in the tensile reinforcement typically
peaked within 2 to 3 hr of loading and then decreased
significantly with time (up to 50 percent loss), stabiliz-

Table 5 — Results of Type |l tests at time of peak restraint force

o v 1 ’

TEST F T T, | AT, |t T | Ty | AT B o, o, 0. | €svt | Esbb| €sct | €scd

(kN) €c) | o) | ec) | (hr) | (°C) | (°C) | (°C) | (kN) | (mm) | (mm) | (mm) | (k€) | (ue) | (u€) | (u€)
PF1-D 3.17 17.7 15.2 |1 10.4 | 1.92 | 27.6 [ 15.4 9.7 7.10 | 0.067 | 0.095|-0.018 -20 80 10 90
PF1-E 3.05 14.9 14.8 | 21.2 | 2.26 | 35.4 {14.8 | 20.5 | 10.66 | 0.181| 0.188 |-0.008 -50 180 -50 30
PF1-F 3.09 16.2 14.8 | 30.9 | 2.56 | 46.1 | 14.7 | 30.1 [ 13.97 | 0.286| 0.275| 0.003 | -100 | 230 -70 50
PF1-G 3.04 14.6 14.9 | 40.9 | 2.42 | 54.1 |15.4 [ 39.0 | 16.05 | 0.358 | 0.329|-0.027 -120 | 340 -40 90
PF1-H 3.03 14.9 15.1 | 50.6 | 2.43 | 64.1 | 15.2 | 49.2 | 17.94 | 0.420| 0.390 |-0.006 -140 | 430 -70 80
PF1-l 3.02 14.8 13.8 | 59.8 | 2.47 | 72.6 |14.1 |57.6 | 19.83 | 0.515| 0.417 | 0.000 -150 | 480 -50 90
PF1-J 3.05 16.6 14.6 | 67.2 | 2.78 | 80.8 | 16.1 [ 62.8 | 21.93 | 0.616| 0.492|-0.002 | -200 | 530 -110 100
PF1-K 3.06 13.1 13.5 | 79.4 | 3.21 | 89.9 |16.1 | 74.4 | 25.64 | 0.766| 0.588 | 0.008 | -220 | 640 | -170 90
PF1-L 22.91 15.7 17.2 | 19.8 | 1.32 | 35.0 |17.9 [ 18.7 | 26.56 | 0.133 | 0.064 |-0.005 20 | 140 -20 160
PF1-M 22.85 16.3 15.1 | 40.3 | 1.67 | 55.4 | 14.7 | 39.5 | 30.10 | 0.304| 0.139| 0.001 -70 | 320 30 280
PF1-N 22.91 13.5 14.8 | 59.6 | 2.30 | 71.9 | 14.5 | 58.7 | 33.52 | 0.522| 0.135-0.002 -80 | 490 20 870
PF1-0 23.05 13.4 15.8 | 79.6 | 2.34 | 90.9 |16.4 |77.0 | 38.00 | 0.642| 0.308 |-0.001 -70 | 680 90 630
PF1-P 38.46 15.3 16.2 | 20.8 | 1.81 [ 35.6 |[17.0 | 19.5 | 40.80 | 0.187 | 0.071| 0.006 -60 | 130 -50 170
PF1-Q 38.19 13.6 16.1 | 40.8 | 1.45 | 53.2 [15.9 | 39.8 | 44.64 | 0.317| 0.119 -0.007 -90 | 210 50 340
PF1-R 38.36 14.0 15.3 | 60.4 | 1.73 | 72.6 | 15.8 | 58.0 | 45.90 | 0.462| 0.206 |-0.002 -110 | 360 30 N/A
PF1-8 39.11 17.0 16.7 | 77.6 | 2.05 | 92.5 | 17.9 | 74.2 | 50.06 | 0.639 | 0.296 0.018 | -110 | 460 60 N/A
PF2-B 3.72 16.3 17.3|11.3 {2.50 | 27.0 | 17.5 |10.5 9.83 | 0.060| 0.013 ;-0.004 -68 19 -62 23
PF2-C 3.60 16.3 15.6 | 15.9 | 2.60 | 31.3 |15.6 | 15.1 | 13.76 | 0.106 | 0.029 | 0.004 -95 29 -76 36
PF2-D 3.76 15.9 15.2 1 19.5 | 2.26 | 34.3 |16.1 [17.5 | 15.76 | 0.081| 0.018 | 0.011 -116 39 -89 38
PF2-E 3.83 17.4 15.8 | 26.0 | 1.91 | 41.8 | 16.3 | 23.9 | 20.06 | 0.102| 0.023 0.001 | -145 48 | -117 64
PF2-F 3.70 18.4 16.3 | 30.0 | 1.30 | 46.1 | 16.6 | 27.4 | 19.40 | 0.084| 0.014 | 0.001 | -1 38 42 | -107 99
PF2-G 3.89 16.4 15.7 | 36.7 | 1.96 | 50.4 {16.3 | 33.4 | 21.75| 0.159|-0.026 -0.001 { -180 54 | -108 633
PF2-H 3.59 13.0 13.6 | 42.3 | 2.34 | 52.8 | 15.0 | 38.4 | 22.84 | 0.232| 0.069 | 0.003 | -207 86 | -128 682
PF2-i 3.55 13.3 13.6 | 50.9 { 2.10 | 61.1 |14.8 | 46.6 | 25.46 | 0.268 | 0.089 0.003 | -234 | 117 | -128 779
PF2-J 3.59 14.4 14.8 | 60.0 | 2.34 | 70.8 | 15.7 | 55.5 | 26.73 | 0.411| 0.145| 0.004 | -257 | 240 -136 883
PF2-K 3.54 15.4 13.6 | 72.2 | 2.36 | 82.7 | 15.0 | 65.8 | 29.84 | 0.477| 0.185[-0.005 | -296 | 260 | -1 62 | 1016
PF2-L 3.64 13.1 12.5 | 80.7 | 2.69 | 88.7 | 14.1 { 74.1 | 30.63 | 0.589| 0.118| 0.002 | -327 | 299 -164 | 1046
PF2-M 29.55 13.9 16.5 | 21.2 | 1.43 | 33.8 {17.3 | 18.9 | 34.38 | 0.107|-0.058 | 0.002 -75 52 -15 215
