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A simple analytical procedure is presented that enables accurate pre-
diction of the response of reinforced concrete plane frames to ther-
mal and mechanical loads. The formulations given allow standard
linear elastic procedures to be used in a nonlinear mode by incorpo-
rating secant stiffness factors and an iterative solution process. Rig-
orous section analyses, using a layered approach, are performed in
determining effective member stiffnesses. Influencing factors such as
nonlinear material stress-strain response, tension stiffening effects,
membrane action, thermal creep, load and time history, nonlinear
thermal gradients, and material properties at elevated temperatures
can be taken into account using appropriate models. Preliminary test
results are compared to predictions obtained from the proposed pro-
cedure, and good agreement is obtained. Aspects pertaining to the
application and performance of the method are aiso discussed.
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Many reinforced concrete structures are exposed to
thermal loadings, whether through design or as a con-
sequence of unavoidable conditions. These thermal
loads can be the result of ambient conditions, heat of
hydration, service function, or fire (see Fig. 1). They
can, in some instances, represent the most critical load-
ing condition'? and must be expressly considered in the
design of the structure.

A reinforced concrete structure subjected to thermal
loads will develop stresses as a result of restrained ther-
mal expansion. In continuous structures, two compo-
nents of thermal stress can be identified: primary ther-
mal stresses and continuity thermal stresses.'! Primary
thermal stresses are induced in a section where a non-
linear thermal gradient exists. Self-equilibrating across
the section, they arise from the incompatibility between
the two requirements that plane sections remain plane
and that unstressed fibers expand by an amount pro-
portional to the local temperature rise [see Fig. 2(a)].
Continuity thermal stresses, on the other hand, are the
stresses induced in indeterminate structures as the re-
sult of restrained member deflections and rotations
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arising from thermal deformations [see Fig. 2(b)]. In
most instances, continuity thermal stresses are of
greater magnitude than primary thermal stresses and
play the major role in causing structural distress.?

The thermal stresses induced in reinforced concrete
structures are unlike most other mechanical stresses in
that they tend to be self-relieving to some extent. The
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Fig. 1 — Types of thermal loads and example situa-
tions
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magnitude of thermal stress induced is, in part, gov-
erned by the effective stiffness of the member. As
cracks develop and propagate within the concrete, the
effective stiffness of the member is reduced, thus caus-
ing a relaxation in the thermal bending moments. Be-
cause of this characteristic, conventional methods of
structural analysis are not directly applicable to ther-
mal loadings. However, various alternative methods of
analysis have been proposed; these will be reviewed
briefly.

Analytical methods for determining primary thermal
stresses in a reinforced concrete section are well estab-
lished. Priestley* developed a closed-form solution for
a general uncracked isotropic homogeneous section
subjected to an arbitrary vertical temperature distribu-
tion. He found excellent agreement between theory and
experimental results from a quarter-scale model of a
box-girder bridge. Thurston® modified the theory such
that it enabled the analysis of cracked sections. He too
was able to obtain excellent agreement between theory
and experimental results. Alternative methods have
been described by Freskakis® and Pajuhesh.® In gen-
eral, all of the methods are reasonably simple and fun-
damentally sound. They are not restricted by a need for
simplifying assumptions regarding tensile strength,
temperature distributions, or other behavioral charac-
teristics.

Various analytical methods have also been proposed
for the analysis of continuity thermal stresses in rein-
forced concrete frame structures. The methods pro-
posed by Mentes, Bhat, and Ranni,” Thurston,’ Kar,*
ACI Committee 349,° and Gurfinkel' are among the
more accepted procedures. In general, these analytical
methods attempt to account for reduced member stiff-
ness when determining moment distributions within a
thermally loaded frame. However, owing to the com-
plexity of the problem, the methods tend to be compli-
cated and/or rely on simplifying assumptions. Many do
not adequately account for such factors as concrete
tension, tension-stiffening effects after cracking, me-
chanical load interactions, nonlinear thermal gradients,
or nonuniformly cracked members. Any one of these
factors may severely compromise the ability to make
accurate predictions in some cases. Not surprising, the
methods yield radically differing results.” Apart from
Thurston’s, which appears to be the more rigorous and
accurate as well as the most complex, little experimen-
tal data is provided to corroborate the proposed meth-
ods.

