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This report presents a design-oriented approach for considering thermal
effect on reinforced concrete structures. Although the approach is intended to
conform to the general provisions of Appendix E of ACI 349, it is not
restricted to nuclear power plant structures. The general behavior of structures
under thermal effects is discussed together with the significant issues to
consider in reinforcement design. Two types of structures—frames and
axisymmetric shells—are addressed. For frame structures, a rationale is
described for determining the extent of component cracking that can be
assumed for purposes of obtaining the cracked structure thermal forces and
moments. Stiffness coefficients and carryover factors are presented in graph-
ical form as a function of the extent of component cracking along its length
and the reinforcement ratio. Fixed-end thermal moments for cracked compo-
nents are expressed in terms of these factors for: 1) a temperature gradient
across the depth of the component; and 2) end displacements due to a
uniform temperature change along the axes of adjacent components. For the
axisymmetric shells, normalized cracked section thermal moments are
presented in graphical form. These moments are normalized with respect to
the cross-sectional dimensions and the temperature gradient across the
section. The normalized moments are presented as a function of the internal
axial forces and moments acting on the section and the reinforcement ratio.
Use of the graphical information is illustrated by examples.

ACI Committee Reports, Guides, Standard Practices, and
Commentaries are intended for guidance in planning,
designing, executing, and inspecting construction. This
document is intended for the use of individuals who are
competent to evaluate the significance and limitations of its
content and recommendations and who will accept
responsibility for the application of the material it contains.
The American Concrete Institute disclaims any and all
responsibility for the stated principles. The Institute shall not
be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by the
Architect/Engineer to be a part of the contract documents, they
shall be restated in mandatory language for incorporation by
the Architect/Engineer.
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CHAPTER 1—INTRODUCTION
1.1—General
ACI 349, Appendix E, provides general considerations in

designing reinforced concrete structures for nuclear power
plants subject to thermal effects. Thermal effects are defined
to be the exposure of a structure or component thereof to
varying temperature at its surface or temperature gradient
through its cross section; the resulting response of the
exposed structure is a function of its age and moisture
content, temperature extreme(s), duration of exposure, and
degree of restraint. The terms ‘“force,” “moment,” and
“stress” apply and are used in this report where a structure is
restrained against thermally induced movements. Further
treatment of these forces, moments, and stresses are
contained in this report as a function of type of structure.

The Commentary to Appendix E, Section RE.1.2, of ACI
349-06 (ACI Committee 349 2006) instructs the designer to
consider the following:

1. Linear thermal strain causes stress only under conditions
of restraint, and a portion of such stress may be self-relieving.
Mechanisms for relief are: cracking, yielding, relaxation,
creep, and other time-dependent deformations; and

2. Accident temperature transients may be of such short
duration that the resulting temperature distributions and
corresponding stress changes are not significant. Therefore,
these temperature transients may not adversely affect the
safe shutdown capacity of the plant.

The Commentary to Appendix E, Section RE.3.3, of
ACI 349-06 addresses three approaches that consider
thermal effects in conjunction with all mechanical loads
acting on the structure. One approach is to consider the structure
uncracked under the mechanical loads and cracked under the
thermal effects. The results of two such analyses are then
combined.

The Commentary to Appendix E also contains a method of
treating temperature distributions across a cracked section.
In this method, an equivalent linear temperature distribution
is obtained from the temperature distribution, which can
generally be nonlinear. The linear temperature distribution is
then separated into a pure gradient AT and into the difference
between the mean and base (stress-free) temperatures 7, — T},.

This report discusses approaches for making an assessment
of thermal effects that are consistent with the aforementioned
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result from cracking of the concrete structure. Thermal
effects should be considered in design for serviceability. The
report discusses conditions under which it can be shown that
the thermal effects do not adversely affect the safe shutdown
capacity of the plant. Behavior and general guidance is
addressed in Chapter 1. Chapter 2 addresses notation and
definitions. Chapter 3 addresses frame structures, and
Chapter 4 deals with axisymmetric structures. For frame
structures, general criteria are given in Sections 3.2 (Section
cracking) and 3.3 (Component cracking). The criteria are
then formulated for the moment distribution method of
structural analysis in Section 3.4. Cracked component fixed-
end moments, stiffness coefficients, and carryover factors
are derived and presented in graphical form. For axisymmetric
structures, an approach is described for regions away from
discontinuities, and graphs of cracked section thermal
moments are presented.

This report is intended to propose simplifications that may
be used for structural assessments. It will permit exclusion of
thermal cases with small effect and a reduction of thermal
effects for a large class of thermal cases without resorting to
sophisticated and complex solutions (Appendix E, 349-06).
Also, as a result of the report discussion, the design examples,
and graphical presentation of cracked section thermal moments,
it is hoped that a designer will better understand how thermal
effects are influenced by the presence of other loads and the
resulting concrete response, primarily in the form of
cracking, although reinforcement yielding, concrete creep,
nonlinear concrete stress-strain, and shrinkage are also very
significant in mitigating thermal effects in concrete structures.