PF2-N 29.53 15.8 13.6 | 40.8 | 1.38 | 53.2 {14.0 | 37.2 | 39.70 | 0.217{-0.013|-0.001 | -119 97 2 467
PF2-O 29.40 16.3 15.4 | 59.8 | 2.15 | 71.9 |{17.1 | 53.9 | 42.82 | 0.408|-0.116|-0.009 | -206 | 184 -4 634
PF2-P 29.47 18.5 158 | 78.3 | 2.38 | 88.8 |17.5 | 71.7 | 48.12 | 0.576|-0.037 | 0.002 | -241 249 -17 975
PF2-Q 44.06 14.4 16.0 | 21.5 | 1.73 | 35.0 | 16.9 | 19.7 | 48.83 | 0.141|-0.034 | 0.006 -78 56 -6 248
PF2-R 44.43 16.7 19.2 | 41.9 | 1.85 | 55.5 | 20.3 | 37.7 | 53.68 | 0.285|-0.081 | 0.002 | -141 118 18 624
PF2-S 44.29 18.7 19.1 | 59.8 | 1.96 | 74.6 | 20.8 | 54.2 | 54.68 | 0.412}-0.221| 0.002 | -181 158 | 128 | 8744
PF2-T 44.16 16.3 17.3177.9 | 2.37 | 88.9 |19.3 | 70.7 | 58.10 | 0.518|-0.339{ 0.007 | -249 | 206 | 191 969
PF3-C 4.03 15.1 16.2 | 11.0 | 2.23 | 25.3 [ 18.8 9.6 7.85 | 0.063| 0.021| 0.000 -71 19 -39 11
PF3-D 4.20 18.8 15.5 1 20.8 | 0.89 | 37.7 |15.6 | 18.8 | 11.98 | 0.062| 0.023 |-0.003 -89 24 -36 22
PF3-E 4.06 16.8 15.1 | 25.8 | 1.52 | 40.7 {15.8 | 23.3 | 13.15 | 0.133| 0.128 | 0.000 | -132 35 -60 25
PF3-F 3.85 15.8 16.6 | 31.0 | 2.17 | 44.9 {17.4 | 28.3 | 14.64 | 0.155| 0.270| 0.009 | -169 86 -79 31
PF3-G 4.00 16.2 15.9 | 40.9 | 2.34 | 54.7 |16.6 | 37.7 | 15.78 | 0.196| 0.432| 0.001 | -195 | 115 -94 32
PF3-H 4.34 14.5 14.0 | 52.0 | 2.61 | 63.5 |14.5 | 48.6 | 18.11 | 0.233| 0.677 | 0.003 | -249 | 550 | -123 44
PF3-| 3.96 14.7 14.4 { 61.9 | 2.86 | 73.0 [16.0 | 56.7 | 19.49 | 0.211| 0.748 | 0.002 | -287 | 619 | -143 50
PF3-J 3.86 13.9 14.5 | 70.9 | 2.61 | 80.3 |15.8 | 65.2 | 20.49 | 0.180| 0.741| 0.001 | -293 | 662 | -149 55
PF3-K 3.98 14.4 14.7 | 80.4 | 3.34 | 90.3 |17.9 | 72.6 | 21.41 | 0.281| 0.811| 0.013 | -356 | 701 | -180 57
PF3-L 21.4 13.2 10.9 | 22.3 | 1.65 | 33.7 |11.2 { 20.3 | 25.07 | 0.080| 0.192| 0.0086 -81 164 -41 24
PF3-M 21.4 14.4 13.5 | 40.5 | 1.44 | 51.5 |14.1 | 36.6 | 28.62 | 0.174| 0.302| 0.000 | -120 | 268 -50 38
PF3-N 21.5 13.1 13.0 | 60.5 | 2.17 | 69.7 |14.4 |55.1 | 31.81 | 0.304{ 0.517 |-0.002 | -216 | 428 -91 78
PF3-0 20.9 14.5 14.5 | 80.1 | 3.14 | 90.2 |15.7 | 74.4 | 35.00 | 0.533| 0.782|-0.004 | -318 | 580 | -147 123
PF3-P 33.4 13.4 13.0 | 22.3 [ 1.72 | 34.0 |14.1 |19.6 | 36.19 | 0.102| 0.164 | 0.012 -80 | 148 -34 23
PF3-Q 33.2 15.1 15.8 | 41.1 { 1.85 | 53.2 [15.8 | 38.2 | 39.48 | 0.208 | 0.337 | 0.005 | -141 302 -59 56
PF3-R 33.2 15.2 16.2 { 59.8 | 2.14 | 70.7 |17.3 | 54.3 | 40.90 | 0.260| 0.478 |-0.003 | -210 | 412 -83 75
PF3-S 32.6 15.9 16.0 | 79.2 | 2.40 | 89.7 |17.3 | 72.5 | 43.41 | 0.382 0.617 |-0.003 | -263 | 526 | -102 160
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ing after 24 hr [see Fig. 5(d)]. At low load levels, abrupt
changes occurred in the tensile reinforcement strain as
thermal loads were increased and cracking was initiated
[Fig. 5(d)]. However, in well-cracked sections, the
strains were less dependent on mechanical load levels or
on changes in crack conditions elsewhere in the struc-
ture. They were, however, still sensitive to the relative
stiffness of the component members of the structure, as
can be seen by comparing results for Tests PF2-L and
PF3-K (see Table 6). Strains induced in the compres-
sion reinforcement were less sensitive to cracking and
stiffness changes. These strains were aimost linearly re-
lated to the level of thermal load applied.