In this paper, an alternate computer-based procedure
is presented for the analysis of reinforced concrete
frames subjected to thermal loads. The method is not
restricted by any particular set of simplifying assump-
tions. It is distinct from previously proposed methods
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Fig. 2 — Types of thermal stresses: (a) primary thermal
stress; (b) continuity thermal stress

in that it utilizes section analysis procedures that can
take into account nonlinear material response and time-
and temperature-dependent effects.

OVERVIEW OF PROPOSED ANALYTICAL
PROCEDURE

The analytical procedure proposed essentially in-
volves a total load, iterative, secant stiffness approach
to nonlinear frame analysis. The computer-based
method incorporates realistic constitutive relations for
the concrete and reinforcement, and it allows for the
consideration of thermal creep, nonlinear thermal gra-
dients, and previous load history. The combined ef-
fects of both thermal and mechanical loadings can be
analyzed, with the thermal load effects mcludmg both
primary and continuity thermal stressing.

A linear elastic frame analysis is initially performed,
using uncracked gross section properties, to determine
a first estimate of the resultant internal member forces
arising from the thermal and mechanical loads im-
posed. Each member, at various sections along its
length, is then analyzed for its nonlinear sectional be-
havior in terms of axial force-elongation and moment-
curvature response. Effective secant stiffness factors are
determined from the section analyses. These stiffness
factors are used first to reevaluate the fixed-end mem-
ber forces arising from the imposed loads. Second, they
are used to redefine the global stiffness matrix for the
structure. A linear elastic reanalysis of the frame is
performed using the modified stiffness factors and
member end-actions, and revised force resultants are
determined. The process is repeated, in an iterative
manner, until all stiffness factors converge to constant
values, at which point final forces, displacements,
stresses, and strains can be computed.

A simplified flowchart for the procedure is given in
Fig. 3. A preliminary computer code based on this pro-
cedure, program TEMPEST, is documented in Reference
12. The elastic plane frame analysis routine used as a
basis for the procedure is that described by Gere and
Weaver in Reference 13.
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Fig. 3 — Algorithm for proposed analytical procedure
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SECTION ANALYSIS

Response of each reinforced or prestressed concrete
section to thermal and mechanical loads is determined
using a layered analysis. In this method, the section is
discretized into a number of concrete layers, reinforc-
ing bar elements, and prestressing steel elements, and
each is analyzed separately (see Fig. 4). Temperature,
strain, and stress are determined at the middepth of
each component, and a numerical integration of the re-
sulting moments and forces is then performed. The
analysis employs a convergence procedure satisfying the
criteria that plane sections remain plane and that equi-
librium of forces be maintained across the section. The
solution algorithm used is summarized in the Appendix.

The plane section hypothesis permits the calculation
of longitudinal strain in each element of concrete, rein-
forcing steel, and prestressing steel as a function of the
top and the bottom fiber strains. Stresses in these com-
ponents are then calculated from the longitudinal
strains using appropriate constitutive relations. The ef-
fects of shear and transverse strains are ignored. Esti-
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mates of the top fiber strain and the bottom fiber strain
are adjusted until the following two equilibrium condi-
tions are met

P=;fd~bi.hj-+;f;i.Aﬂ (1)

M = Z .fa bi ' hi : @_yci)
,: 2)
+ . —forAqr =Yy
where
m, n = number of concrete layers and reinforcing bar
elements, respectively
b, h = width and depth of a concrete layer
A, = cross-sectional area of reinforcing steel
¥. = distance from top fiber to center of concrete
element
A = distance from the top fiber to center of rein-

forcing steel element

ACI Structural Journal / November-December 1987



(a) Concrete in
Compression

(b) Concrete Tension
Prior to Cracking

cr Yy c

(d) Reinforcing Steel

(c) Concrete Tension
Post-Cracking

Fig. 5 — Constitutive relations for concrete and reinforcement
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In analyzing a member’s response to {oad, a compat-
ible strain condition is sought that will satisfy section
equilibrium according to the governing constitutive re-
lations. The relations currently used account well for
the nonlinear response of reinforced concrete.