1.2—Thermal effects and structural responses
Thermal effects cause expansion or contraction of the

components in a structural system. If the components are
restrained, which is usually the case, stresses are induced. It is
sufficient to note that there are three types of thermal effects:

1. Bulk temperature change. In this case, the entire structural
component (or segments of the component) is subject to a
uniform temperature change;

2. Thermal gradient. A temperature crossfall or thermal
gradient is caused by different thermal conditions on two
faces of a structure, such as two sides of a wall or the top and
bottom of a beam; and

3. Local thermal exposure. Elevated temperature at a local
surface caused by an external source such as operating
equipment or piping or an abnormal event such as a fire.

Thermal effects will result in different states of stress and
strain in structural components as a function of restraints.
The analysis for thermal effects must distinguish between
different types of thermal effects and properly characterize
the structural response accordingly (for example, the degree of
fixity of end and boundary restraints, component stiffness,
influence of cracking, and concrete and reinforcing steel strain).

Thermal effects can arise from many sources including,
but not limited to, process fluid transport; proximity to hot

gasses, steam, or water passage (for examplﬁeactor vessel

or steam piping from reactor building to t &Guﬂ‘lents
gradients formed when opposing fices of (g strugirre: YRaring Hub

provisions. The goal is to present a designer-oriented
approach for determining the reduced thermal moments that
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exposed to differing temperatures (for example, spent fuel
pool) or cyclic gradients from plant startup and shutdown.
Temperature change is manifested under one or more of the
following transfer mechanisms:

1. Radiation. The electromagnetic transfer of heat from a
higher temperature source to a lower temperature surface of
the concrete structure, such as from a radiator heating a room
and the surrounding wall and floor structures;

2. Convection. The transfer of heat usually by the movement
of a liquid or gas across a surface, such as from environmental
temperature changes in the air next to a concrete structure; and

3. Conduction. The transfer of heat through a solid, such
as from a steam pipeline into the surrounding concrete at a
penetration.

There are many instances where all three mechanisms are
present, such as in the case of a fire acting on a structure.
Radiation and convection from the flame itself transfers heat
to the impinged structure. The surface of the flame radiates
heat, which is absorbed by the concrete and reinforcing steel;
finally, heat is transferred away from the flame-impinged area
by means of conduction through the structure. The structure
will also lose heat by means of convection and radiation.

Response of a structure to thermal effects depends on the
nature of the temperature distribution, end constraints, material
properties, and mechanical loads. A proper thermal stress
analysis must take these parameters into account.

Stresses in the concrete and reinforcement occur due to
restraint of thermal movement and these stresses are generally
self-relieving. These thermal stresses are generally small, as
most thermal exposures are within prescribed ACI 349
temperature limits. Furthermore, internally generated
stresses are complex to analyze given the size and geometry
of safety-related concrete structures. As such, structural
analyses using manual calculations with simplifying,
conservative assumptions (for example, concrete is cracked)
are typically considered to be appropriate. Computer-based
analysis tools may also be used to determine the effects of
thermal exposure and structure response as illustrated in the
following paragraphs. It should be noted that a thorough and
complete computer-based thermal analysis is much more
complicated than a structural analysis of mechanical loads.
The difficulty of defining important parameters would also
make such computer thermal analyses controversial because
differences in parameter ranges may produce significant
differences in analytical results. Finally, it is known that
ambient thermal effects, in all but very unusual situations
(for example major fire events), will have little effect on the
ultimate strength of a concrete structure.

1.3—General guidelines
Stresses resulting from thermal effects are generally self-

relieving, that is thermal forces and moments are greatly
reduced or completely relieved once concrete cracks or
reinforcement yields; as a result, thermal effects do not
reduce the strength of a section for mechanical loads. For
example, assuming a fixed-end beam under transverse loads
would produce negative moments at the ends and a positive
moment at the center. It is also assumed that the transverse
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load is such that the negative moment reinforcement is near
yield (for example, at 99% of yield). If the temperature is
increased at the bottom of the beam, introducing a thermal
gradient over its entire length, this gradient would cause
additional negative moment. When the negative moments
increase by 1%, the reinforcement would start yielding. The
negative moments at the ends, however, cannot increase
beyond 100% because the reinforcement is already yielded.
Thus, it can be said that the thermal moments at the ends are
relieved as soon as the reinforcement yields. Yet, the structure
remains stable because the lateral load does not change.
Therefore, simplifying assumptions and approximations in
analyses are acceptable. Although it is not feasible to set
definitive rules regarding these assumptions and approxi-
mations, some general guidelines are presented. These
guidelines are based on experience with thermal analyses and
engineering judgment.

