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FOREWORD

Many factors affect the amount of temperature-induced movement that takes place in a building and also the
extent to which this movement can take place before serious damage will occur or extensive maintenance will be
required. Because of the complexity of the problem, no one has yet established nationally acceptable procedures
for precisely determining the size and location of expansion joints required in a particular structure. In the
absence of such definitive procedures, most designers and federal construction agencies have individually
developed guidelines based on rough calculations and experience.

Although relatively few serious problems attributable to inadequate provision for temperature-induced
movement have been reported, significant differences are found in the various guidelines used for locating and
sizing expansion joints, suggesting that at least some of the guidelines must be in error. Therefore, it is quite
likely that in some cases joints are being omitted where they are needed--thus creating a risk of structural failure
or causing unnecessary operations and maintenance costs--and in other cases they are being used where they are
not required--thus increasing the initial cost of construction and creating space utilization problems.

As a consequence, the Federal Construction Council (FCC) undertook the study reported herein in hopes of
developing more definitive criteria for expansion joints than have existed in the past. The study was carried out
for the Council by the FCC Standing Committee on Structural Engineering.

This report has been reviewed and approved by the Federal Construction Council, and, on the
recommendation of the Council, the Building Research Advisory Board (BRAB) has approved the report for
publication.

The Board gratefully acknowledges the work of the FCC Standing Committee on Structural Engineering in
conducting the study and developing this report.

HERBERT H. SWINBURNE, Chairman
Building Research Advisory Board
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I
INTRODUCTION

A. PURPOSE OF REPORT

The purpose of this report is to provide federal agencies with practical procedures for evaluating the need
for through-building expansion joints in structural framing systems and with guidelines for designing expansion
joints for those systems when they are required.

B. SCOPE

The term “expansion joint” as used throughout this report refers to the isolation joints provided within a
building to permit the separate segments of the structural frame to expand and contract in response to
temperature changes without adversely affecting the building's structural integrity or serviceability.

This report is limited to the investigation of expansion joints that permit movement in the horizontal
direction only. All types of building and all climatic conditions experienced in the United States are considered.
Problems such as those associated with vertical movement of the structural frame, dimensional changes of
cladding, relative motion of cladding to frame, shrinkage of concrete, manufacturing errors in the length of
members, and differential settlement of foundations are not considered.

C. CONDUCT OF STUDY

The study on which this report is based was carried out under the direction of the Federal Construction
Council Standing Committee on Structural Engineering. The Committee first examined in detail an unpublished
report in which horizontal changes in dimension in nine federal buildings were observed and related to recorded
temperature changes. Additionally, the Committee studied the current practices of federal agencies regarding
expansion joint criteria.

To enchance its understanding of the distribution of stresses and associated deformation in frames subjected
to uniform temperature change, the Committee formulated and conducted an analytical study of the effects of
uniform temperature change on typical two-dimensional elastic frames. A theoretical
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INTRODUCTION 2

computer model was developed for this purpose. Observed dimensional changes caused by temperature changes
were correlated with data obtained from the computer analysis. The results of the Committee's study and
analysis, as well as its collective experience and judgment, served as the bases for this report.

D. ORGANIZATION OF REPORT

This report includes two main sections in addition to this Introduction: Section II, Recommendations, in
which the Committee presents its recommendations without detailed discussion, and Section III, Discussion, in
which the Committee presents the data and rationale upon which the recommendations are based and on which
attention is focused on the nature of the problems associated with temperature changes and their effects on
structural integrity and building serviceability. The computer printout of an elastic analysis that illustrates the
effects of temperature changes on horizontal dimensional movements and a compilation of temperature data for
various cities in the United States are included as appendixes.
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IT
RECOMMENDATIONS

A. GENERAL

1. The structural analysis of a building should include a determination of the need for thermal
expansion joints in view of the potential impact of temperature-produced dimensional changes on
structural integrity and building serviceability.*

2. As a minimum, each of the following factors should be examined and taken into account during
expansion joint location and design:

a. Dimensions and configuration of the building.
b. Design temperature change, which should be computed in accordance with the formula:

At= (Tw_Tm) or (Tm_Tc), (1)

whichever is greater, where,

T,, = the_ mean temperature during the normal construction season in the locality of the building.
For the purpose of this report, the normal construction season for a locality is defined as that
contiguous period in a year during which the minimum daily temperature equals or exceeds 32 °F.
[For example, the normal construction season for Anchorage, Alaska, is 5-1/2 months (April 24-
October 8) and for Birmingham, Alabama, is year-round (January-December).]

T,, = the temperature exceeded, on the average, only 1 percent of the time during the summer
months of June through September in the locality of the building. (In a normal summer there would
be approximately 30 hours at or above this design value.)

T. = the temperature equaled or exceeded, on the average, 99 percent of the time during the
winter months of December, January, and February in the locality of the building. (In a normal
winter there would be approximately 22 hours at or below this design value.)

*Dimensional changes in the vertical direction and methods of fastening nonstructural elements
to the structural frame of the building do not fall within the scope of this report.
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RECOMMENDATIONS 4

Values for Ty, Ty, and T, for different localities in the United States are included in Appendix B.
The T, and T, values were extracted from the ASHRAE Handbook of Fundamentals (1972)
published by the American Society of Heating, Refrigerating and Air-Conditioning Engineers.
c. Provision for temperature control.
d. Type of frame, type of connection to the foundation, and symmetry of stiffness against lateral
displacement.
e. Materials of construction.

B. CRITERIA FOR DETERMINING THE NEED FOR EXPANSION JOINTS

The need for thermal expansion joints in buildings may be determined initially on an empirical basis. If
results are deemed by the designer to be too conservative or if the empirical approach is not sufficiently
comprehensive to be applicable to the type of structure being investigated, a more precise analysis should be
undertaken. In either case, the following criteria should be utilized in the absence of more rational approaches.

1. Empirical Approach

a. For buildings having a beam-and-column or slab-and-column structural frame,* the maximum length
of the building** without expansion joints should be determined in accordance with Figure 1 on the
basis of the design temperature change (At) in the locality of construction.

b. For buildings supported by continuous exterior unreinforced masonry, expansion joints should be
placed at intervals not exceeding 200 feet. In addition, intermediate subjoints should be positioned
and spaced in accordance with the recommendations of the Brick Institute of America (BIA) and the
National Concrete Masonry Association (NCMA).**%*

* A building should be considered to have a beam-and-column or slab-and-column structural frame even if
intermittent interior shear walls or other stiffening elements are incorporated in the frame and even if the frame is
supported on an above-grade reinforced concrete continuous perimeter base wall. The provisions of this
recommendation do not apply to buildings with fully exposed exterior frames placed outside the cladding
elements.

**The maximum diameter or diagonal of a round, elliptical, or closed polygonic building should be considered
its maximum dimension.

**%At the time of this writing such recommendations are provided in the BIA publications, Differential
Movement, Cause and Effect (No. 18, April 1963), Differential Movement, Expansion Joint (No. 18A, May
1963), and Differential Movement, Flexible Anchorage (No. 18B, June 1963) and the NCMA publication,

Control of Wall Movement with Concrete Masonry (TEK 3, 1972).
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FIGURE 1 Maximum allowable building length without use of expansion joints for various design temperature
changes. These curves are directly applicable to buildings of beam-and-column construction, hinged at the base,
and with heated interiors. When other conditions prevail, the following rules are applicable:

(a) If the building will be heated only and will have hinged-column bases, use the allowable length as
specified;

(b) If the building will be air conditioned as well as heated, increase the allowable length by 15 percent
(provided the environmental control system will run continuously);

(¢) If the building will be unheated, decrease the allowable length by 33 percent;

(d) If the building will have fixed-column bases, decrease the allowable length by 15 percent;

(e) If the building will have substantially greater stiffness against lateral displacement at one end of the
plan dimension, decrease the allowable length by 25 percent.

When more than one of these design conditions prevail in a building, the percentile factor to be applied
should be the algebraic sum of the adjustment factors of all the various applicable conditions.
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2. Analytical Method
For those situations in which the need for thermal expansion joints cannot be determined on an

empirical basis or in which the empirical approach provides a solution that professional judgment
indicates is too conservative, a detailed analysis like that discussed in Section III.B.2 should be
performed. The analysis should include identification and evaluation of the effects of the factors
listed in III.A.2, as well as a stress-strain analysis of the effects on the structural frame of a uniform
temperature change, C At, where At is computed as described under III.A.2.b and the coefficient C is:

a. Equal to unity for unheated buildings,
b. Equal to 0.70* for buildings heated but not air conditioned, and
c. Equal to 0.55%* for buildings heated and air conditioned.