No leakage of water through cracks was observed
when the models were under load but with the rein-
forcement not yielded. At the conclusion of many tests,
some minor leakage was observed as the thermal loads
were removed and the compressive forces on the inside
faces were relieved. At advanced stages of loading of
PF2, where yielding of the reinforcement occurred at
the base of the column, significant leakage through the
cracks was observed.

Type Il tests
In Type I1I testing, the models were under a constant
thermal gradient of about 55 C (100 F). Lateral loads

Table 6 — Results of Type Il tests at test conclusion

o ’ [

TEST F, T T, | AT, t T T, | &Tg | F, o, oy Oc | €spr | Esbb | €sct| €sco

(kN) (°c) ©°C) [ CC)| (hr) | (°C) | (°C) | (°C) | (kN) | (mm) | (mm) | (mm) | (ue€) |(u€) | (ne)| (ue)
PF1-D 3.17 17.7 15.21 10.4| 24.0| 25.0 | 15.7 6.8 5.30 | 0.161| 0.122{-0.112 | -100 -70 | -100 10
PF1-E 3.05 14.9 14.8| 21.2| 24.0| 35.8 | 17.9 | 17.8 7.93 | 0.380| 0.201-0.105| -180 | 100 | -210 -100
PF1-F 3.09 16.2 14.8| 30.9| 24.0 46.5 | 22.3 | 22.9 9.00 | 0.500| 0.287{-0.120 | -150 100 | -150 -120
PF1-G 3.04 14.6 14.9| 40.9| 24.0| 54.6 | 25.2 | 29.7 | 10.92 | 0.726 | 0.326|-0.142 | -160 150 | -120 -40
PF1-H 3.03 14.9 15.1| 50.6| 24.0| 65.0 | 23.6 | 41.7 | 14.15 | 0.854 | 0.437(-0.106 | -220 220 | -210 -120
PF1-| 3.02 14.8 13.8| 59.8| 24.0| 73.7 | 23.4 | 49.4 | 15.21 | 1.038| 0.491|-0.094 | -230 260 | -220 -100
PF1-J 3.05 16.6 14.6 | 67.2] 24.0| 78.3 | 26.3 | 50.0 | 15.97 | 1.123| 0.548|-0.104 | -240 290 | -220 -120
PF1-K 3.06 13.1 13,5 79.4| 24.0| 91.1 [ 29.6 | 62.0 | 18.84 | 1.396| 0.650|-0.044 | -320 | 350 | -290 -170
PF1-L 22.91 15.7 17.2| 19.8| 24.0| 35.5 | 20.7 | 16.4 | 23.04 | 0.333 | 0.075|-0.035 -10 100 -50 160
PF1-M 22.85 16.3 15.1| 40.3| 24.0! 56.0 | 25.9 | 28.9 | 22.94 {-0.630 | 0.087-0.015| -160 | 140 | -140 120
PF1-N 22.91 13.5 14.8| 59.6| 24.0| 72.7 | 29.5| 44.4 | 25.18 | 0.994 | 0.059|-0.036 | -210 180 | -170 470
PF1-0 23.05 13.4 15.8| 79.6| 24.0( 92.4 | 31,5 63.4 | 27.78 | 1.399| 0.404|-0.043 | -310 | 370 | -190 290
PF1-P 38.46 15.3 16.2| 20.8| 24.0| 35.9 | 20.8 | 16.1 | 38.65 | 0.327 | 0.098|-0.015 -70 70 -80 90
PF1-Q 38.19 13.6 16.1| 40.8] 24.0| S4.1 | 24.2 | 32.4| 39.88 | 0.707 | 0.237|-0.026 ; -200 -30 | -140 120
PF1-R 38.36 14.0 15.3]| 60.4] 24.0| 73.9 | 27.4| 47.8| 40.45| 1.073| 0.338|-0.013 | -250 130 -90 N/A
PF1-S 39.11 17.0 16.7 | 77.6| 24.0| 93.9 | 34.0| 59.5| 45.88 | 1.299| 0.238|-0.014 | -260 | 220 -30 N/A
PF2-B 3.72 16.3 17.3 ] 11.3] 24.0( 27.5 | 17.9 | 10.7 9.10 | 0.194 | 0.060|-0.020 -61 16 -65 25
PF2-C 3.60 16.3 15.6 | 15.9| 24.0( 31.6 | 18.5 | 12.5] 10.23 | 0.219| 0.074) -0.051 -89 1 -74 24
PF2-D 3.76 15.9 15.2| 19.5|144.0| 35.1 | 20.3 | 14.1 | 10.21 | 0.263| 0.078|-0.050 | -114 10 -86 14
PF2-E 3.83 17.4 15.8| 26.0| 24.0| 42.8 | 21.5| 19.6 | 12.46 | 0.384| 0.112|-0.080 | -134 29 | -125 85
PF2-F 3.70 18.4 16.3| 30.0{ 24.0| 47.7 | 22.4 | 23.1 | 12.26 | 0.463 | 0.037|-0.109 | -144 22 | -141 570
PF2-G 3.89 16.4 15.7| 36.7| 24.0| 52.2 | 24.0 | 27.5| 12.24 | 0.581| 0.209|-0.097 | -177 61| -134 342
PF2-H 3.59 13.0 13.6 | 42.3|{168.0| 54.4 | 22.5| 32.4 | 11.55| 0.709| 0.249(-0.112{ -192 89 | -145 325