Design for thermal effects is primarily for serviceability
and should address control of cracking;

Extreme environmental events (that is, Eg; and W,) are
rare occurrences. Serviceability of the structure may
not be required after such events. If they occur, high
stresses are induced in local areas. Under these stresses,
concrete cracks and reinforcement may yield, relieving
thermally induced stresses. Thus, it may be too conserva-
tive to add the thermal stresses based on elastic analysis
to the stresses due to extreme environmental loads.
Consequently, the elastically calculated thermal stresses
should be reduced considering concrete cracking and
reinforcement yield before combining them with the
stresses from extreme environmental loads;

In nuclear power structures, the controlling load combi-
nations are generally those that include E,, or E. These
load cases provide sufficient reinforcement to control
cracking. It would be counterproductive to add reinforce-
ment to mitigate thermal effects because the additional
reinforcement would stiffen the structure, thus
increasing the stresses due to thermal effects. This is
unnecessary because thermal effects typically self-
relieve without the need for additional reinforcement. If
additional thermal reinforcement is indicated by the
design and analysis, the appropriateness of methods
and means should be re-evaluated;

Thermal gradients should be considered in the design of
reinforcement for normal conditions to control cracking.
Thermal gradients less than approximately 100 °F (56 °C)
need not be analyzed because such gradients will not cause
significant stress in the reinforcement or strength deteriora-
tion. It may cause a small incursion into the nonlinear
range for extreme events, but such incursions are not likely
to adversely affect the overall behavior of the structure.
Because thermal gradient results in flexural stress, the
minimum reinforcement on the tension face should be
established assuming this face is in flexural tension.
The change in curvature due to thermal gradient is
approximated by ¢, = aAT/t. The maximum additional

strain in reinforcement due to-the ¢ ] um&nts
be approximated by €.z ¢4/ =GAT. %@@Hﬁ?ﬁi@ﬁg?mﬁ Hub
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for a beam element; for a plate element, the change of
curvature will be somewhat higher due to Poisson’s
ratio, that is, ¢4 = aAT/[#(1 — v)]. This approximation
conservatively assumes rotation of the section about the
outside compression face. With o = 6 x 107 in./in./°F
(1.1 x 107 mm/mm/°C) and AT = 100 °F (56 °C), the
additional reinforcement strain will be about 600 pin./in.
(600 pmm/mm), or 0.0006 in./in. (0.0006 mm/mm),
which corresponds to about 0.3¢, for 60 ksi (420 MPa)
steel (because g, = ('Sy/ES = (60 ksi)/(29,000 ksi) =
0.002. Therefore, the thermal strain, relative to yield
strain, due to a thermal gradient of AT = 100 °F (56 °C), is
[(0.0006)/(0.002)] = 0.3 or 0.38y). If the reinforcement
strain is equal to 0.98y without the thermal effect, the
total strain with the thermal gradient will be approxi-
mately 1.2g,, or about 20% beyond yield. Such an
exceedance is inconsequential (Gurfinkel 1972), and
will not reduce the capacity of the concrete section for
mechanical loads.

e Similarly, the maximum additional concrete strain can
be estimated for a fully constrained component to be
also approximately 0.0006 in./in. (0.0006 mm/mm),
which is only about 20% of the maximum design
concrete strain of 0.003. Again, such a small exceed-
ance in the extreme fiber of the cross section will not be
detrimental to the overall strength of the structure; and

* A uniform temperature change (7, — Tj,) of 50 °F (28 °C)
or less need not be analyzed. Such a temperature change
may cause up to about 0.0003 in./in. (0.0003 mm/mm)
strain, which is only 10% of the maximum design
concrete strain of 0.003. (Note: The referenced text is
intended for concrete in compression. The 10% strain
refers to the concrete ultimate strain, which is generally
accepted as 0.003. In real structures, the maximum
concrete strain will be significantly less than 0.002, which
is the strain at the peak concrete stress in the Hognestad
stress-strain curve [Kohli and Gurbuz 1976]. Thus, a prac-
tical strain limit in the example problem will increase from
0.002 to 0.0023, which is still less than the ultimate
concrete strain.) Minimum reinforcement should be
established using the requirements for flexural tension.

In the determination of forces and moments resulting from
thermal effects, it would be theoretically possible to perform
analyses with precise stiffness and stress-strain information
on all structural materials. Fortunately, however, such a
burdensome effort is not necessary. The aforementioned
guidelines are general; there may be cases where the effect
of the thermal effects may be more significant on a critical
part of the structure due to layout of the structure. The engineer
should review the temperature distribution in the structure
and address the potential effects on a case-by-case basis.

1.4—Analysis techniques
There are several well-recognized techniques for the analysis

of thermal effects in structures, from both steady-state and tran-
sient (time-dependent) temperature profiles. Determination of a
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conditions related to plant operations and the natural environ-
ment (for example, temperature source and exposure time data).

1.4.1 Hand calculations—Many thermal exposure conditions
can be solved by hand calculations, especially where the
initial conditions are relatively uncomplicated or the structure
considered is simple in configuration and behavior. It is
possible to look at both steady-state and time-dependent
solutions in this manner. Simplified hand-calculation
approaches are still valuable today (the examples presented
in Chapters 3 and 4 are based on such calculations), particu-
larly in the confirmation of computer-based analysis results.