The constitutive relation for concrete in compres-
sion, shown in Fig. 5(a), is the simple parabolic expres-
sion proposed by Hognestad, as follows

re-n (- e

where
€. = strain in the concrete
€, = strain at maximum compressive stress
(= — 0.002)
f. = stress in the concrete
" = maximum compressive stress

Note that the concrete strain e, is that portion of the
total strain that causes stress. Thermal strain and creep
strains are subtracted from the total strain to determine
€.

For concrete in tension [Fig. 5(b)], where the con-
crete strain does not exceed the tensile cracking strain,
the concrete tensile stress is computed from the follow-
ing relations

fo=E e 0<e<e, 4
Jer
[ i 5
€ E. &)
21
E = 2 (6)
EO
where
¢, = cracking strain
E. = modulus of elasticity
f., = tensile cracking strength of concrete
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If the concrete strain exceeds the cracking strain and
tension stiffening effects are ignored, then the concrete
tensile stress is taken as zero. However, in the normal
case where tension stiffening effects are considered, the
constitutive model utilized is

1
—_— 7
1 + ¥200 e, ™

subject to the condition that combined concrete and
steel tensile forces do not exceed the steel yield force
[see Fig. 5(c)].

Post-cracking tensile stresses are assumed to exist
only in that area of concrete that is defined as the ef-
fective embedment region for a reinforcing bar. This
region should not exceed the area of a square whose
sides are 7.5 times the reinforcing bar diameter. Reduc-
tions in the area due to overlapping embedments and
proximity to edges of the section must be taken into
account.

For reinforcing steel, a bilinear stress-strain relation-
ship is employed as shown in Fig. 5(d), and perfect
bond between the reinforcement and the concrete is as-
sumed. Strain-hardening effects are ignored. Thus, the
constitutive relations are as follows

fo=Jto-

fLi=Ees|f] <, (8)
€ = € 9)
where
¢, = strain in the reinforcement
E, = modulus of elasticity of steel
f, = stress in the reinforcement
Jf, = yield stress of the reinforcement

Similar relations are used for prestressing steel com-
ponents, except that the locked-in prestressing strain
Ag, is taken into account as described in Eq. (10)

€ = € + Ae, (10)

Strength, stiffness, and other physical properties of
concrete and of reinforcing steel are significantly af-
fected at elevated temperatures. Hence, the analytical
procedure is structured to take strength-temperature
dependence into account when determining a section’s
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Fig. 6 — Material properties at elevated temperatures

response to load. The exact nature of the influence is
much debated and still in need of further research. The
relationships currently employed are depicted in Fig. 6.
For members under thermal load, nonlinear tran-
sient temperature profiles are determined using stan-
dard one-dimensional heat flow principles. The tem-
perature at the mid-depth of each concrete, reinforcing
bar, and prestressing steel component of the section is
determined using the following governing equation

) U I A
i T,=T +(T,-T)xH+ =, *
n=1
N ( [T, cos (nw) — T,] — [T} cos (nw) — T!]
n
X sin (”—mf) exp (;kn%r%‘)
H . (11)

H = depth of the member
x = distance from the bottom surface to midpoint of

element /
T, = temperature at midpoint of element /
T, = temperature at the bottom surface

T, = temperature at the top surface

| = initial temperature at the bottom surface
T, = initial temperature at the top surface

t = elapsed time

k = thermal diffusivity of concrete
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Fig. 7 — Strain conditions used in calculating effective
stiffness factors and fixed-end forces

EFFECTIVE STIFFNESS FACTORS AND FIXED-
END FORCES

Secant stiffness factors are evaluated for a given
member under a specific load condition by examining
that member’s cross-sectional strains both with and
without the loads acting. Strain conditions are deter-
mined by considering the equilibrium and compatibility
requirements discussed previously.