PF2-1 3.55 13.3 13.6 | 50.9| 24.0| 63.4 | 26.1 | 37.5| 14.08 | 0.792| 0.220|-0.062 | -232 | 144 | -170 388
PF2-J 3.59 14.4 14.8 | 60.0]/168.0| 73.6 | 25.9 | 48.2 | 14.94 | 1.074| 0.325|-0.126 | -231 197 | -176 478
PF2-K 3.54 15.4 13.6 | 72.2| 24.0| 86.0 | 28.4 | 55.8 | 19.16 | 1.235| 0.301|-0.060| -303 | 192 | -255 600
PF2-L 3.64 13.1 12.5| 80.7|144.0| 92.1 | 30.1 | 61.4 | 16.65 | 1.381| 0.228|-0.026 | -165 | 210 | -220 509
PF2-M || 20.55| 13.9 | 16.5| 21.2| 24.0| 34.9 | 22.2| 15.4| 29.80| 0.341| 0.006|-0.023| -82| 15| -47] 28
PF2-N 29.53 15.6 13.6| 40.8| 24.0| 55.7 | 23.3 | 30.4| 31.87| 0.703| 0.103]| -0.048| -156 69 -79 145
PF2-0 29.40 16.3 15.4| 59.8| 96.0| 75.4 | 30.8 | 43.7 | 32.19| 1.042| 0.003| -0.095] -182 | 116 -7 183
PF2-P 29.47 15.5 1581 78.3| 24.0| 92.8 | 33.5| 59.5| 38.87 | 1.352| 0.162| -0.024| -220 | 166 | -168 532
PF2-Q 44.06 14.4 16.0 | 21.5| 24.0( 35.7 | 20.4 | 16.9( 45.30 | 0.369| 0.030| -0.032 -87 34 -48 105
PF2-R 44 .43 16.7 19.2 41.9| 24.0| 57.8 | 26.7 | 33.7| 47.51( 0.748| 0.082| -0.064| -158 { 127 -70 295
PF2-S 44.29 18.7 19.1| 59.8| 12.0| 77.7 | 31.1| 47.0| 49.81} 0.983|-0.135| -0.008| -222 | 109 4110,070
PF2-T 44.16 16.3 17.3}| 77.9] 24.0| 93.1 | 35.8 | 58.3| 47.46 | 1.299|-0.214|-0.038| -316 | 113 39 570
PF3-C 4.03 15.1 16.2] 11.0| 24.0| 25.7 | 18.9 8.0 6.41| 0.100( 0.053| -0.019 -70 8 -40 1
PF3-D 4.20 18.8 15.5]| 20.8{144.0| 39.7 | 18.3 | 18.0 7.95( 0.303| 0.318| -0.040 | -121 8 -65 8
PF3-E 4.06 16.8 15.1| 25.8| 24.0( 41.9 | 21.4 | 18.9 8.62 | 0.251| 0.308; -0.049 | -146 66 -83 -10
PF3-F 3.85 15.8 16.6 | 31.0| 24.0| 46.2 | 22.3 | 24.7 | 10.17}| 0.274| 0.356|-0.044 | -180 { 101 -99 2
PF3-G 4.00 16.2 15.9| 40.9(144.0] 56.1 | 24.3 | 31.4 8.56 | 0.376| 0.604{-0.076| -188 | 436 | -114 -6
PF3-H 4.34 14.5 14.0 | 52.0| 24.0| 65.3 | 22.3 | 42.7 | 11.94 | 0.404| 0.695|-0.078 | -275 | 346 { -156 8
PF3-i 3.96 14.7 144 61.9| 72.0| 75.0 | 24.5| 50.2| 12.16 | 0.402| 0.675|-0.068| -284 | 359 | -171 12
PF3-J 3.86 13.9 14.5| 70.9| 24.0| 83.3 | 27.6 | 56.4 | 13.90 | 0.474| 0.690|-0.062| -207 | 376 | -202 -2
PF3-K 3.98 14.4 14.7 | 80.4(168.0| 93.1 | 30.9 | 62.4 | 11.79| 0.512| 0.923|-0.076{ -292 | 343 | -163 33
PF3-L 21.4 13.2 10.9| 22.3| 24.0| 34.1 | 16.4 | 15.4 22,06 0.187] 0.165|-0.013| -105 64 -68 9
PF3-M 21.4 14.4 13.5| 40.5) 24.0| 54.1 | 22.2 | 31.0| 24.18| 0.376| 0.321{-0.013| -195 | 124 | -116 35
PF3-N 21.§ 13.1 13.0| 60.5/168.0| 72.3 | 28.2 | 44.0 ) 23.85 | 0.652} 0.375|-0.040 | -293 | 112 | -142 20
PF3-0 20.9 14.5 14.5| 80.1} 24.0| 92.8 | 30.4 | 62.3 | 30.16 | 0.879| 0.751|-0.001| -382 | 325 | -201 45
PF3-P 33.4 13.4 13.0} 22.3| 24.0| 35.0 | 19.5| 15.1 | 34.33 | 0.196 0.137| 0.024 | -109 55 -63 -9
PF3-Q 33.2 15.1 158 41.1]| 24.0| 55.1 | 23.9 | 32.0| 36.71| 0.372} 0.315{-0.013| -209 | 136 -113 16
PF3-R 33.2 15.2 16.2 ] 59.8/168.0| 73.8 | 29.6 | 45.2 | 35.92 | 0.538| 0.362(-0.021| -297 | 144 | -123 20
PF3-8 32.6 15.9 16.0 | 79.2| 24.0| 93.5 | 32.0| 61.5| 38.85| 0.826 | 0.688(-0.014| -370 | 358 | -190 49
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Fig. 5§ — Typical response observed in Type Il test
270