1.4.2 Computer-based analysis—Use and capability of
computers and software in structural design has expanded
greatly since the time when the early nuclear power plants
were designed. Computer analysis methods can be broadly
classified by the modeling and algorithm used, with the two
most prevalent systems involving: 1) stiffness matrix or
finite element method consisting of linear elements (for
example, linear beam elements); and 2) finite element
method consisting of two- (for example, plate elements) or
three-dimensional elements (for example, brick elements).
Both linear elements and finite elements can be used to
accurately model a concrete structure and its components, to
input applied mechanical loads and effects such as thermal
gradients, and to produce an output of resultant forces,
moments, stresses, and deformations representative of the
modeled structure based on mechanics and code requirements.
Programs written around linear elements are particularly
useful for frame-type structures to determine the transfer of
loads to connected components. Many existing computer
programs contain embedded design code (for example, ACI
318) requirements to support proportioning and reinforcement
definition. Such programs allow the introduction of thermal
gradients, with resulting forces and moment computation due
to restraints, and certain programs have the ability to examine
nonlinear response. Analyzing the impacts of cracking on
structural capacity and stiffness, however, is generally beyond
the capabilities of this software program type.

Finite element analysis (FEA) involves a more detailed
simulation of a structure, which is geometrically divided into
a mesh of two- or three-dimensional elements for a greater
precision in assessment of force and displacement distribu-
tion within the structure. The input model also includes
boundary conditions and mechanical loading data. Finite
element models can be used for structural analysis and
design, as well as for assessing steady-state and transient
temperature effects and heat transfer. FEA methods can be
used for both static and dynamic analysis and refined
assessment of nonlinear response. FEA methods are capable
of analyzing both steady-state and transient thermal effects
in reinforced concrete.

Elastic FEAs can be used with a reduced elastic modulus
for concrete to account in a very simple manner for the
various effects of cracking, creep, and yield. Values of
0.50E, have been used in past practice.

Nonlinear thermal analysis is useful whege the material

properties in a structure change with expo meents
temperatures, such as those listcd it A‘,gpegg{g%%tagﬂarmg Hub

steady-state or transient design-and-analysis approach is based
on the initial condition of the structure in question and process
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E.4.3 of ACI 349-06. For instance, the specific heat capacity
of steel rises with elevated temperature exposure, whereas
mechanical properties decrease. Concrete compressive
strength typically decreases, particularly where the exposure
is either long-term or locally severe. Other nonlinear
schemes will involve the change in radiative and convective
properties as temperatures vary.

1.5—Consideration of thermal effects in analysis

Structural analysis for most nuclear plant concrete structures
involves the determination of whether or not thermally
induced forces or moments may occur as a result of restraint.
A typical prerequisite step in completing the structural
analysis and design of a structure is the determination of
temperature boundary conditions, temperature ranges (bulk
temperature change), and gradients. Considerations include:
e Thermal conduction. The assessment of temperatures at

given locations in concrete structures. The temperature
distribution could be calculated either as a steady state
or a transient, depending on the exposure;

e Temperature-induced stress. The temperature distribution
can be used to determine the elastic thermal stresses
throughout the structure; and

»  Fire protection. Thermal analysis can be used to establish
the temperature/time relationship influencing a structure
subjected to fire. The analysis can take account of fire
barriers and protective materials such as intumescent
coatings and fireboards.

Thermal effects in combination with mechanical loads often
lead to structural cracking of concrete that could adversely
affect corrosion protection of the reinforcement. The thermal
assessment should consider the possibility that, under certain
extreme conditions, thermal movements could significantly
affect the behavior of the structure. In components or systems
that include variable temperature exposure, mechanical loads,
and restraint against displacement, the support requirements
for each of the loading schemes may be mutually exclusive. A
structure designed to restrict displacement-induced stresses
due to vibration or bracing may provide greater end fixity than
desired, resulting in elevated thermally induced stresses. A
combined thermal and structural analysis using FEA
programs is typically needed to balance the requirements.

1.6—Stiffness and deformation effects
As structural components such as concrete slabs and walls

are exposed to significant levels of stressing and cracking as
a result of restrained thermal deformations, reductions in
stiffness due to said cracking and thermal creep can cause
rapid decay in the restraint forces developed, and deformation
can increase. Simplified approaches, such as use of cracked
section properties and moment of inertia, can be used to
calculate the resultant deflections using empirical formulas
per ACI207.2R, 209R, and 435.7R, and Fu and Daye (1991).

Nonlinear finite element analysis procedures may also be
employed to investigate the theoretical response and
deformations in such components. Simulations of the
component response can be obtained. Important to achieving
accurate results are the consideration of tension-stiffening
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effects, strain-softening effects (treatment of negative strain),
and out-of-plane shear. Selection of software for use in
thermal analysis should consider compatibility with modeling
concrete (certain programs are suited for homogeneous
materials only), ability to handle strain-softening, user
capability and software experience base, and status of
verification with respect to I0CFR50 Appendix B requirements
(Office of the Federal Register 2002).

1.7—Summary
Thermal effects can cause forces and moments in a

reinforced concrete structure due to restraint of thermal
expansion and contraction. Because concrete resistance to
tension is low, the concrete cracks under the thermally
induced tensile stresses. As concrete cracks, these tensile
stresses are relieved. Although rarely a design concern from
a strength perspective, the serviceability of a structure
exposed to thermal effects may ultimately be of concern, and
such cases should be correctly identified in the assessment
and considered in the design.