Fig. 7 illustrates the strain values used in computing
member stiffness factors. Under the action of thermal
load AT, axial load P, and end moment M, the sec-
tion’s centroidal fiber strain is € and the curvature is ¢.
Under thermal load alone, the centroidal fiber strain
and the curvature are €’ and ¢', respectively. Given
these values, the effective stiffness factors are evalu-
ated using the following relations

P
A = —— 12
¢ E (e-€) (12)
and
M
ILL=———""— (13
Ec * (¢ - ¢ ) )
where
A, = effective axial stiffness
I, = effective flexural stiffness

E. = modulus of elasticity of concrete [from Eq. (6)]

It is recognized that the two factors are not com-
pletely independent, but that € is affected by the mo-
ment M and that ¢ is affected by the axial load P.
However, this is not a concern since the two factors,
when used together, will return the correct values for
top and bottom fiber strains and thus represent the true
strain conditions in the members. This would not be
acceptable if an incremental load and tangent stiffness
approach were being used.

In most elastic frame analysis programs, fixed-end
forces are determined solely from the magnitude of the
applied loads and from the lengths of the members on
which they act. The fixed-end forces are then used to
define a load vector, as discussed in Reference 13. A
global stiffness matrix is assembled and inverted, and
final deflections and force distributions are then calcu-
lated directly. Unfortunately, this direct method can-
not be used for a nonlinear thermal load analysis.
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Thermal fixed-end forces depend greatly on the effec-
tive stiffnesses of the members; as stiffnesses change, so
should the thermal fixed-end forces. Thus, it is neces-
sary to reevaluate thermal load fixed-end forces during
each iteration of the solution process.

The relations used to determine these forces are also
illustrated in Fig. 7. Having calculated effective stiff-
ness factors for a member at a particular load level, the
thermal load fixed-end forces are checked by examin-
ing initial strain and free thermal strain conditions. If
the member’s initial centroid fiber strain and curvature
are €° and ¢°, and if under free thermal load the strain
conditions are €’ and ¢', then the fixed-end forces are
determined by the following relations

P,=A,-E - E —€) (14)
and

M, =1-E (¢ —¢°) 15)
where
P, = fixed end axial force due to thermal load
M, = fixed-end moment due to thermal load

Note that €° and ¢° will be equal to zero if the member
is not prestressed.

Member end-actions for prestressing loads are deter-
mined in a similar manner. Given the section strain
conditions €° and ¢° under free conditions, the pre-
stressed fixed-end forces are

P,=A,-E ¢ (16)
pr = Ie : Ec ‘ ¢° (17)
where
P, = fixed end axial force due to prestressing
M, = fixed-end moment due to prestressing

Again, these actions must be reevaluated during each
iteration because of the changing member stiffnesses.

To insure that axial strain compatibility is main-
tained — essential to a proper account of membrane
action — the concept of fixed-end forces is again uti-
lized. These forces are made to attain the values re-
quired to insure that the total axial elongation in a
member, determined from a summation of the average
axial strain over the length of the member, matches the
elongation determined from the end-joint deflections.
Thus

P, =P,+E A (- A/L) (18)
where
P, = fixed end axial force due to membrane action
P;, = fixed end axial force due to membrane action
determined from the previous iteration
A = relative deflection of the member end-joints in
the longitudinal direction
L = length of member
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It should be noted that the average axial strain € is de-
termined from a rigorous section analysis as previously
described. Also note that the force P,, is a correction
term meant to overcome any errors introduced by lim-
itations placed on the effective stiffness A, (e.g., in
some situations 4, could be computed as being nega-
tive, which is not permitted). In most situations, the
force P, will be of value close to zero.