C. SUGGESTED PROCEDURES FOR DESIGN OF EXPANSION JOINTS

The following guidelines are recommended as bases for expansion joint design and location:

1. Expansion joints should extend over the entire height of the building from the top of the foundation
footing (or perimeter basewall) through the roof. The resulting two separate but adjacent structural
frames may share the same footing.

2. The upper bound [UB) of horizontal joint closing in buildings with a beam-and-column frame should
be calculated from the expression:

UB=6-10°- At L, (2)
where At, = (T,-T,,) in degrees Farenheit and L = effective length.**

*The C values of less than unity are based on the assumption that the environmental control system in the building would
operate continuously. Hence, the lower C value cannot be applied if it is anticipated that the environmental control system
will be regularly shut down for extended periods of time (i.e., 2 days or longer). Any deviation from these values should be
quantitatively justified.
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3.

4.

5.

To allow for construction tolerances and compressibility and expandability of the joint sealants, the
expansion joint width (W), in inches, should be computed as follows:

W=C,;-UB, (3)

where UB is as computed in Eq. (2), and C1* = 2.0 for unheated buildings, 1.7 for buildings
heated but not air conditioned, or 1.4 for buildings for both heated and air conditioned.
For buildings with continuous exterior bearing walls of clay masonry, the maximum spacing of the
expansion joints should be limited to 200 feet, and the minimum required joint width (W), in inches,
should be calculated from the following expression:

W = C;-L (50°F-At,) (4-10 ©), (4)

where At,, C;, and L are as defined for Eq. (2) and (3).
The minimum width of an expansion joint should in no case be less than 1 inch. If the computed
expansion joint width exceeds 2 inches, special consideration should be given to the materials and
methods of joint construction to ensure that the joint itself will be able to withstand the distress
caused by substantial movement at the joint. (Additional consideration should be given to
architectural and structural details to ensure that the building will tolerate the inherent deformations
without loss of serviceability.)
Expansion joint design should permit uninterrupted relative motion of the abutting building
segments, prevent the entrance of water or debris, and allow for easy inspection and maintenance.

D. AREAS OF FUTURE RESEARCH

Research directed toward the establishment of a valid data base for the development of technically sound
criteria for the design and location of expansion joints should be initiated immediately. Special attention should
be given to the following:

1.

The collection, classification, and interpretation of data on building damage attributable to
temperature fluctuation.

*Coefficient C, differs from coefficient C in that C, takes into consideration construction tolerances and the
compressibility/expandability of the joint filler, as well as temperature.
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2. The development of data necessary for the correlation of ambient temperature with temperatures of
building components (structural and nonstructural) at the periphery and within buildings for
different building types and materials.

3. The development of data for the correlation of ambient temperature fluctuations with temperature
gradients existing within building components under different conditions of exposure and types and
methods of insulation.

4. Analytic and experimental investigation that will lead to the correlation of stresses in the various
building components to the different patterns of temperature fluctuations and gradients and to the
different types of assembly component (connectors).

The effects of temperature change on the performance of buildings supported on masonry walls should be
examined for each type of masonry material or combination of materials likely to be used, and each type or
combination of materials should be investigated with respect to construction details, connections of walls to
horizontal and vertical components (roofs, floors, walls, and partitions at right angles), optimal spacing of joints,
and extent of joints.
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I
DISCUSSION

A. GENERAL

A building is a dynamic product subjected to a host of conditions that keep its various elements in a
constant state of stress, strain, and displacement. During design, displacement must be evaluated and, when
necessary, controlled to ensure that the building will perform as intended throughout its expected life without the
need for unanticipated large-scale maintenance. Expansion joints introduced by the designer to avoid the effects
of large lateral displacements are relied upon to limit the internal stresses caused by expansion and contraction
and the actual movement of building elements, permit relative motion of the building members without
disturbing functional continuity, and affect a complete structural separation without disturbing structural integrity.

Experience indicates that appropriate use of expansion joints presents a rather complex design problem and
requires a thorough understanding of those factors that dictate their need as well as those that affect their ultimate
performance after installation. The design, location, and performance of expansion joints can be influenced by
such factors as building form, function, and economics; construction techniques; the varying characteristics of
the different materials employed, changes of these characteristics under varying environmental conditions, and
the physical relationship of one to the other; and the ability to withstand stresses resulting from dimensional
changes.

The problem is further complicated by recent trends and developments in structural engineering. A better
understanding of the behavior of materials and an evolution in the precision of structural analysis of buildings,
coupled with the advent of computers that permit economical, rapid, and accurate analyses, have encouraged
designers to include a mixture of materials and a variety of jointing systems in most major structures. These
factors make it possible to generally decrease the dimensions of resisting structural elements from those
customarily used in past practice. As a consequence, structures are less likely to be overdesigned than in the past;
therefore, the risk of their reaching the threshold of structural failure is greater, giving emphasis to the
importance of adequate expansion joints.

Previously developed empirical rules for expansion joint spacing are not necessarily compatible with these
recent trends and developments. If desired margins of safety are to be maintained, it appears that the need for
thermal expansion joints should be determined as part of the structural analysis of a building and that special
attention should be given to the potential impact
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of horizontal dimensional changes* on structural integrity and building serviceability. Factors that are considered
to be most significant with respect to the design and location of expansion joints, and which are treated herein,
include dimensions and configuration of the building; design temperature change; provision for temperature
control; type of frame, type of connection to the foundation, and symmetry of stiffness against lateral
displacement; and materials of construction.

1. Dimensions and Configuration of the Building
The dimensions of a building are obviously an overriding parameter with regard to the need for

expansion joints because the problem of expansion joints arises when the dimensions become
substantial.

The configuration of a building is a parameter influencing the severity of the effects of
temperature changes on a building and, as such, should be given consideration during the design
process. Rectangular buildings and buildings with two axes of symmetry in plan with no internal
open courts experience temperature-induced stresses that have relatively simple patterns, while
buildings with a more complex configuration, such as U-shaped or L-shaped buildings, experience
horizontal dimensional changes that result in complex stress patterns, particularly at re-entrant
corners.

2. Temperature Change

Since construction is carried out over a considerable period of time, the various elements of the
structure are installed at different temperatures. The temperature changes causing displacements and
stresses in a structure are changes from these installation/erection temperatures, over which the
designer has little, if any, control. Yet, while it is apparent that temperature change is one of the
most important factors influencing the potential linear expansion/contraction of a building, there is
no possibility of establishing exactly the maximum expected temperature change because this
change is not the same for all parts of the structure and is not known during the design phase for any
one particular part of the structure.

a. Computation of design temperature change
To properly account for the effects of temperature on buildings requires a procedure that uniquely

defines the temperature differences for which a building in a given locality should be designed.
Currently, however, there is no one established procedure for determining this design temperature
change with precision; therefore, the

*While the scope of this report is concerned only with horizontal dimensional changes, the analysis also should
be supplemented by consideration of dimensional changes in the vertical direction of buildings and of methods
used to fasten nonstructural elements to the structural frame of the building.
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following guidelines were developed by the Committee to serve as an aid in its computation until a
more definitive procedure is developed:

* It should be assumed that structures will be built when the minimum daily temperatures are
above 32 °F.

* Mean temperatures (T,;,) should be based on only the construction season--the contiguous period*
during which the minimum daily temperatures are above 32 °F. This season varies for different
localities (see Table 1) and, except for southern areas, the mean construction season temperature
is different from the mean annual temperature.

* The anticipated high-temperature extreme (T,,) should be considered as the temperature that is
exceeded, on the average, only 1 percent of the time during the summer months (June through
September) in the locality of the building.

* The anticipated low-temperature extreme (T.) should be considered as the temperature that is
equaled or exceeded, on the average, 99 percent of the time during the winter months
(December through February) in the locality of the building.

» Using the data described above, the design temperature change (At) can be uniquely defined
according to At = (T,,-T,,)) or (T-T.) whichever is greater. The T,, Ty,, and T, values for many
localities in the United States are presented in Appendix B.