Accurate analysis of thermal effects, mechanical loads,
restraint, concrete cracking, and other stress-relieving effects
are difficult at best. The use of a simplified procedure should
be adequate to calculate the thermal effects. If further
examination is warranted, computer programs are available
to deal with the issue more effectively. Specific design
methods associated with frame and axisymmetric structures
are contained in this report.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation

A; = area of tension reinforcement within width b, in.2
(mm?)

A, = area of compression reinforcement within width
b, in.2 (mm2)

a = length of cracked end of component at which
stiffness coefficient and carryover factor are
determined, for example, in a end-cracked beam
(Fig. 3.3 through 3.6) or interior-cracked beam
(Fig. 3.7 through 3.10), a is length of uncracked
end of component at which stiffness coefficient
and carryover factor are determined, in. (mm)

b =  width of rectangular cross section, in. (mm)

CO = cracked component carryover factor from end of
the component to opposite end

CO,p= cracked component carryover factor from End A
to End B

COpgy= cracked component carryover factor from End B
to End A

DF = distribution factor

d = distance from extreme fiber of compression face
to centroid of tension reinforcement, in. (mm)

d'" = distance from extreme fiber of compression face
to centroid of compression reinforcement, in. (mm)

E. = modulus of elasticity of concrete, psi (MPa)

E, = load effects of operating bagjs earthquake (OBE)
or related internal ‘noventsﬁmumaﬂm

OBE-induced pijing and eqﬂ@ﬂ?ﬁ*é?ﬂcﬁiﬁﬁ?ing Hub
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modulus of elasticity of reinforcing steel, psi
(MPa)

load effects of safe shutdown earthquake (SSE) or
related internal moments and forces, including
SSE-induced piping and equipment reactions
eccentricity of internal force N on the rectangular
section, measured from section centerline, in.
(mm)

flexural coefficient, in.-1b: bd*/12,000 (ST: bd?/
1000) (ACI Committee 340 1997)

final cracked section extreme fiber compressive
stress resulting from internal section forces M, N,
and AT, psi (MPa)

specified compressive strength of concrete, psi
(MPa)

cracked section extreme fiber compressive stress
resulting from internal forces M and N, psi (MPa)
modulus of rupture of concrete, psi (MPa)
specified yield strength of reinforcing steel, psi
(MPa)

cracked section moment of inertia about centroid
of cracked rectangular section, in.* (mm*)
uncracked section moment of inertia (excluding
reinforcement) about centerline of rectangular
section, in.* (mm4)

ratio of distance between centroid of compression
and centroid of tension reinforcement to depth d
cracked component stiffness at End a (pinned),
with opposite end fixed

cracked component stiffness at End A (pinned),
with opposite end fixed

cracked component stiffness at End B (pinned),
with opposite end fixed

strength coefficient for resistance = f,! (1 — 0.5%w),
where o = pf\/f, psi (MPa) (ACI Committee 340
1997)

ratio of depth of triangular compressive stress
block to depth d, resulting from internal section
forces M, N, and AT

neutral axis location on section due to N, M, and
AT (Fig. 4.1), in. (mm)

ratio of depth of triangular compressive stress
block to depth d, resulting from internal section
forces M and N

neutral axis location on section due to N and M
(Fig. 4.1), in. (mm)

dimensionless stiffness coefficient = KL/E I,
total length of component, in. (mm)

cracked length of component, in. (mm)

internal moment at section centerline due to
factored mechanical loads, including factored
moment due to 7,, — T}, in.-1b (mm-N)

final internal moment at section centerline
resulting from M and AT, in.-1b (mm-N)

cracking moment = btzfr/6, in.-1b (mm-N)
cracked component fixed-end moment due to AT
or T, — T}, atend a, in.-Ib (mm-N)

moment capacity of section, ft-kips (mm-N)
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My = thermal moment due to AT, Myr= M — M, in.-Ib
(mm-N)

N = internal axial force at section centerline due to
factored mechanical loads, including factored
axial force due to 7}, — T}, kips (N)

n = modular ratio = E/E,.

T, = base (stress-free) temperature, °F (°C)

T,, = mean temperature, °F (°C)

t = thickness of rectangular section, in. (mm)

W, = loads generated by design basis tornado (DBT), or
related internal moments and forces

o = concrete coefficient of thermal expansion, in./in./°F
(mm/mm/°C)

A = transverse displacement difference between ends
of cracked component due to 7, — T}, acting on
adjoining components, in. (mm)

AT = linear temperature gradient, °F (°C)

g. = final cracked section strain at extreme fiber of
compression face = g1 + €.1

g, = cracked section strain at extreme fiber of
compression face resulting from M, N, and AT

€.y = concrete strain in compression face due to AT
(Fig. 4.1)

[0} = final cracked section curvature change = ¢; + ¢7

¢4 = curvature due to thermal gradient

¢; = cracked section curvature change resulting from
internal forces M and N

¢y = cracked section curvature change required to
return free thermal curvature aAT/f to O

% = Poisson’s ratio of concrete

p = ratio of tension reinforcement = A /bd

¢’ = ratio of compression reinforcement = A}, /bd

2.2—Definitions
base temperature—the temperature at which a concrete

member is cured. This is the temperature at which it is
assumed the material is free of thermal stresses.