applied to the columns were progressively increased
until the ultimate capacities of the specimens were ex-
ceeded (see Fig. 8).

The deformation of the structure was linear with ex-
ternal load until yielding of the reinforcement oc-
curred, either in the beam (Test PF1-U) or in the col-
umn (Test PF2-U). Thereafter, response was essentially
plastic with a minimal increase in load capacity due to
strain hardening. Both the preyield stiffness and the ul-
timate load capacity were approximately equal to pre-
dicted values using standard cracked-section anlayses.

The presence of a thermal gradient did not appear to
affect the structural response in any way, other than
possibly reducing by a minimal amount the yield
strength of the reinforcement. However, the models
were statically determinate in the Type III tests, with no
possibility for redistribution of forces. It is likely that
thermal gradients would have a more significant influ-
ence on the ultimate conditions of an indeterminate
structure.

There was no leakages of water through the struc-
tural cracks as the mechanical load was applied. When
the mechanical load was removed, but the thermal gra-
dient was still present, some minor leakage occurred.
The highest leakage rate observed was estimated to be
approximately 0.015 ¢/hr (6.6 x 10° gpm) through a
single crack. After the model had cooled to room tem-
perature, the leakage rate increased dramatically to as
high as 0.10 ¢/hr (0.44 x 10° gpm). Note, however,
that the interior surfaces were essentially uncracked due
to the nature of the loading conditions imposed. If the
models were to experience loads resulting in reverse
flexure, it is anticipated that the leakage would be sig-
nificantly greater.

DISCUSSION OF TEST RESULTS

The most critical time in the response of the models
to thermal loads was found to be shortly after the load
was imposed. Primary stresses in the concrete, restraint
forces in the members, strains in the tensile reinforce-
ment, deflections of the structure, and crack widths all
attained peak values within a short time (2 to 3 hr) af-
ter the thermal load had been applied, even though the
thermal gradient through the depth of the structural
members was still highly nonlinear. In the time re-
quired for steady-state conditions to be achieved (and
hence, for the gradient to become linear), a significant
degree of relaxation occurred. Thus, the definition of
an effective thermal gradient should be primarily based
on changes in near-surface temperatures, with not so
much emphasis given to internal steady-state condi-
tions.