TABLE 1 Mean Construction-Season Temperatures for Various Localities

Construction Season

Locality From To Mean Temperature (°F) Annual Mean Temperature (°F)
Birmingham, Alabama Jan 1 Dec 31 63.2 63.2
Anchorage, Alaska April 24 Oct 8 50.6 355
Almose, Colorado May 8 Sept 28 60.4 422
Daytona Beach, Florida Jan 1 Dec 31 70.3 70.3

*Obtained from Decennial Census of United States Climate--Daily Normals of Temperature and Heating Days.
Climatography of the United States No. 84, U.S. Department of Commerce, Weather Bureau, Washington, D. C. (1963).
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b. Differential temperature effects on a building element
As illustrated in Figure 2, the differential temperature profile of a member can be assumed to

consist of the superposition of two temperature profiles:

(1) A uniform temperature change (At,) equal to the temperature change that takes place along the axis
of the member, and

(2) A differential temperature change [d(At)] equal to the difference of the temperature change at one
face of the member less the temperature change at the opposite face of the member; i.e., d(At) = (At,-
At)) = (a+b).

]

Atg

1]
-+

Differential Temperature _ Uniform Temperature o Differential Temperature

Profile of a Member - Change Atq Change d(At)

FIGURE 2 Differential temperature effects on a building element.

When viewed in this manner, it becomes apparent that the differential temperature change [d(At)] causes no
change in the length of the member along its axis. Instead, it tends to cause curvature in the member, which, to
the extent it is resisted, results in internal stresses. However, neither the curvature nor the ensuing internal
stresses propagate and cause a cumulative increase in the length of the structure as do those stresses and
deformations brought about by uniform temperature change.

Thus, with respect to expansion joint requirements, a differential temperature profile can be replaced by the
superposition of a uniform temperature change corresponding to the change at the level of the centroidal axis of
the member and a differential temperature change that causes no change in the overall length of the member.
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From this discussion it becomes evident that the uniform temperature change component (At) of the differential
temperature profile is the principal cause of building distress due to temperature changes. For a symmetrical
member, the effective uniform temperature change will be equal to the average of the temperature changes on the
opposite faces undergoing differential temperature changes. In members with nonsymmetrical cross sections, the
effective uniform temperature change obviously will have an intermediate value between the temperature
changes on the two opposite faces.

3. Provision for Temperature Control

4,

Properly functioning heating and air conditioning in a building will maintain a relatively constant
temperature within the building and, thus, reduce the potential for adverse temperature change
effects on internal and peripheral members. However, buildings that are heated but not air
conditioned are subject to substantial changes in temperature during the summer and these must be
taken into account. Buildings that are both heated and air conditioned can be considered only
theoretically immune to the effects of extreme temperature fluctuations since malfunctions or
intentional shutdowns of mechanical equipment could lead to sudden injurious temperature
variations. Thus, the potential for such also must be considered during expansion joint design.

Type of Frame, Type of Connection to the Foundation, and Symmetry of Stiffness against Lateral

Displacement
Thermal effects on buildings with fixed-column bases are likely to be more severe than on

buildings with hinged-column bases. Comparison of the behavior of two identical tall buildings, one
with fixed-column bases and one with hinged-column bases, subjected to the same temperature
changes indicates that both buildings underwent virtually the same dimensional changes in all levels
above the first. However, in the case of the fixed-column building, temperature-induced stresses
(shear forces, axial forces, and bending moments) at critical sections within the lowest story were
almost twice as high as those at corresponding locations in the hinged-column building.

The extent of stresses and deformations in a building also will be greatly influenced by the
symmetry of the building in terms of stiffness against lateral displacement. A building with main
structural frames having approximately the same stiffness against horizontal displacement from the
center to the right as from the center to the left will be subject to smaller stresses and deformations
than a similar building with main structural frames having columns or a shear wall at one end
substantially stiffer against horizontal displacement than the rest of the columns. Therefore, the
design of expansion joints should be influenced by the type of frame, type of connection to the
foundation, and the stiffness against lateral displacement of the structural framing, each of which is
discussed in greater detail subsequently.
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5. _Materials of Construction

The type of material used in the construction of the frame (e.g., steel, concrete, masonry) can
influence the effects thermal changes will have on the building. For example, comparison of the
effect of thermal changes in two similar frames with identical moments of inertia, one of which has
beams with greater cross-sectional area than the other, indicates that the frame with the greater cross-
sectional area develops the greater axial forces, shear forces, and bending moments at the critical
sections of both beams and columns. Consequently, considering that the ratio of the cross-sectional
area to the moment of inertia is greater for concrete frames than for steel frames, it would be
reasonable to expect that the thermal effects on structures would generally result in higher stresses in
concrete frames than in steel frames. Therefore, a designer would need to be somewhat more
conservative in evaluating potential thermal effects when using concrete as a structural material than
when using steel, unless of course, he conducts a more complete analysis of the structure for all
forces, including thermal effects, and provides explicitly for the critical loading conditions.

Shrinkage of concrete members accounts for a portion of the dimensional change in a building
frame. However, shrinkage usually takes place during a relatively short period of time following
concrete placement. Its extent can be estimated with reasonable accuracy, and its effects can be
controlled by proper planning of the construction sequence of the building. Consequently, concrete
shrinkage has not been considered in this study but should be taken into account when planning the
construction sequence of concrete frames of lengthy buildings.

B. DETERMINATION OF NEED FOR EXPANSION JOINTS

Although the need for expansion joints can be determined empirically in many cases, in certain situtations it
would be determined best through analytical evaluation. The empirical approach is likely to be the simpler of the
two, but is the more conservative. The analytical method requires that the designer fully evaluate and account for
in the overall design the effects of all factors influencing the need for expansion joints (discussed in Section
III.A). The basic elements, concepts, and/or procedures involved in each are discussed below.

1. The Empirical Approach

a. Current practices and existing data
With the exception of criteria currently used by some federal agencies in determining building

expansion joint requirements and a report concerning a one-year (1943-1944) experiment examining
expansion joint movement, a search of the literature revealed no significant quantitative data or
specifications. Considerable information on the design of the actual expansion joint for a variety of
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specific building components and materials is available in engineering/architectural aids and
specifications; however, through the years, the decision concerning the number and location of
expansion joints, as well as the ultimate design, has been left primarily to the judgment of the
designer on the basis of his intuition and experience. Individual agencies have examined the
performance of buildings that seemed to lack appropriate expansion joints and have provided
remedies for such problems on a case-by-case basis. Unfortunately, the results relating cause and
effect were not formally documented.

An examination of the federal agency criteria for expansion joints indicates that they are very
basic in concept. These criteria are based on the assumption that the maximum allowable linear
dimension of buildings is a function of two parameters:

(1) The maximum difference between the mean annual temperature at the locality of the building and the
maximum or minimum expected temperature, and
(2) The provision for heat control in the building under consideration.

The first parameter causes the dimensional change, while the second reflects the ability of the building to
dampen, and thus to reduce, the severity of the effects of outside temperature changes. Curves for heated and
unheated buildings (Figure 3) are used to relate the maximum allowable length of a building without expansion
joints as a step function to design temperature changes.

TEMPERATURE CHANGE (°F)

FIGURE 3 Expansion joint spacing criteria of one federal agency.
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There is little doubt that a step function cannot represent the behavior of a physical phenomenon, such as
thermal effect, that has evident characteristics of continuity. However, while the maximum allowable building
length can be expected to decrease as the design temperature change increases, the definition of the exact nature
of their relationship requires more rigorous and elaborate quantitative data than is available at present or is
expected to become available. Therefore, the limits of 600 and 200 feet in the linear dimensions of buildings are
assumed to reflect the considered consensus of long experience within the engineering profession. Consequently,
without any further experimental or theoretical justification, they are used herein as boundary values.

Taking the above factors into consideration, the curves in Figure 1 have been developed and are
recommended in Section II as an aid in the empirical determination of the need for expansion joints in buildings.
These curves are within the 600- and 200-foot bounds and assume a linear change (in the absence of any
evidence justifying curves of other shapes) in allowable maximum length with regard to design temperature
change. For relatively small temperature changes (up to 25 °F) the maximum allowable length is permitted. In
addition, factors can be used to modify the maximum allowable building lengths obtained from Figure 1 for
parameters other than heating (e.g., air conditioning, type of support, type of configuration, and type of material
used) to account in a conservative manner for their influence. These factors were listed in Section II,
Recommendation A.2 , and are based on a qualitative assessment; the following sections of this report provide
the rationale for their adoption.

b. Findings of a previous study on expansion joints
Structural engineers of the Public Buildings Administration* investigated expansion joint

movement over a period of one year (September 1943 to August 1944) in nine federal buildings to
obtain measurements of dimensional changes over a complete cycle of seasons.** Although some of
the assumptions made in the analysis are questionable and data collected are not sufficiently
complete to serve as a basis for definitive statements, several important conclusions relative to this
report can be drawn from that investigation and those considered most significant are presented
below.