mechanical load—Iloads that cause stresses in elements to
maintain equilibrium, such as gravity, earthquake and wind
loads, and pressures. Loads due to geometric constraints
(including thermal, settlement, creep, and shrinkage effects)
are not considered mechanical loads as the resulting stresses
are relieved when the constraint is removed. For example, an
axial load applied to a column will cause stresses. On the
other hand, uniform temperature increase will not cause
stresses unless the column is restrained from axial deformation.
Another example: internal pressure in a cylinder will cause
stresses in the walls and ends. If the cylinder is subjected to
uniform temperature increase, no stresses will be induced
unless the expansion is restrained.

safety-related concrete structures—safety-related concrete
structures are structures that are designed to remain functional
under the design loads. These structures support, house, or
protect nuclear safety class systems or components.

secondary stress—a self-limiting normal or shear stress
that is caused by the constraint of a structyre and that is
expected to cause minor distortions that wo
a failure of the structure.

ecuiments
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self-relieving—the process by which excessive internal
pressure (stress) is automatically relieved.

temperature distribution—the variation of the total
temperature across a section at a point in time. The temperature
distribution across a section can vary with time as well as
varying along the length of the member. For such variations,
the engineer should evaluate the effects of temperature distribu-
tion at a number of sections and for a number of time durations.

CHAPTER 3—FRAME STRUCTURES
3.1—Scope

The thermal effect on the frame is assumed to be represented
by temperatures that vary linearly through the thicknesses of
the components. The linear temperature distribution for a
specific component must be constant along its length. Each
such distribution can be separated into a gradient AT and into
a temperature change with respect to a base (stress-free)
temperature 7T, — T},.

Frame structures are characterized by their ability to
undergo significant flexural deformation under these thermal
effects. They are distinguished from the axisymmetric
structures discussed in Chapter 4 by the ability of their
structural components to undergo rotation, such that the free
thermal curvature change of AT/t is not completely
restrained. The thermal moments in the components are
proportional to the degree of restraint. In addition to frames,
slabs and walls may fall into this category.

The aforementioned rotational feature is automatically
considered in a structural analysis using uncracked component
properties. An additional reduction of the component thermal
moments, however, can occur if component cracking is taken
into account. Sections 3.2 and 3.3 of this chapter describe
criteria for the cracking reduction of component thermal
moments. These criteria can be used as the basis for an analysis
of the structure under thermal effects, regardless of the method
of analysis selected. In Section 3.4, these criteria are applied to
the moment distribution analysis method.

There are frame and slab structures that can be adequately
idealized as frames of sufficient geometric simplicity to lend
themselves to moment distribution. Even if an entire frame
or slab structure does not permit a simple idealization,
substructures can be isolated to study thermal effects. Often,
with the use of computer programs for the analysis of
complex structures, a feel for the reasonableness of the
results is attainable only through less complex analyses
applied to substructures. The moment distribution method
for thermal effects is applicable for this work. This design
approach uses cracked component stiffness coefficients and
carryover factors. These depend on the extent of component
cracking along its length due to mechanical loads, as
discussed in Section 3.3.

3.2—Section cracking

Simplifying assumptions are made as follows for the
purpose of obtaining the cracked section thermal moments
and the section (cracked and uncracked) stiffnesses. The
fixed-end moments, stiffness coefficients, and carryover
factors of Section 3.4 are based on these assumptions:
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1. Concrete compression stress is taken to be linearly
proportional to strain over the component cross section;

2. For an uncracked section, the moment of inertia is Ig,
where [, is based on the gross concrete dimensions and the
reinforcement is excluded. For a cracked section, the
moment of inertia is /.., where /.,.is referenced to the centroidal
axis of the cracked section. In the formulation of /.., the
compression reinforcement is excluded and the tension
reinforcement is taken to be located at the tension face; that
is d = t is used; and

3. The axial force on the section due to mechanical loads
and thermal effects is assumed to be small relative to the
moment (e/d > 0.5). Consequently, the extent of section
cracking is taken as that which occurs for a pure moment
acting on the section.

The first assumption is strictly valid only if the extreme
fiber concrete compressive stress due to combined mechanical
loads and thermal effects does not exceed 0.5f7. At this
stress, the corresponding concrete strain is around 0.0005 in./in.
(0.0005 mm/mm). For extreme fiber concrete compressive
strains greater than 0.0005 in./in. (0.0005 mm/mm) but less
than 0.001 in./in. (0.001 mm/mm), the differences are
insignificant between a cracked section thermal moment
based on the linear assumption adopted herein versus a
nonlinear concrete stress-strain relationship such as that
described in Fu and Daye (1991), Gurfinkel (1972), and
Kohli and Gurbuz (1976). Consequently, cracked component
thermal moments given by Eq. (3-3) and (3-4) are sufficiently
accurate for concrete strains not exceeding 0.001 in./in.
(0.001 mm/mm).

For concrete strains greater than 0.001 in./in. (0.001 mm/mm),
the equations previously identified will result in cracked
component thermal moments that are greater than those
based on the nonlinear theory. In this regard, the thermal
moments are conservative. They are, however, still reduced
from their uncracked values. This cracking reduction of
thermal moments can be substantial, as discussed in Section 4.1,
which also incorporates Assumption 1.