ADDITIONAL FEATURES AND
CONSIDERATIONS

The primary advantage of the proposed method is in
its ability to perform rigorous analyses of reinforced
concrete members under thermal load by simpie modi-
fication of standard linear elastic frame analysis proce-
dures. The stress-strain relationships currently em-
ployed are more realistic than those utilized in most
other procedures, with the tension stiffening aspects
being perhaps the most crucial towards accurately pre-
dicting response. As improved constitutive relations are
developed, they may be incorporated into the proce-
dure without difficulty. This is also true of mathemati-
cal models for thermal creep and for changes in the
physical and mechanical properties of the materials at
elevated temperatures. Because sectional analyses are
performed in determining effective stiffness factors,
rather than relying on empirical formulation such as
Branson’s formula, it is possible to obtain complete
stress, strain, and temperature profiles for members
throughout the structure. This is in addition to the cus-
tomary displacements, reactions, and member end-ac-
tions obtained from frame analyses. Also, it affords the
ability to consider rigorously the combined effects of
primary thermal stresses, continuity thermal stresses,
prestressing, and mechanical loading simultaneously.
Most of the procedures previously discussed are defi-
cient in these respects.

The layered cross-sectional approach utilized allows
for the precise definition of frame member cross sec-
tions, including specification of irregular section ge-
ometry and multipositioning of reinforcement and pre-
stressing steel. Hybrid steel/concrete frames can also be
treated. Notable, too, is the ability to consider time-de-
pendent transient thermal load effects.

The cracking of concrete and yielding of reinforce-
ment sustained by a structural member under previous
loading will influence that member’s response to newly
applied loads. Or, in the case of thermal loading, the
damage sustained shortly after the application of load
will alter the member’s long-term response. These fac-
tors are taken into consideration by retaining crack his-
tories for each of the concrete layers and yield histories
for each of the reinforcing bar elements of each mem-
ber. The option of resetting uncracked and unyielding
conditions at any time exists.

Once a concrete layer is cracked, it remains cracked
regardless of the future strain conditions imposed. Di-
rect tension cannot be sustained in a previously cracked

layer although tension stiffening effects can be taken

into account. In the event of compressive strain, the
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Fig. 8 — Schematic representation of test model PF1

crack is assumed to close but not heal, and direct
compression is transmitted across the crack in the same
manner as in an uncracked layer.

For reinforcing and prestressing steel, any strain be-
yond the yield point is retained as an offset strain. This
offset is subtracted from the strain incurred during fu-
ture load cases to determine the acting stress. The mag-
nitude of the offset is redefined if further yielding oc-
curs.

During each iteration of the solution procedure, in-
ternal member forces are reevaluated according to the
effective stiffness factors determined from the previous
iteration. This procedure is continued until all member
stiffness factors converge to constant values. However,
if the resultant forces determined for a particular mem-
ber exceed that member’s ultimate load capacity, then
this solution procedure becomes unstable. Thus, it is
necessary to check that all members can sustain the
acting loads before an attempt is made to determine
strain response. Given the axial load acting on a partic-
ular member, an ultimate moment capacity can be
computed and checked against the acting moment. If
the acting moment exceeds the moment capacity, the
effective stiffness factors for that member are reduced
to those computed at ultimate load. In the reanalysis
that follows, if enough load is shed from the member
in question (due to reduced stiffness) to bring the re-
sulting moment to a level below the ultimate capacity,
then the regular solution procedure is resumed. If the
resulting moment still exceeds capacity, then failure of
the structure is assumed to have occurred.

APPLICATION AND PERFORMANCE
Discussed in Reference 12 is a sample problem solved
using a preliminary version of the procedure presented
here. A comparison of the elastic and inelastic solu-
tions is made in respect to force redistributions and in-
creased deflections — both found to be significant.
Considerations involved in applying the solution pro-
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cedure, as well as the convergence characteristics of the
procedure, are also described. Some general observa-
tions are reiterated here.