(1) There is a considerable time lag (2 to 12 hours) between the maximum dimensional change of a
building and the peak ambient temperature associated with this dimensional change. The
investigators theorized that the time lag was due to the temperature

*Now the Public Buildings Service of the General Services Administration.
**Public Buildings Administration, Movement of Expansion Joints in Nine Federal Buildings in Washington,
D. C. (September 10, 1943-August 29, 1944), unpublished.
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gradient between the outside ambient temperature and the inside temperature of the building, the
resistance to the transfer of temperature change (insulation), and the duration of the ambient
temperature at its extreme levels. Since such parameters determine the rate of temperature change at
the axis, this theory appears to be valid.

(2) The maximum temperature change and the maximum linear dimension of a building are not the only

3)
“4)

parameters affecting the extent of dimensional change in the building. For example, the effective
coefficients of thermal expansion appear to vary widely from building to building and even within a
single building.

The effective coefficient of thermal expansion of the first floor level is approximately one-third to
two-thirds that of the upper floors.

The dimensional change of each building at the upper level corresponds, in most cases, to an
effective coefficient of thermal expansion between 2 and 5 per million degrees Fahrenheit. Given
the value for this coefficient of 3.3 for brick, 5.5 for concrete, and 6 for steel and the uncertainty of
the assumption used to evaluate the temperature change on the basis of which the range from 2 to 5
was derived, the investigation seems to confirm that the upper levels of buildings undergo
dimensional changes corresponding to the coefficient of thermal expansion of the principal material
of which each is constructed.

c. Explanation of structural expansion by statics

The problem of structural expansion due to temperature change can best be understood in light of the basic
mechanics involved. A fundamental analysis of the problem can be made by utilizing statics. Assume for this
purpose a one-bay simple bent (Figure 4), free in the two-dimensional space and subjected to uniform positive
temperature change. Intuitively, it becomes obvious that the bent ABCD will expand as shown in Figure 4ato the
new configuration A'B'CD with no accompanying stresses since the expansion is completely unrestrained. If
bent A;B,C D, is fixed at the ground, expansion of the bent will occur as shown in Figure 4b. In its deformed
position (A;B;C" D) the bent will be under stress. Supports A; and D; will develop horizontal thrust H; and
fixing moment M, thus subjecting beam BC; to an axial compressive force. Due to this internal force, the
expansion B;B-; of Figure 4b will be smaller than BB of Figure 4a. If, on the other hand, the bent is hinged at
the bottom, as shown in Figure 4c, there will be no support moment and horizontal thrust H, will be smaller than
H;. As a result, the compression of B*,C", will be smaller than that of B*;C";. The elongation, B,B", of Figure 4c
therefore will be greater than BB"; of Figure 4b but
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smaller than BB" of Figure 4a. Similarly, the compression of B, C", will be between the zero compression of BC
and the compression H; of B";C*
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FIGURE 4 Analysis of one-bay simple bent subjected to uniform temperature change: (a) bent completely
unrestrained; (b) bent fixed at ground; (c) bent hinged at ground.

In the multistory and multibay frame conditions illustrated in Figure 5, a temperature increase will produce
a pattern of stresses and deformations similar to those of the single bent of Figure 4. Although it is more difficult
to visualize the mechanics, it remains possible to predict the relative intensities of the thrusts and horizontal joint
movements. Due to symmetry, the intensity of the thrusts (H;, H, ... in Figure 5a and H |, Hy, ... in Figure 5B) is
maximum at the extreme ends and approaches zero at the center. Similarly, the horizontal displacements of the
joints within each floor are maximum at the ends and approach zero at the center of the frame.

These progressive changes of magnitude are a result of the cumulative effect of elongation from the center
to the outside. It can be reasoned that the beams near the center of the frame are subjected to maximum axial
stresses while the columns near the edges of the frame are subjected to maximum bending moments and shear
forces. However, the intensity of these forces, and the accompanying elongations, may vary from story to story
and their assessment will require analytical study.

d. Analyses of stresses and deformations in frames

An analytical study was formulated and conducted by the Committee to investigate the effects of uniform
temperature change on typical two-dimensional elastic frames. It was anticipated that, with the aid of a computer
program for two-dimensional stress analysis, the study would facilitate the understanding and evaluation of the
temperature effects on joint displacement and forces (shear, axial, and bending) in a long building.
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It is recognized that, in the analysis of a building frame, the actual moments, shears, and thrusts that occur
at any point depend on the degree of fixity obtained in the structural joints, the degree of fixity assigned to the
foundation of the structure, and other pertinent considerations of this nature. However, for reasons of simplicity
and in order to gain a basic qualitative understanding of the nature of temperature effects on a typical frame,
extreme conditions were utilized for such considerations during the computer analysis.

The frames analyzed were given a typical bay of 25 feet and a height of 13 feet for the first story and 10 feet
for the stories above. These dimensions were common in all frames; however, the following conditions (Table 2)
were differentiated:

(1) Columns fixed at the base (e.g., Anal. 1-1) or columns hinged at base (e.g., Anal. 2-1).

(2) Either 24 x 24-inch (e.g., Anal. 1-1) or 16 x 16-inch (e.g., Anal. 3-1) columns framed to 14 x 20-inch
beams.

(3) Frames with two (e.g., Anal. A-1) or three stories (e.g., Anal. 4-1) comprised of columns and beams
with identical dimensions.

(4) Frames with beams of a given moment of inertia but different cross-sectional areas (e.g., Anal. A-2)

(5) Frames with eight bays of 25 feet each (e.g., Anal. 1-1) and a similar frame with 16 bays of 25 feet
each (e.g., Anal. B-1).

(6) Frames symmetrical about a vertical axis and frames with the extreme columns on one end
substantially stiffer than the rest of the column (e.g., Anal. M-1; see Appendix A).

(7) Frames with all columns fixed to the beams at their upper end and frames with outside columns
hinged both at top and bottom (e.g., Anal. M-2)

All frames were analyzed for a 100 °F uniform temperature increase and for a coefficient of thermal
expansion equal to 6 per million degrees Fahrenheit. An example of the computer output of this study (Anal.
M-1) is presented as Appendix A. The tabulated results of the analysis are shown in Table 2.

Column 11 of Table 2 lists the horizontal displacement ratio A/A, for the oudside joint of the lowest story of
the analyzed frames, where A, is the unrestrained displacement of a joint and A is the actual displacement of the
joint. A review of analyses 1-1 and 2-1 verifies that for similar frames with fixed or hinged columns A/A, is 0.71
and 0.87, respectively. It is noted that the hinged column
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has a horizontal displacement ratio less than the unity value corresponding to an unrestrained frame but greater
than the 0.71 value for a fixed column. If columns are hinged ra (87-71 ) = 23%.c base, the maximum
deformation of the frame at the first floor increases by approximately 71
Comparison of analyses 1-1 to 2-1 and 3-1 to 4-1 in columns 7, 8, 9, and 10 of Table 2 reveals that the
maximum forces associated with the fixed-column and the hinged-column cases vary in the following ratios:

For 24 x 24-in. Columns For 16 x 16-in. Columns
For beam moments (70-45)/45 = 55% (53-25)/125 = 110%
For beam axial forces (135-7NI77 =75% (70-25)/25 = 180%
For column moments (600-250)/250 = 140% (70-75)/75 = 130%
For column shears (60-19)/19 = 150% (22-6)/6 = 250%

Analyses of the results of the various computer runs (Table 2) allow the following observations to be made:

The horizontal displacements (A) of all stories except the lower one is almost identical to the displacement, A, that
would develop in a totally unrestrained frame (i.e., A° A,). Therefore, if both ends of a frame are equally free to
displace, the horizontal displacement of the outside joints of upper stories will be equal to one half of the
unrestrained elongation of the frame corresponding to a temperature change, At, and a coefficient of thermal
expansion, a; that is,

A= aA(1/2L) = 12a(A) L, (5)

where o = coefficient of thermal expansion, A, = horizontal displacement of a joint at a distance 1/2 L from the
center of the frame, and L = total length of the frame.