The magnitude of restraint forces induced in the
models under the various test conditions cleariy indi-
cated the importance of several factors commonly
overlooked. First, there was a gradual transition from
uncracked to cracked section response, arising from
tension-stiffening effects in the concrete after cracking.
To assume cracked-section stiffness in determining re-
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Fig. 6 — Progression of cracking observed in Mode! PF3

straint forces induced from thermal loads would result
in a significant underestimation of these forces. Sec-
ond, the forces developed at a particular location de-
pended on overall structural behavior, that is, on the
relative stiffness changes that occurred in all structural
members due to progressive cracking and yielding.
Analyzing a section’s response in isolation by consid-
ering fixed-end conditions could result in either an over-
or underestimation of force. Third, simultaneously act-
ing mechanical loads were also significant in that they
too impacted on the relative stiffness of components in
the structure. The effects of thermal loads and me-
chanical loads are interdependent and cannot be ana-
lyzed separately. Finally, adding more reinforcement in
a reinforced concrete structure serves to increase the
thermal forces developed, rather than alleviate stresses
as would be intended. To reinforce heavily some mem-
bers can lead to overstressing in other regions of the
structure. All these factors indicate that the restraint
forces developed at a particular section or member are
significantly influenced by conditions throughout the
structure. A proper analysis must consider overall
structural response to combined thermal/mechanical
loads, giving adequate attention to tension-stiffening
effects and force redistributions.

The high thermal and mechanical loads imposed in
Tests PF2-S and PF2-T resulted in severe cracking and
yielding in a localized area of the test specimen (at the
base of Column C2). These results clearly showed that
under certain conditions concentrated damage due to
thermal deformation can occur in weaker regions of a
structure. The damage can include excessively high
straining or yielding of the reinforcement, large crack
widths, and the formation of leakage paths. This dam-
age will occur despite a minimal increase in restraint
force accompanying the thermal loads. Hence, as when
analyzing restraint forces, the deformations at a partic-
ular point in a structure can only be properly assessed
by considering the overall structural response. An iso-
lated section analysis assuming fixed-end conditions is
inadequate, because under thermal loading, stiffer
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Fig. 7 — Influence of loading rate on Type II test re-
sponse

Fig. 8 — Model PF2 prior to Type III testing

members may impose concentrated deformation on
weaker members in an indeterminate structure.

A significant relaxation in restraint forces was ob-
served over periods of time as short as 24 hr. Fig. 9
shows the force relaxations observed in the Type II
tests, plotted against temperature. The restraint force
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Fig. 9 — Influence of thermal creep on restraint forces

ratio (RFR) plotted is the percentage change in the
thermally induced restraint force, relative to the peak
force attained, divided by the percentage change in the
thermal gradient over the same period. The tempera-
ture plotted is the inside water temperature. Fig. 9(a)
shows the relaxation observed in Type II Series tests
(tests with low preload in the tie-rods), measured at the
end of 24 hr. Fig. 9(b) gives the relaxations observed in
Series II and III tests (tests with moderate and high
preload in the tie-rods, respectively), also measured at
the end of 24 hr. Fig 9(c) shows the results for tests ex-
tended beyond 24 hr; the data points represent the ra-
tio at the conclusion of the test, and the lines represent
the changes from the 24-hr readings. In the Series I
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tests, the mean value of the restraint force ratio at the
end of 24 hr was 0.701. The extent of relaxation ap-
peared to be fairly uniform across the range of temper-
atures considered, perhaps being slightly more promi-
nent in the 40 to 60 C range. Thus, in the tests where
the forces present were primarily from thermal load-
ing, about a 30 percent decay in forces was observed in
the first 24 hr. In the Series II and III tests, the greatest
degree of force relaxation was observed at lower tem-
peratures, where the thermal restraint forces were rela-
tively small compared to the coexisting mechanical
forces. Here, the relaxation in the first 24 hr was up to
100 percent. As the ratio of thermal to mechanical
force increased at higher temperatures, the RFR in-
creased to about the 0.50 level. Thus, in tests with rel-
atively large mechanical-load-induced forces, relaxa-
tions in thermal-induced forces in excess of 50 percent
occurred over the 24 hr (Note: In tests where only me-
chanical preloads in the tie-rods were present [i.e., no
thermal load], virtually no decay in force was apparent
when monitored up to 7 days.) In Fig. 9(c), a signifi-
cant further relaxation in thermal-restraint force is seen
in the time from 24 hr to 7 days. At 24 hr, the mean
value of the RFR was 0.611; at the conclusion of the
tests (typically 168 hr), it was 0.486. Hence, a further
10 to 15 percent decay occurred. By the end of 7 days,
the forces had appeared to stabilize. In addition to re-
laxation of force, large residual deflections were mea-
sured in the models upon removal of load. Both obser-
vations point to thermal creep as being a significant
factor in influencing short-term response.