The analytical procedure requires that each frame
member be broken down into one or more member
segments. The greater the number of segments used, the
greater the accuracy of the analysis since changes in
stiffness along a member’s length would be better taken
into account. In general, the number of segments used
per member should reflect the complexity of the mo-
ment pattern in that member. When a moment is rela-
tively constant along the member’s length, one or two
segments will suffice. When the member is subjected to
significantly varying moment from one end to the
other, three or more segments should be used. Wher-
ever possible, segment ends should correspond to peak-
moment points and points of contraflexure. The num-
ber of segments used need not be the same for each
member in the frame.

A further point to be made lies in the efficiency and
convergence characteristics of the iterative procedure
using secant stiffness factors. In the analysis of large
frames, where length of computation time becomes a
concern, efficiency in the process is essential. It has
been found that, in most cases, no more than approxi-
mately 10 iterations are needed before convergence is
attained to within 1 percent of the final results. Of
course, there may be some unusual or ill-behaved
structural systems where more iterations will be re-
quired or where user interaction will be necessary to
achieve convergence.

EXPERIMENTAL VERIFICATION

An extensive experimental and analytical research
program was recently undertaken at Ontario Hydro to
study thermal gradient effects in reinforced concrete
nuclear containment structures. Three large-scale por-
tal frame models were to be tested under various ther-
mal and mechanical loading conditions with the objec-
tive of obtaining data necessary to verify and refine the
analytical procedure described. Testing of the first two
models is complete, and the third is in progress. Full
details and test results will be presented at the conclu-
sion of the program. Some preliminary results from the
first test will be examined here to obtain an indication
of the accuracy of the theoretical analysis procedure.

A schematic representation of the first test model is
shown in Fig. 8. The model is essentially a reinforced
concrete portal frame consisting of two columns each
300 x 800 x 2350 mm (12 x 32 x 92 in.) and one beam
300 x 800 x 2200 mm (12 x 32 x 86 in.). The model sits
in an inverted position with the ends of the columns
connected by two 25 mm (1 in.) diameter tie rods.
Spanning the interior of the frame to form a tank-like
structure are two reinforced concrete side panels each
125 x 1500 x 2200 mm (5 x 60 x 86 in.). Flexible sili-
cone waterstops bridge the gaps between the panels and
the frame, allowing the frame to be structurally inde-
pendent of the panels and thus unaffected in its stiff-
ness or response. Water is placed in the tank to a depth
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Fig. 9 — Details of model’s member cross section

of 1500 mm (60 in.) and a 120-kW heater, immersed in
the water, is used to apply thermal loads to the struc-
ture. The sides of the model are insulated to insure uni-
directional heat flow from the inside surfaces to the
outside surfaces of the frame. Mechanical loads can be
applied simultaneously by pretensioning the tie rods.
The test specimen is heavily instrumented with load
cells, thermocouples, strain gages, and displacement
transducers to monitor its reponse.

The beam and columns of the frame were equally
reinforced with 1 percent total longitudinal reinforce-
ment (four No. 20 bars, top and bottom; see Fig. 9).
(In the second and third models, percentages of rein-
forcement in the members vary.) Shear reinforcement
consisted of No. 10 bars spaced at 150-mm (6-in.) cen-
ters. The concrete used in casting the portal frame had
a 42.4 MPa (6.50 ksi) compressive strength and a 3.12
MPa (450 psi) split-cylinder tensile strength. Modulus
of elasticity was measured at 28,980 MPa (4200 ksi) and
thermal diffusivity at 0.774 mm?/sec (1.20 x 107* in.?/
sec). The effective coefficient of thermal expansion was
8.2 x 10-%/C (4.56 x 10~¢/F), measured wet. For the
longitudinal reinforcement, the yield strength and ulti-
mate tensile strength of the bars were found to be 448
MPa (64.5 ksi) and 709 MPa (102.8 ksi), respectively,
based on a nominal cross-sectional area of 314 mm?’
(0.49 in.?). Modulus of elasticity was measured at
217,000 MPa (31,500 ksi) and coefficient of thermal
expansion at 12.4 x 107¢/C (6.89 x 107°/F).