In a frame that is restricted from side displacement at one of its two ends, the unimpeded horizontal displacement of
the other end will be equal to

Ay =a(A) L, (6)

since the total expansion of the full length, L, of the frame will be reflected in displacement of only the unrestricted
end of the frame.

A comparison of the data obtained in analyses A-1 and A-2 indicates that for a given frame an increase in the
relative cross-sectional area of the beams (not associated with a
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simultaneous increase in the moment of inertia of the beams) results in a substantial increase in the deformation of
the first floor as well as the maximum forces developed in the frame. This is based on the fact that in temperature-
induced stressing a force resulting from the structural restraints and the temperature change is proportional to the
cross-sectional area of the restrained members (in this case the beams since the frame is not restrained in the
vertical direction). Considering that the rate at which cross-sectional areas increase for a given increase in moment
of inertia is faster in concrete members than in steel members, it can be anticipated that a concrete frame will suffer
somewhat more than a steel frame from the consequences of thermal expansion.

Finally, a comparison of the results of analyses 1-1 and M-2 indicates that hinges placed at the top and bottom of
the exterior columns of the frame reduce the maximum stresses that can be expected to develop in the frame.
However, such an arrangement permits an increase in the horizontal expansion of the first floor because it reduces
the resistance to such movement.

These analytical studies of temperature effects have quantitative value in the sense that they provide valid bounds
of stresses and deformations caused by temperature changes and help to define relative values of stress and
deformation among the various locations of a structural frame for given ranges of temperature change.

2. The Analytical Method

The difficulties of categorizing every conceivable building configuration and the complexity of
the stress and deformation patterns created by thermal change effects in buildings with other than a
rectangular configuration make it impracticable to always determine the need for expansion joints
on an empirical basis. Also, the designer may wish to exceed the limits on lengths of a building
without expansion joints established by the empirical approach described above. In all such cases a
detailed structural analysis needs to be performed to support the design. The analysis should
incorporate the following basic concepts of and procedures for the design of buildings against the
effects of thermal change, regardless of building type or configuration.

a. Uniform design temperature change (CA,)

When establishing for design purposes the effective maximum temperature change to which a
structure is likely to be subjected, the influence of heating and air conditioning must be considered
as well as the extreme range of outside temperature. However, there are no available experimental or
theoretical data or procedures that will
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permit the quantitative evaluation of the influence of heating and air conditioning in reducing the
effects of outside temperature fluctuations on a structure. Even if such could be quantified, only a
portion of the dampening effect of temperature control on temperature fluctuation could be
recognized safely during frame design in view of the lack of temperature control during the
construction phase and during periods when the heating/air-conditioning equipment is likely to be
inoperative because of mechanical failure or service and maintenance operations. For these reasons,
the calculation of the design temperature change for heated and/or air-conditioned buildings should
include a minimum empirical coefficient that will reduce the maximum temperature change to
which the structure is expected to be exposed but will not give full value to the influence of internal
temperature control. In the absence of technically sound data that dictate otherwise, the uniform
design temperature change, CA,, can be satisfactorily determined by considering A, = (T,-T,,) or
(Tyy-To), whichever is greater, and C = 1.0 for buildings not provided with temperature control, 0.70
for buildings heated but not air conditioned, and 0.55 for buildings heated and air conditioned. Any
deviation from these values should be quantitatively justified.

b. Suggested procedures for design of buildings against thermal changes

(1

As in most structural problems, the investigation of thermal effects on a building is reduced to a
basic understanding of distributed forces and deformation within the structure. If deformations are
resisted the resulting force system in structural members may well exceed the members' strength and
cause structural failure; if they are not resisted the change of geometry in the structure may interfere
with its overall performance. Therefore, the designer's task is to select one of the following three
broad but basic approaches:

Limit the potential for deformation in the structure (without causing failure) by designing the
appropriate members to be substantially stiffened and strengthened.

(2) Allow for substantial movement of the building's structural members and nonstructural components

such that ultimate building performance will not be adversely affected. Such a structure will require
practically no additional strength of members to withstand thermal effects.

(3) Strike a compromise between capacity to resist stress and ability to withstand deformation without

sacrificing building performance.

The first approach is quite unrealistic for buildings above two stories. Stiffening and strengthening the
lower floors will only transfer the adverse thermal effects to the stories above, and, in effect, the upper floors
would then be resting on a rigid artificial base instead of on the ground. Conversely, this approach is inherent
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in low, long and massive masonry buildings that have a low tolerance to movement. Their structural frames are
designed to maintain building integrity by withstanding the substantial thermal forces that challenge structural
strength rather than deformation. Most field experiences indicate that buildings with continuous masonry bearing
walls should be provided with expansion joints at intervals not exceeding 200 feet and with additional subjoints
in accordance with the recommendations of the Brick Institute of America and the National Concrete Masonry
Association.*

The portions of walls at and near the intersection of two walls, surfaces likely to be weakened by numerous
openings for doors and windows, and the rigid connections between horizontal elements (particularly concrete or
other stiff roofs) and massive walls are most sensitive to the effects of thermal change. In all such cases either
expansion joints or very strong elements that can successfully resist the tendency to deform without yielding
must be provided. The forces assumed to be generated under these circumstances can be derived by analyzing
the forces necessary to cause elastic deformations comparable to the deformations caused in an unrestricted
structure by corresponding temperature changes. Thus, these forces can be determined by the very elementary
formula:

F = otEA, (7)

where F = axial force that develops in a member when it is restrained from changing to temperature change,
a = coefficient of thermal expansion, E = modulus of elasticity, A = cross-sectional area, and t = temperature
change.

If the member is completely restrained, F will become the maximum axial force which can develop in a
member. However, if the member is completely free to expand, F will be equivalent to zero. In actual structures
the completely restrained and completely unrestrained conditions are unattainable. Physically, the problem can
be interpreted through two superimposed conditions.

Thermal changes cause a total change of length, Alt, given by the equation:

Alt = atL, (8)
where L = the affected length of the member.

Forces resisting the change of length will cause a change in length, Alf, in the direction opposite Alt; Alf is
given by Hooke's Law:

_FL
Mg = o5 9)

*See p. 4 for publication references.
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The net change of length will be:

Al = (Al-Alp); (10)

therefore, if Al = Al, (i.e., Al; = 0 or unrestricted change), then F = 0 and if Al = O (fully resisted change), Al;
= Al,or F = atEA.

In all real situations F therefore lies between these two extremes; i.e., O<F<atEA.

If Al = BAl, where 0<B<1.0, then Al; = Al-Al = Al, (1-B) or FL/EA = (1-B)atEA. In interpreting this
expression it is observed that if 3 is the fraction of unrestricted change of length that the member undergoes, the
restricting force will equal the complement of this fraction (1-f) multiplied by the absolute restrictive force (F =
atEA). Therefore, the designer must first evaluate what percentage of deformation (BAl,) the structure can
tolerate without loss of performance and then provide for extra strength in the affected members, beyond the
requirements of conventional design needs, to resist the forces (1-f) and atEA. If this cannot be effected within
reasonable dimensional or cost constraints, the designer must consider the following alternatives in modifying
the structure:

(1) Provide appropriate connections among structural, parastructural, and nonstructural components that
will allow a greater tolerance of deformation without loss of performance (i.e., increase ).

(2) Provide for an expansion joint (also called an “isolation” or “separation” joint) in the structural
frame, thus reducing the effective length (L) value that influences the primary parameter Al, = atL.