Evidence of concrete swelling was clearly observed
during the test program. Concrete test cylinders with
embedded strain gages placed inside the tank of each
model typically began to show signs of progressive
straining, (i.e., swelling) when temperatures reached
60 C (140 F). The swelling continued thereafter during
both the heating and cool-down periods, resulting in a
residual strain of up to +250 ue. Inspecting the cylin-
ders revealed no visible internal or external cracks. This
swelling effect was manifested in the test models by re-
sidual outward deflections of the columns of approxi-
mately 3.5 mm after the first thermal-load cycle of the
Type I tests. Additional permanent deformation due to
subsequent thermal-load cycles was minimal. Thus,
while swelling of concrete under high temperature and
moisture conditions appears to be an important factor,
additional data are required before more definitive
conclusions can be made.

Skin effects were also found to be significant. The
outside surfaces of the test models were exposed to am-
bient air conditions, with several large circulating fans
blowing directly onto the surfaces. Yet, significant in-
creases in outside surface temperatures were observed.
With an ambient air temperature of 15 C (50 F) and an
inside water temperature of 95 C (203 F), for example,
the outside surface temperature stabilized at about 35 C
(95 F) after 18 hr. Thus, a thermal load of 80 C (144 F)
resulted in a final thermal gradient through the struc-
ture of 60 C (108 F), although transient thermal gra-
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dients as high as 75 C (135 F) were recorded shortly af-
ter load application. Hence, the influence of skin ef-
fects should not be overlooked in an analysis. (Note:
The skin effect on the inside surface, where the contact
medium was water, was much less; typically 1 to 2 C.)

THEORETICAL PREDICTIONS OF RESPONSE

An analysis procedure was developed to predict the
response of reinforced concrete plane frames subjected
to thermal loads (see Reference 7). The computer-based
procedure essentially involves a total-load, iterative, se-
cant-stiffness approach to nonlinear frame analysis. It
incorporates realistic constitutive relations for the con-
crete and reinforcement and allows for the considera-
tion of thermal creep, nonlinear thermal gradients, and
previous load history. The combined effects of both
thermal and mechanical loadings can be analyzed, with
the thermal load effects including a consideration of
both primary and continuity thermal stresses.

The analytical procedure was found to predict accu-
rately the restraint forces developed in these tests. Con-
sider, for example, the results for Model PF3. Fig. 10
shows the restraint forces measured during Series I, II,
and III tests of the Type II test program. The corre-
sponding ‘‘theoretical’’ values obtained using the pro-
cedure described are also shown. (Note that predictions
were based on thermal conditions corresponding to the
peak thermal gradient observed.) In the Series I tests
(i.e., low preloads in tie-rods), where the model was in
the initial stages of cracking, the theoretical predictions
of force are slightly higher than the observed experi-
mental values. This initial overestimation of stiffness
may be attributable to internal cracking sustained by
the model during Type I testing, which is not ac-
counted for in the theoretical predictions. In the Series
II (moderate preload) and Series III (high preload)
tests, the theoretical procedure results in slightly low
predictions of restraint force. In general, however, both
the pattern and the magnitude of the restraint forces
are accurately predicted. Predictions of restraint force
were also made using ACI-recommended procedures,’
based on Branson’s formula, an empirical relationship
for effective stiffness. The predictions obtained for
Model PF3 are shown by the ‘‘empirical’’ curves in Fig.
10. Note that these relationships generally underesti-
mate response, but nevertheless provide a reasonable
approximation. Predictions based on uncracked section
stiffness or fully cracked section stiffness, also shown
in Fig. 10, typically result in significant error.

For the 52 Type Il tests performed, the ratio of ex-
perimental to theoretical restraint force had a mean of
0.905 and a coefficient of variation of 13.6 percent. If
the Series I tests performed on Specimen PF1 are omit-
ted (because their results likely were influenced by the
preceding Test PF1-C), the mean for the remaining 44
tests then becomes 0.936 with a coefficient of variation
of 10.9 percent. The forces were equally well predicted
at all levels of thermal gradient. The tendency to
slightly overestimate force in the Series I tests is likely
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Fig. 10 — Restraint forces in Model PF3 Type II test

related to the tension-stiffening formulation used being
somewhat too stiff, as well as to the effects of pre-
cracking sustained during Type I tests.

The correlation between predicted and observed de-
formations in the beam were examined. For the Type II
tests, the ratio of experimental to theoretical deflection
at the beam midspan showed considerable scatter with
a mean of 0.887 and a coefficient of variation of 53.9
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percent. However, it must be noted that the beam de-
flections in the restrained models were very small (typ-
ically less than 0.5 mm), extremely sensitive to the
progession of cracking throughout the structure, and
strongly influenced by time-related effects (i.e., ther-
mal creep). In Type I tests, deflections were much more
accurately predicted (mean 1.032, coefficient of varia-
tion 2.9 percent). The beam elongations, although in-
fluenced by cracking, did not depend to any great ex-
tent on the overall structural interactions. Hence, the
ratio of experimental to predicted deformation in this
sense was much less scattered, with a mean value of
1.049 and a coefficient of variation of 16.6 percent.