A number of tests were conducted on the model un-
der various loading and restraint conditions. The focus
here, however, will be on the results of thermal
“‘shock’’ tests where the inside temperature was
brought up as quickly as possible to a predetermined
level (heating rate was typically 1 C/min) while the col-
umn ends were completely restrained by the tie rods.
Three series of shock tests were conducted, with the
variable being the amount of pretension in the tie rods.
For Shock Series I, the total preload was 3.1 kN (0.70
k). For Series II and III, the preloads were 22.9 kN
(5.15 k) and 38.5 kN (8.65 k), respectively. In each se-
ries, the shock tests involved gradients ranging up to
80 C (176 F) (e.g., 98 C [208 F] inside temperature,
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Fig. 10 — Summary of “‘shock series’’ test results to-

gether with predicted responses

18 C [64 F] outside temperature). Each test represented
a more severe condition than the previous so that the
effects of previous loading could be minimized. Of
prime interest was the magnitude of restraint force that
would be induced at various temperature levels.

Shown in Fig. 10 are the restraint forces induced at
the columns as a result of thermal gradients applied to
the test specimen for Shock Series I, II, and III. Also
shown are the values predicted by four alternate meth-
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ods of analysis. Note that the lever arm to the center
line of the beam is 2.05 m (80.7 in.), that the cracking
and yield moments of the beam section are 29 kN-m
(21.4 ft-kip) and 125 kN-m (92.2 ft-kip), and that a
moment of 9.1 kN-m (6.7 ft-kip) acts at the beam mid-
span due to water and self-weight.

The ““fully cracked sections” methods of analysis
suggested by Gurfinkel,' Pajuhesh,® and others assume

that the entire tensile region of a member is fully,

cracked in all load cases. For frame analyses, all mem-
bers assume stiffnesses equal to their cracked moment
of inertia /. As can be seen in Fig. 10, this procedure
greatly underestimates the forces measured in the test
structure during Shock Series I, where relatively low
levels of mechanical loads were acting. In Shock Series
II and III, with higher levels of load acting, response is
closer to that of the fully cracked assumption.

The method suggested by ACI Committee 349° rec-
ognizes that uncracked lengths might exist in a member
near the regions of contraflexure. The cracked and un-
cracked regions are determined on the basis of me-
chanical moments alone, and thermal moment distri-
bution is carried out considering this variation in stiff-
ness along the member. For the test specimen, which
was uncracked under mechanical loads alone for Shock
Series I tests, the method implies that the uncracked or
gross moments of inertia be used. This results in greatly
overestimated restraint forces.

The “‘effective stiffness’” methods proposed by
Mentes, Bhat, and Ranni’ and Thurston® assume that
the effect of cracked and uncracked lengths in a mem-
ber is equivalent to an effective moment of inertia given
by Branson’s formula, i.e.

M.\
I+ [1 - <ﬁﬂ L, (19

With this relationship, standard methods of frame
analysis can be used in an iterative procedure to solve
for acting forces. As can be seen from Fig. 10, the
method predicts well the experimental results, although
the tendency is to underestimate slightly at higher ther-
mal load levels during Shock Series I.

Also shown is the predicted response obtained using
the analytical procedure described in this paper. It too
predicts well the experimental results. The overestima-
tion of force in the 20 to 30 C (68 to 86 F) range of Se-
ries I is likely related to the fact that the structure was
precracked slightly from previous testing. The overall
tendency to overpredict slightly the response is primar-
ily related to two factors: (1) The constitutive relation
used to model tension-stiffening effect [i.e., Eq. (7)]
appears to overpredict strength in flexural members.
An improved formulation is required. (2) Thermal
creep, which was not taken into account in the theoret-
ical model, was manifested in the experimental results;
thermal creep resulted in significant reductions in re-
straint force over time durations as short as 12 hr.

500

CONCLUSIONS

A computer-based nonlinear frame analysis proce-
dure, based on a secant stiffness formulation and an it-
erative analysis approach, was developed. The proce-
dure can be used to predict accurately the response of
reinforced concrete structures to thermal and/or me-
chanical loads. Rigorous section analyses of members
are performed, utilizing realistic constitutive relations
for concrete and reinforcement, in determining effec-
tive stiffness factors. The general procedure and spe-
cific formulations presented can be incorporated into
most linear elastic frame analysis programs.