While the above is a rational and broad approach to investigation and design, one aspect of the
interpretation not readily obvious requires special attention. That is, although a particular structure can tolerate
unrestricted change of length (which would correspond to B = 1 and F = 0), the designer should evaluate how
much of the change of length actually can take place under the physical details of the structure. Such an
evaluation is important because the statical redundancy of the structure will resist changes in length, even though
the structure can tolerate such changes without loss of performance. Unfortunately, the evaluation of resisting
forces, and hence the stresses, that will develop in each situation cannot be effected on the basis of a simple
mathematical expression. It will require a thorough knowledge of both structural theory and the details of
construction and materials involved. When large and multi-indeterminate structures are involved, a computer
analysis may be required to supplement the designer's understanding of the nature and distribution of forces. It is
important that, initially, the maximum tolerable [ be evaluated and used for design; however, the same procedure
then should be applied to the probable maximum resisting forces.
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It should be noted that the maximum resisting force will depend not on the maximum tolerable fraction f3,
but rather on the fraction 3 that will develop as a result of the physical restraints and redundancy of the structure.
This value, B, may well be substantially smaller than the maximum a structure can tolerate. The discrepancy
between 3 (tolerable) and B (developed) is easily recognized in the low-level massive masonry building that can
tolerate a great deal of elongation but is so rigid and monolithic that the B that does develop is a small fraction of
the value that could be tolerated. The result is a buildup of very high internal forces (F) that can produce failures
at the weak points of the structure. These failures are normally brittle in nature, indicating that they were caused
by forces exceeding capacity rather than excessive deformation. In such cases the designer has few options for
adapting his structure, which is inherently too stiff, and instead, he must design to allow expansion by reducing
the effective length (L) that determines the fundamental parameter, Alt = atL. The lowest allowable value of
maximum L obviously depends on the maximum expected temperature change (t) since the elongation will be
proportionate to both L and t. Conversely, when considering flexible buildings with a frame consisting mostly of
slender flexural members, the designer can influence the B (developed) value (i.e., the amount of the maximum
change of length that will develop in a building). This can be done by an interplay of strength and flexibility. In
general, strong but slender flexible members will allow greater changes of length [i.e., higher  (developed)
values], and in these situations, B (developed) will approach the ultimate deformation tolerable to the structure.
This combination will ensure that the building will perform with a minimum of distress due to temperature
change.

C. THE DESIGN OF EXPANSION JOINTS

The following principles are considered basic to sound expansion joint design.

1. The width of the expansion joint should exceed the maximum potential dimensional changes by an
amount sufficient to prevent the complete closing of the joint and, simultaneously, provide for
construction tolerances and nature of filler material. The maximum potential dimensional change
can be computed either empirically (point 2 below) or by using the formulas given for Al and Al;
[Eq. (8) and (9)] and by an accurate evaluation of the forces, F (see p. 25), in the structural system
through appropriate structural analysis.

2. The upper bound, UB, of the maximum joint closing obviously will depend on the coefficient of
thermal expansion of the material of the frame, the maximum temperature change (i.e., the effective
temperature increase At, = T,-T,,,) that the structural frame is assumed to undergo, and the
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effective length, L, of the structural segments converging at the joints. The effective length, L, can
be computed utilizing the following empirical guidelines in conjunction with Figure 6:

a. If both the building segments converging on the joint have symmetrical stiffness, only one half of the
dimensional change of each segment will affect the joint separation ( Figure 6a), hence,
L=1/2 (L+Ly). (11)
b. If, however, either segment has one end substantially stiffer than the other, the dimensional change
resulting from temperature fluctuation will be distributed unevenly between the two ends of such a
segment with comparatively less deformation developing at the stiff end. In such cases,

L =1/2 (KL;+L,), (12)
where K = 1.5 (i.e., the length of the unsymmetrically stiff segment will be increased by 50 percent if the

stiff end is farthest away from the joint; see Figure 6b) or K = 0.67 (i.e., the length of the unsymmetrically stiff
end will be decreased by 33 percent if the stiff end is the one abutting the joint; see Figure 6c).

I Ly X Ly |
(a)

® N o ]
(b)

Stiff End

I L, L, l
(c)

FIGURE 6 Computation of effective length L of building segments adjacent to the expansion joint: (a) building
segments with symmetrical stiffness, L = 1/2 (L1+L,). (b) one segment with unsymmetrical stiffness and the stiff
end farthest from the joint, L = 1/2 (1.5L1+L,), (c) one segment with unsymmetrical stiffness and the stiff end
abutting the joint, L = 1/2 (0.67L1+L2).




About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original typesetting files. Page breaks are true

to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

use the print version of this publication as the authoritative version for attribution.

DISCUSSION

29

The coefficient of thermal expansion of concrete and steel (the principal materials used for buildings with
column-and-beam frames) can be considered approximately the same and equal to 6-10 ° per degree Fahrenheit.
The upper bound, UB, of the maximum joint closing can be computed from the expression:

UB = (6-10 ) At, L, (13)

where At. and L are as previously defined.

3.

4,

The actual width of the expansion joint must be greater than the UB to provide for construction
tolerances and for the width and compressibility or expandability of the joint filler. The UB is likely
to develop in those buildings that are not temperature controlled; for this condition, a joint width
equal to twice the UB probably would be required. Because the maximum horizontal movement in
temperature-controlled buildings is expected to be lower than that in noncontrolled buildings, the
joint width can be narrower. Joint widths equal to 1.7 times the UB for buildings heated but not air
conditioned and equal to 1.4 times the UB for buildings both heated and air conditioned should be
sufficient.

For buildings with exterior bearing walls of continuous clay masonry the required joint width, W,
can be determined by the expression:

W = C;-L (50°F+At,) (4-10 9), (14)

where C; = 2.0 for buildings with no heat control, 1.7 for buildings heated but not air
conditioned, and 1.4 for buildings both heated and air conditioned and At, and L are as previously
defined.

In this expression 4-10 ®is a coefficient approximateing the coefficient of thermal expansion of
clay masonry. The term 50 °F in the factor (50°F+At,) represents a temperature equivalent to the
dimensional changes resulting from potential of swelling of clay masonry under moisture
conditions. Finally, the coefficient C; is intended to provide for construction tolerances,
compressibility and expandability of the joint filler, and the dampening effects on the effective At, of
temperature control.

The values for C;, which are based on the judgment of the Committee members, are comparable
to the correction factors recommended for use with Figure 1 when buildings are provided with
temperature control. The rationale for the values is the same as for the Figure 1 correction factors.

5. Notwithstanding the above procedures, practical limits on the width of an expansion joint need to be

adopted. It seems reasonable that, in general, an expansion joint should not be narrower than 1 inch.
On the other hand, an expansion joint that, according to the computations above, requires greater
than 2 inches of width should be specially designed to
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ensure that these relatively large dimensional changes can take place without any loss of building
serviceability. During architectural design and filler material selection, care must be taken to ensure
that the functional and aesthetic requirements of the building are satisfactorily met and that the joint
will be sufficiently flexible to guarantee durable and trouble-free operation.

6. It is necessary that an expansion joint extend all the way to the footing because, as is indicated by the
analytical studies conducted on two-dimensional frames, a large percentage (on the order of 75
percent) of the maximum dimensional change due to temperature fluctuation develops in the lowest
story of a structure and almost the maximum change develops in all the stories above.

7. An expansion joint requires protection from potential accumulation of foreign material or debris that
could interfere with the proper functioning of the two parts of the joint. The joint should be designed
in such a way that it can be maintained and inspected without difficulty to ensure that it remains
effective.

D. AREAS OF FUTURE RESEARCH

For convenience, the scope of the Committee's study was limited to expansion joints that separate structural
frames of buildings in order to relieve excessive temperature-induced stresses. The practices and procedures
suggested herein are considered to be sound and should guide the designer in producing a more efficient building
system than in the past. Also, they have been based for the most part on experience and educated judgment.
Temperature fluctuations also effect dimensional changes in the vertical direction and the performance of the
nonstructural building components; while such effects are not considered in this report, they cannot be ignored
during design.

Execution of the most efficient design with respect to the total effects of temperature changes on building
performance requires criteria developed on a data base more technically sound than exists at present. Thus,
research should be undertaken immediately to provide urgently needed information and data that:

1. Reflect building damage directly attributable to temperature fluctuation.

2. Permit the correlation of ambient temperature with temperatures of building components (structural
and nonstructural) at the periphery and within buildings for different building types and materials.

3. Permit the correlation of ambient temperature fluctuations with temperature gradients existing within
building components under different conditions of exposure and insulation of these components.
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Also needed are analytic and experimental investigations that will lead to the correlation of stresses in the
various building components with the different patterns of temperature fluctuations and gradients and with the
different types of assembly component (connectors).