Formulation of the thermal moments based on a linear
concrete stress-strain relationship allows the thermal
moments to be expressed simply by the equations in Chapter 3,
or by the normalized thermal moment graphs of Chapter 4.
Such simplicity is desirable in a designer-oriented approach.

Regarding /.. in Assumption 2, the assumptions for the
compression and tension reinforcement result in the simple
expression of (6jk2)lg for 1., if the axial load is small, as specified
in Assumption 3. The use of (6jk2)1g will overestimate the
cracked section moment of inertia of sections, for which e/d
> (.5, either with or without compression reinforcement. For
a component with only tension reinforcement typically located
at d = 0.9¢, the actual cracked section moment of inertia is
overestimated by 35% (I, = (1/12)br*; I,y = (1/12)b(0.90)*;
1 g/ 1 o1 % 1.35), regardless of the amount of reinforcement. For
a component with equal amounts of compression and tension
reinforcement, located at ' = 0.1d and d = 0.9¢, its actual

cracked section moment of inertia is al Q&‘eumants

overestimation will vary from 3575 aﬁ&%dﬂ’i@ﬁtrgﬂgﬁ?f’g Hub
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ment ratio (p'n = pn = 0.02) down to 15% at the higher
values (p'n = pn = 0.12).

The use of (6jk2)lg for cracked sections and the use of Ig
for uncracked sections are further discussed relative to
component cracking in Section 3.3.

Regarding Assumption 3, the magnitude of the thermal
moment depends on the extent of section cracking as
reflected by /... 1., depends on the axial force N and moment
M. The relationship of Ic,/lg versus e/d, where e = M/N, is
shown in Fig. 3.1. The eccentricity e is referred to the section
centerline. In Fig. 3.1, it is seen that for e/d > 1, ., is practically
the same as that corresponding to pure bending. For e/d >
0.5, the associated /., is within 10% of its pure bending
value. Most nonprestressed frame problems are in the e/d >
0.5 category. Consequently, for these problems, it is accurate
within 10% to use the pure bending value of (6jk2)lg for I,
This is the basis of Assumption 3.

3.3—Component cracking

Ideally, a sophisticated analysis of a frame or slab structure
subjected to both mechanical and thermal effects might
consider concrete cracking and the resulting changes in
component properties at many stages of the load application.
Such an analysis would consider the sequential application
of the loads and effects, and cracking would be based on the
modulus of rupture of the concrete f,. The loads would be
applied incrementally to the structure. After each load
increment, the section properties would be revised for those
portions of the components that exhibit extreme fiber tensile
stresses in excess of f,. The properties of the components for
a given load increment would reflect the component
cracking that had occurred under the sum of all preceding
load increments and effects. In such an analysis, the internal
forces and moments would result in component cracking,
with only the results from thermal effects considered relieved.

The type of analysis summarized previously is consistent
with the approach in Item 2 of Section RE.3.3 of the
Commentary to Appendix E of ACI 349-06. An approximate
analysis, but one that is generally conservative for the
thermal effects, is also suggested in the Commentary to
Appendix E of ACI 349 (Item 3 of Section RE.3.3) as an
alternative. This alternate analysis considers the structure to
be uncracked under the mechanical loads and to be cracked
under the thermal effects. The results of an analysis of the
uncracked structure under mechanical loads are combined
with the results of an analysis of the cracked structure under
the thermal effects. A simplified method of analysis is
discussed that will yield cracked component thermal
moments that are conservative for most practical problems.

The extent of cracking that the components experience
under the total mechanical load (including the specified load
factors) forms the basis for the cracked structure used for the
thermal effects analysis. Cracking will occur wherever the
mechanical load moments exceed the cracking moment M..,..
The addition of thermal moments that are the same sign as
mechanical moments will increase the extent of cracking

ACI COMMITTEE REPORT

to be cracked wherever tensile stresses are produced by the
mechanical loads if these stresses would be increased by the
thermal effects. The addition of thermal moments that are of
opposite sign to the mechanical moments that exceed M,.,,
however, may result in a final section that is uncracked.
Therefore, for simplicity, the component is considered to be
uncracked for the thermal effect analysis wherever along its
length the mechanical moments and thermal moments are of
opposite sign.

Two types of cracked components will result: 1) end-
cracked; and 2) interior-cracked. The first type occurs for
cases where mechanical and thermal moments are of like
sign at the component ends. The second type occurs where
these moments are of like sign at the interior of the component.
Stiffness coefficients, carryover factors, and fixed-end
thermal moments are developed for these two types of
components in Section 3.4. A comprehensive design
example is presented in Section 3.5.

The aforementioned simplification of considering the
component to be uncracked wherever the mechanical and
thermal moments are of opposite sign is conservative due to the
fact that the initial portion of a thermal effect, such as AT, will
actually act on a section that may be cracked under the mechan-
ical loads. Consequently, the fixed-end moment due to this part
of AT will be that due to @ component completely cracked
along its length. Once the cracks close, the balance of AT will
act on an uncracked section. Consideration of this two-phase
aspect makes the problem more complex. The conservative
approach adopted herein removes this complexity. Some of the
conservatism, however, is reduced by the use of Ig for the
uncracked section (Assumption 2) rather than its actual
uncracked section stiffness, which would include reinforcement,
and is substantially greater than I, for pn 2 0.06.