The advantage of the proposed procedure over other
methods is in its ability to consider a wide range of in-
fluencing factors. Models for nonlinear stress-strain re-
sponse of concrete and reinforcement, nonlinear ther-
mal gradients, thermal creep, time history, load his-
tory, changes in material properties at elevated temper-
atures, and irregular section geometries have been
implemented. Improved formulations, as they become
available, can be incorporated without difficulty. Also,
interactive effects between primary thermal stresses,
continuity thermal stresses, and mechanical loads are
inherently considered.

Experimental results show that the procedure yields
fairly accurate predictions, although the tendency is to
overpredict the response somewhat. An improved for-
mulation for tension-stiffening effect and the inclusion
‘of a model for thermal creep effect are seen as the es-
sential factors in obtaining still better accuracy. Cur-

_ rent work is in this direction.
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NOTATION

= effective cross-sectional area of member
cross-sectional area of reinforcing steel
width of concrete layer

modulus of elasticity of the concrete
modulus of elasticity of the reinforcing steel
stress in the concrete

concrete compressive strength

concrete cracking strength

stress in the reinforcing steel

yield stress of the reinforcing steel
depth of concrete layer

total depth of member cross section
cracked moment of inertia of member
effective moment of inertia

gross moment of inertia

thermal diffusivity of concrete

length of member

number of concrete layers in member cross section
moment acting at member section
maximum moment acting on member
cracking moment for member

fixed-end moment due to prestressing
fixed-end moment due to thermal load
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n = number of reinforcing bar elements in member cross section
P = axial force acting at member section
P, fixed-end axial force due to membrane action

P, = fixed-end axial force due to prestressing

P, = fixed-end axial force due to thermal load

t = elapsed time '

T, = temperature at midpoint of element i in member section
7, = temperature at the bottom surface of section

T, = temperature at the top surface of section

= initial temperature at the bottom surface

7T, = initial temperature at the top surface

distance from the bottom surface of section

distance from top fiber of section

strain in the concrete

concrete cracking strain

concrete strain at maximum compressive stress f!

= strain in the reinforcing/prestressing steel

= strain at section’s centroidal fiber under total load condi-
tions

= strain at centroidal fiber due to unrestrained thermal load

= strain at centroidal fiber under unloaded, unrestrained con-
ditions

= locked-in prestressing strain

= section curvature under total load conditions

= section curvature due to unrestrained thermal load

= section curvature under unloaded, unrestrained conditions

= elongation of member determined from joint deflections
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APPENDIX — SECTION ANALYSIS ALGORITHM

Step 1 — Given: internal force resultants P and M and thermal
gradient AT at time ¢ for member. Discretize member section into m
concrete layers and n reinforcing bar elements.

Step 2 — Compute temperature T, at middepth of all components
i(i=1,2,... m+ n)using Eq. (11).

Step 3 — Compute thermal strain ¢, in all components

e, =(T, - T') -«

where « is the coefficient of thermal expansion and 7/ is the initial
temperature in component i.

Step 4 — Compute creep strain ¢, in all components based on pre-
vious stress conditions and elapsed time.

Step 5 — Estimate top and bottom fiber strain in section e, and ¢,.

Step 6 — Compute total strain ¢, in components

€= ¢€, + (€ — €) - yi/H

i

Step 7 — Compute stress-related strain € in components

€ = € — €) — €

Step 8 — Compute stress in each component using Eq. (3) through
(10).

Step 9 — Evaluate resulting section forces P’ and M’ using Eq. (1)
and (2).

Step 10 — Compare calculated force resultant P' and M’ to given
values P and M. If not equal, go to Step 5.

Step 11 — Compute section centroidal fiber strain € and curvature
¢

€=c¢€, + (e, — €)  y/H

¢ (o — €)/H

Note: The thermal strains in Step 3 need to be calculated only once.
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