Buildings supported on masonry walls require special examination since effects of temperature changes on
the performance of such buildings will vary according to the type of masonry material or combinations of
material used. Each type and combination should be investigated with respect to construction details,
connections of walls to horizontal and vertical components (roofs, floors, walls, and partitions at right angles),
optimal spacing of joints, and extent of joints.
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APPENDIX A

COMPUTER PRINTOUT OF AN ELASTIC ANALYSIS

This section gives an example of a computer printout of an analysis for a frame with the extreme columns
on one end substantially stiffer than the rest of the columns (see Figure A-1). This example corresponds to

analysis M-1 presented in Table 2. The frame was analyzed for a 100 °F uniform temperature increase and for a

coefficient of thermal expansion equal to 6 per million degrees Fahrenheit.

L 200 ft N
1.1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 ]
o
bl = - - — — — — —
(=] © o - r (x e o = ~
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|l Hio . 19 20 21 22 23 24 25 18
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o b 3 -] 3 8 @ 8 g b3
-1 35 36 37 38 39 40 a1 42 27
g
o & b~ & & s & & 2 =
b
30 31 32 33 34 35 36
T 77 77772 77771 77771 772 F77771 777 7777
[ 25 ft
Column Size =24 -24in. Beam Size =14+ 20in.
Area (A) =576 in.? Area (A) =280in.2

Moment of Inertia (/) = 27648 in.?

Moment of Inertia (/) = 4667 in.?

FIGURE A-1 Elastic analysis of a frame with columns at one end stiffer than the rest of the columns.



34

ole]

0
0
0
8
0
0
1
1

o 0000000U000040060

POOPDOA0O0POOCPOA0OODPOOPDO ArH i

0
0
¢
0
0
0

1
6
0
Q
0
0
0

POOPOTOOPOOPDOAAOOPOOPO

fixed at both ends)

2

slele (olele] DO OoO0200pOgJOoOoOd®
DOOOOd boQoCcoopPpOodood slele [slelslelel rlels
R s s sosshoscfeveasspoc|jonsssesrsajance
D
A

(o]} slelole ololclelalslele)
oo o
o .
0 0 O DD DO D 100\ OO O WO 10O G OO P ORI THO O PO OP OO
oo i
oM —

Analysis M-1
LOADING NOe
3000000

Y
396400

O ONOVONG it Ut et slintnd i 413 LT2TT2TT
Alsalua e lulv:] AR [atlarls Mot It ] W Ee Do B Lo T

2
9

XOPpOCOOUQOOPOYOOPOO
slele s]elclslal slals [olalnlela]
s s s e peojssdeehes

..,.Uv nﬂuOOnvoo slele olelslelelrlels)

.
pOogoogQoC VUOOOAuOO DO

D

o

N

oCcgoopCcOoCgQOoOoOpOoC
L B L B B L ]
googocopogoogooPog
[=lslalolelalslollelalelalal slale
OO RN 0T [N ONINGO — T

L il lan! A4 oY) — 0 O

NR NR.)

27
0.00

POCOOCOOC| CgoOogOoOo
VOO =T | NGO OJUN D

36

N.J
of members in the frame

M

Lanl RAGAES 11T aYely eolonl Bl ol o B o7 g RV el oo sl e B ToNTs 2 BS TRl Folondes [o X TaNT 08 - JToRYs |
il Lalal sl Lan 8 LAY a4 SEANTQN] QN QNI o 234 07 07 40 07 00

PLANE FRAME BY STIFFNESS EQTS M.SOTERIADES 1969

STRUCTURE PARAMETERS*
Left end of member

STRUCTURE NOe

INPUT DATA

51
JOINT
Modulus of elasticity (1b/in.

R = End restraint index (zero

W = Dead load

M = No.
NJ = No. of joints in the frame

NR = No. of support restraints
NRJ = No. of restrained supports

E

JJ
CX = Directional cosine (x)

JK = Right end of member
CY = Directional cosine (y)

Notes:
1. Coordinates x and y are entered in inches and relate to a Cartesian system positioned on joint 28.

2. Member cross-sectional areas A are entered in in.2

5. In general, all dimensions used in input and output are exclusively in inches and pounds

3. Moments of inertia of members I are entered in in.*

4. Member lengths are given in inches

APPENDIX A
*Legend:
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27— —26 57600 264800 20000+ 000—1-000—%0 CRA A
28 2 21 576400 27648400 120400 04000=14000 0© VeUuy
29 ] 22 57600 2764800 12000 -O.UUU-_L-UUU ___Q_____ IJO_UU_EJ_ _
30 [4 73 57600 21648.00 2000 u.uuq-DUUU [¥] D.OOL{
31 15 24 576400 27648400 120400 0.000=14000 O 0.000
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= A N R N R R R R S
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-LOADED -JOINTS= 9 e e e - -
LOADRD MEMBS.= 0 (DISTRs L= 0O CONCENs L= 0 OTHER L= 0 )
UNIFORM TEMP. CHANGE=100 DEGREES

COEFFs OF THERMAL EXPANSION= 6.000 PER MILLION DEGREES . ___

*See Legend, p. 34.
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right end (1b)
right end (1b)

right end (1b)

.
.
.

1 force

1a

Shear force

Ax
MRT = Moment

NRT
VRT

left end (1b)
left end (1b)

left end (1b)

NLF = Axial force
VLF = Shear force

MLF = Moment

*Legend



38

TIoquieul Y3 FJO Joqunu oYl 03 I89J9X stsoyjuared ur SIOQUUIN,

()8 9v (211~ (w6 (£1)001 xo013 doj,
(61)€° LS (sz)ogn (pe)T" 11 (rs) s¥e JI00TF PIK
(9g)gse (z¥) 00T (18) z°¢8 p(1S)0¥L I00TF aseq
(sdop) “® | (sdry-33) *PW | (sdon ¥PUA | (sdoy-ag) X | TOA°T FooTd

JI9pITH uum7yo)

sjusuodwo) S$SoI3§ [BOTITID

X

ues'L= v (W 40 ‘A ‘N) ssaig [eanun
UpY'L =7+ 001 - = 7y0 = Oy uopo pauqiyuiun J0 uoneso sajeubisag x
e e e - w1 e e “ &
& 2 k4 g 5 £ 2 wew 3 9
) " ) : N
uvBOe LUl 90 e X = - - - =t % o 1] ® uLLo
3 " a 8 a 8 & & xm_._._..q 1 &
UIZETL e TIULEED 8 ot 3 3 3 [ 3 X @ oo *UEED
= 2 E] = o o = 2| xew o
. . : . X N . .
uegLe--ulloLe 8 0 9 s v v € [ % *UuIsyo
Xvz suonewsoeq suonewsoyaq
——86-—3 515841l ro 002000000020 96
Lo mwommﬂmm.o 4 348899/2°0 GO 3HGIL609°0~ Gt
L0 ITEew66LE°0  #0 IBTEB2G5T*0= G0 3/02G6LE*0~  WE
10 39E9ST8I*0 Y0 3L5696% = S0 3150081 0= =t
00 36608£61°0~ 40 3700691 °0~ 20-3%1%9251°0 A
L0 38£99281°0~ 40 I09696GI°0~- G0 3.6/0081°Q
L0 3TeH66Le*0= #0 361€BEGI°0- S0 380¢G6Le"0 0t
L0 3L08ET109%0~ %0 315899.¢°0 S0 3S811509°0 6¢
60360000000 6396481120 061000000020 ¥
Z-NOI1I53u1q A=NOTLD3¥1Q x:zomhummﬂa INIOf
NOTLDV3Y Ld0ddNS

APPENDIX A

‘uonnguile Joj UoISIaA aAlejIoyIne ay) se uoneolignd sy} Jo uoisiaa juud sy} asn
asea|d ‘pauasul Ajejuaplooe usaq aAey Aew siouis olydeibodA} swos pue ‘paulelal aq jouued ‘Janamoy ‘Buiewloy oyoads-buiesadAy Jayjo pue ‘sejAis Buipesay ‘syealq pisom ‘syibus| aull ‘eulbo ay) 0y
anJ) ale syealq abed "sa|iy BumesadAy jeuiblio ay) woly Jou ‘yooq Jaded [euiblo ay) wolj payeald saji TAX Woli pesodwodal usaqg sey yiom jeulblio sy} jo uonejuasaidal [e)bip mau syl :8Ji 4ad SIYl Inoqy



About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original typesetting files. Page breaks are true

to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

use the print version of this publication as the authoritative version for attribution.

APPENDIX B 39

APPENDIX B
TEMPERATURE DATA

The following tabulation presents mean construction season temperature (T,,) and extreme summer (T,,)
and winter (T.) temperature data for various localities in the United States. Most stations listed are located at
airports; those identified as CO are city offices.