The fixed-end moments depend not only on the cracked
length Ly, but also on the location of the cracked length a
along the component. This can be seen from a comparison of
the results for an end-cracked component and an interior-
cracked component for the same value of Ly. The method
discussed in Section 3.4 accounts for this. This approach is
more applicable for the determination of the thermal
moments than the use of an effective moment of inertia for
the entire component length. The concept of a single effective
moment of inertia for purposes of component deflection
calculation has resulted in Eq. (9-10) of ACI 349-06. This
equation is empirically based and, as such, accounts for:
1) partially cracked sections along the component; and 2) the
existence of uncracked sections occurring between flexural
cracks. These two characteristics are indirectly provided for
(to an unknown extent) by the use of (6jk2)lg, which over-
estimates the cracked section moment of inertia by the
amount described previously.

3.4—Cracked component fixed-end moments,
stiffness coefficients, and carryover factors

The thermal moments due to the linear temperature
gradient AT and those resulting from the_expansion or

contraction of the axis of the component 7, — climents
separately. For each type of ‘ieinai effegh fixedrendari ng Hub

along the component length. Recognizing this, in many
cases, it is conservative for design to consider the component
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Fig. 3.2(a)—AT fixed-end moments: member cracked at
ends by mechanical loads.

MFE
Lt-a L-Lt a

L

Fig. 3.2(b)—T, — Ty, fixed-end moment: member cracked at
ends by mechanical loads.

moments, stiffness coefficients, and carryover factors were
obtained for two types of cracked components: 1) end-
cracked; and 2) interior-cracked. The first type applies to
cases where mechanical and thermal effects produce moments
of like sign at component ends. The second type applies to cases
where mechanical and thermal effects produce moments of like
sign in the interior of the component.

These factors are presented for the case of an end-cracked
component in Fig. 3.2(a)

ATL
My = (“ATE)k (1 CO,p)

ATL
My = (*5TE)Ky(1 - COp)

(3-1)

Although shown only for a component cracked at the ends,
the aforementioned expressions for M, and Mp also apply to
a component cracked in its interior.

In Eq. (3-1), aATL/2¢t = the angle change of the component
ends with the rotational restraints removed; K4 = the stiffness
of the component at A with B fixed (4E./,/L for uncracked
component); Kp = the stiffness of the component at B with A
fixed (4E I /L for the uncracked component); CO4p = the
carryover factor from A to B (1/2 for uncracked component);
and COp, = the carryover factor from B to A (1/2 for
uncracked component).

The expressions for K and CO can be derived from
moment-area principles. Also, K can be expressed as

K= ¢k (3-2)
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where k is the dimensionless stiffness coefficient that is a
function of Ly /L and a/Ly. Likewise, CO can be expressed
as a function of Ly/L and a/Ly.

Figures 3.3 through 3.6 show k and CO for selected values
of Ly/L and a/Ly that should cover most practical problems.
In these figures, k, is given at the end, which is cracked a
distance a, and CO is the carryover factor from this end to the
opposite end. Intermediate values of k; and CO can be deter-
mined by linear interpolation of these curves.

For a component cracked a distance Ly in its interior, k;
and CO are determined from Fig. 3.7 through 3.10. k, is the
stiffness coefficient at the end that is uncracked a distance a.
CO is the carryover factor from this end to the opposite end.

Based on the previous discussion, the AT fixed-end
moment at the a end of the component can be expressed as

_ E,0ATb k(1 -CO) 33
B2 2 69

For the purpose of determining the mean temperature
effects, it is necessary to develop the T,, — T} fixed-end
moment, which is shown in Fig. 3.2(b) for a component
cracked at its ends.

The T,, — T, fixed-end moment at the end cracked a
distance a is

E.IA
My = L ok (1+CO) (3-4)

where k; and CO are same as that defined previously. The
displacement A is produced by 7,, — T}, acting on an adjacent
component. The comprehensive design example of Section 3.5
illustrates this.

3.5—Frame design example

The continuous frame shown in Fig. 3.11 is given with all
components 1 ft wide x 2 ft thick and 3 in. cover on the
reinforcement. The load combination to be considered is U
=D+ L+T,+E

The mechanical loading consists of

W) = 406 Ib/ft
W, = 680 Ib/ft

on component BC, and a lateral load of 3750 Ib at joint C due
to E,.

The thermal gradient T, results from 130 °F interior and
50 °F exterior temperature. Thus, 7,, = (130 + 50)/2 = 90 °F.
The base temperature 7}, is taken as 70 °F. For this condition,
T,,— T, =90 °F-70 °F = +20 °F and AT = 80 °F (hot interior,
cold exterior).

The material properties are f! = 3000 psi
10° psi, £, = 60,000 psi and E, = 29 x-10°
1070 in./in./°F. Also, n =E,/E, = /.3,

dE.=3.12x
Jacuments
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