The ability of the theoretical model to predict strains
in the reinforcing bars was also examined. The strains
in the top (compression) bars were reasonably well pre-
dicted, with the ratio of experimental to theoretical
values having a mean of 0.974 and a coefficient of
variation of 26.8 percent. In the bottom (tensile) rein-
forcement, the scatter was more prevalent with corre-
sponding values of 0.858 and 50.4 percent. Large
amounts of scatter in the strain readings are expected
because of the stochastic nature of cracks forming in
the concrete. Strains in reinforcing bars are signifi-
cantly higher at crack locations than they are in regions
between cracks. Strain gages measure localized strains,
and thus are sensitive to crack location. The strains
computed in the theoretical analyses, on the other
hand, represent average values. Further, the experi-
mentally derived strains are subject to error in the fac-
toring out of the relatively large thermal-strain compo-
nent.

A simple model for thermal creep, based on a rate
process theory and using a formulation proposed by
Marechal,’ was implemented into the analytical proce-
dure. Analyses were conducted to determine if the re-
laxation in restraint forces observed in the Type II tests
could be adequately accounted for on this basis. The
creep formulation used accounted for only a small por-
tion of the relaxation observed. An improved formula-
tion that takes into account the influence of stresses
acting in the concrete appears necessary.

CONCLUSIONS

The test program successfully provided an extensive
database for calibrating theoretical procedures for the
analysis of reinforced concrete stuctures under thermal
loads. Observations or conclusions arising from the
program include the following:

1. Thermal loads imposed on a reinforced concrete
structure can induce significant levels of deformation,
stressing, and cracking. Where present, thermal loads
should be expressly considered in the analysis and de-
sign of a stucture.

2. The internal forces induced in a structure by ther-
mal loads are heavily dependent on structural stiffness.
Accordingly, factors such as relative member dimen-
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sions, reinforcement details, coexisting mechanical
load, concrete tensile strength, and concrete tension
stiffening effects have a great influence and should be
considered.

3. The force and deformation developed at a partic-
ular location in a structure are affected by the overall
structural response to the thermal loads. Thermally in-
duced deformations tend to concentrate at weaker re-
gions in the structure and can result in excessive crack-
ing, yielding, and development of leakage paths.

4. The primary thermal stresses induced in an unre-
strained structure can be sufficient to cause internal
cracking. This effect can subsequently influence struc-
ture stiffness or the development of leakage paths.

5. The forces, strains, and deformations arising from
thermal loads tend to be greatest shortly after the peak
thermal loads are achieved, regardless of the nonline-
arity of the thermal gradient through the structure.
Hence, the difference in temperature between opposite
surfaces is the dominant factor.

6. Thermal creep resuits in a significant relaxation of
internal restraint forces in as short a time as 24 hr.
Large permanent deformations can also result.

7. The ductility and ultimate load capacity of a rein-
forced concrete section is not significantly affected at
temperatures lower than 100 C. The material properties
of the concrete and reinforcement can be assumed to be
unchanged. However, swelling of the concrete can be
triggered by moderately high temperatures and high
moisture conditions.

8. The short-term response of structures to thermal
loads can be predicted accurately using nonlinear
frame-analysis procedures. Aspects of response such as
restraint forces, cracking, deflections, and reinforce-
ment stresses can be computed reasonably well.

9. Analyses based on an effective stiffness formula-
tion using ACI-recommended procedures provide rea-
sonable predictions in lieu of more rigorous nonlinear
analyses.

10. Analysis procedures based on uncracked or fully
cracked conditions are inadequate. Also, procedures
based on a section analysis only cannot account for
load redistributions or deformation concentrations
which can be significant.
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NOTATION
A, = cross-sectional area of bottom longitudinal reinforcement
A’ = cross-sectional area of top longitudinal reinforcement

A, = cross-sectional area of shear reinforcement
b = width of member cross section
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position of bottom longitudinal reinforcement
position of top longitudinal reinforcement
restraint force in tie-rods at time ¢

= initial restraint force in tie-rods

peak restraint force in tie-rods

depth of member cross section

spacing of shear reinforcement

time elapsed from time of thermal loading

initial inside surface temperature

inside surface temperature at time ¢

initial outside surface temperature

outside surface temperature at time ¢

thermal gradient (7, = T/ = T,)

peak thermal gradient

inside (water) temperature

outside (air) temperature

axial elongation of beam member

deflection of beam at midspan (downward positive)
relative deflection of columns at tie-rods (outward positive)
strain in beam bottom reinforcing bar at midspan
strain in beam top reinforcing bar at midspan
strain in column outside reinforcing bar at base
strain in column inside reinforcing bar at base
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