T,, = the mean temperature during the normal construction season in the locality of the building. For the purpose of

this report the normal construction season for a locality is defined as that contiguous period in a year during which

the minimum daily temperature equals or exceeds 32 °F.*

T,, = the temperature exceeded, on the average, only 1 percent of the time during the summer months of June
through September in the locality of the building. (In a normal summer there would be approximately 30 hours at or
above the design value.**)

T, = the temperature equaled or exceeded, on the average, 99 percent of the time during the winter months of
December, January, and February in the locality of the building. (In a normal winter there would be approximately
22 hours at or below this design value.**)

*These contiguous periods for each locality in the United States were obtained from the Decennial Census of
United States Climate: Daily Normals of Temperature and Heating Degree Days (see reference on page 11) and

the mean construction season temperature values T, were computed (by Maj. T. E. Stanton of the USAF
Environmental Technical Applications Center, Washington, D. C.) from the mean monthly temperatures
extracted from the National Weather Services' Local Climatological Data Summaries for the stations. In a few
cases other sources also were used.

**The T,, and T, values are extracted from the ASHRAE Handbook of Fundamentals (1972), published by the American
Society of Heating, Refrigerating and Air-Conditioning Engineers.
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APPENDIX B
Temperature (°F) Temperature (F)
Station Tw Tm Tc Station Tw Tm Tc
Alabama Florida (Continued)
Birmingham' 97 63 19 Jacksonville 96 68 29
Huntsville 97 61 13 Key West 90 77 55
Mobile (CO) 96 68 28 Lakeland (CO) 95 72 35,
Montgomery 98 66 22 Miami 92 75 44
Alask Miami Beach (CO) 91 75 45
e Orlando 9% 72 33
Anchorage 73 51 -25 Pensacela (CO) 92 68 29
Barrow 58 38 -45 Tallahassee 96 68 25
Fairbanks 82 50 -53 Tampa 92 72 36
Juneau 75 48 -7 West Palm Beach 92 75 40
Nome 66 45 -32 .
Georgia
L Athens 96 61 17
Flagstaff 84 58 0 Atlanta 95 62 18
Phoenix 108 70 31 Augusta 98 64 20
Prescott 96 64 15 Columbus 98 65 23
Tuscon 105 67 29 Macon 98 65 23
Winslow 97 67 9 Rome 97 62 16
Yuma 111 72 37 Savannah/Travis 96 67 24
Arkansas Hawaii
Ft. Smith 101 65 15 Hilo 85 73 59
Little Rock 99 65 19 Honolulu 87 76 60
Texarkana 99 65 22 Idaho
California Boise 96 61 4
Bakersfield 103 65 31 Idaho Falls 91 61 -12
Burbank 97 64 36 Lewiston 98 60 6
Eureka/Arcata 67 52 32 Pocatello 94 60 -8
Fresno 101 63 28 111inoi
Long Beach 87 63 41 FLELY: s
Los Angeles 94 62 41 Chicago 95 60 -3
Dakland 85 57 35 Moline 94 63 -7
Sacramento 100 60 30 Peoria 94 61 -2
San Diego 86 62 42 Rockford 92 62 -7
San Francisco 83 56 35 Springfield 95 62 -1
Santa Maria 85 57 32 Indiana
Lolorado Evansville 96 65 6
Alamosa 84 60 -17 Fort Wayne 93 62 0
Colorado Springs 90 61 -1 Indianapolis 93 63 0
Denver 92 62 -2 South Bend 92 61 -2
Grand Junction 96 64 8 fou
Pueblo 96 64 -5 tl]
) Burlington 95 64 -4
Connecticut Des Moines 95 64 -7
Bridgeport 90 60 4 Dubuque 62 63 -11
Hartford 90 61 1 Sioux City 96 64 -10
New Haven 88 59 5 Waterloo 91 63 -12
Delaware Kansas
Wilmington 93 62 12 Dodge City 99 64 3
Florida Goodland 99 65 -2
_ Topeka 99 69 3
Daytona Beach 94 70 32 Wichita 102 68 5
Ft. Myers 94 74 38
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Temperature (°F) Temperature ( F)
Station Tw Tm Tc Station Tw Th Tc
Kentucky Montana
Covington 93 63 3 Billings 94 60 -10
Lexington 94 63 6 Glasgow 96 60 -25
Louisville 96 64 8 Great Falls 91 58 -20
% Havre 91 58 -22
Louisiana Helena 90 58 -17
Baton Rouge 926 68 25 Kalispell 88 56 -7
Lake Charles 95 68 29 Miles City 97 62 -19
New Orleans 93 69 32 Missoula 92 58 -7
Shreveport 99 66 22 Siabeasia
Saine Grand Island 98 65 -6
Caribou 85 56 -18 Lincoln (CO) 100 64 -4
Portland 88 58 -5 Norfolk 97 64 -11
North Platte 97 64 -6
Lo Omaha 97 64 -5
Baltimore 94 63 12 Scottsbluff 96 62 -8
Frederick 94 63 7
Nevada
Massachusetts Elko 94 61 -13
Boston 91 58 6 Ely 90 59 -6
Pittsfield 86 58 -5 Las Vegas 108 66 23
Worcester 89 58 -3 Reno 95 62 2
Wik g Winnemucca 97 63 1
Alpena 87 57 -5 New Hampshire
Detroit-Metropolitan 92 58 4 Concord 91 60 -11
Escanaba 82 55 -7 New J
Flint 89 60 -1 S€¥ Jersey
Grand Rapids 91 62 2 Atlantic City 91 61 14
Lansing 89 59 2 Newark 94 62 11
Marquette 88 55 -8 Trenton (CO) 92 61 12
Muskegon 87 59 4 New Mexi
Sault Ste Marie 83 55  -12 Zew Fexico
. Albugquerque 96 64 14
Minnesota Raton 92 64 -2
Duluth 85 55 -19 Roswell 101 70 16
International Falls 86 57 -28 New York
Minneapolis/St. Paul 92 62 -14 L 27
Rochester 90 60 -17 Albany 91 61 -5
St. Cloud 90 60 -20 Binghampton (CO) 91 67 -2
PO Buffalo 88 59 3
Mississippi New York 94 s 11
Jackson 98 66 21 Rochester 91 59 2
Meridian 97 65 20 Syracuse 90 59 -2
Vicksburg (CO) 97 66 23 North Carolina
- . Suitn arolina
Z1ssouri Asheville 91 60 13
Columbia 97 65 2 Charlotte 96 60 18
Kansas City 100 65 4 Greensboro 94 64 14
St. Joseph 97 66 -1 Raleigh/Durham 95 62 16
St. Louis 98 65 4 Wilmington 93 63 23
Springfield 97 64 5 Winston/Salem 94 63 14
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South Carolina

Charleston
Columbia
Florence
Greenville
Spartanburg

South Dakota

Huron
Rapid City
Souix Falls

95 66 23

98 64 20
96 64 21
95 61 19
95 60 18
97 62 -16
96 61 -9
95 62 -14

Washington
Olympia
Seattle
Spokane
Walla Walla
Yakima

West Virginia
Charleston
Huntington (CO)
Parkersburg (CO)

85 51 21
85 51 20
93 58 -2
98 57 12
94 62 6
92 63 9
95 63 10
93 62 8

APPENDIX B 42
Temperature ( F) Temperature (F)
Station TW Tm Tc Station T* Tm c
North Dakota Tennessee
Bismarck 95 60 -24 Bristol/Tri City 92 63 11
Devils Lake 93 58 -23 Chattanooga 97 60 15
Fargo 92 59 -22 Knoxville 85 60 13
Minot 91 -24 Memphis 98 62 17
Williston 94 59 -21 Nashville 97 62 12
Ohio Texas
Akron/Canton 89 60 1 Abilene 101 65 17
Cincinnati (CO) 94 62 8 Amarillo 98 66 8
Cleveland 91 61 2 Austin 101 68 25
Columbus 92 61 2 Brownsville 94 74 36
Dayton 92 61 0 Corpus Christi 95 71 32
Mansfield 91 61 1 Dallas 101 66 19
Sandusky (CO)} 92 60 4 El Paso 100 65 21
Toledo 92 61 1 Fort Worth 102 66 20
Youngstown 89 59 1 Galveston 91 70 32
Houston 96 68 28
. Laredo AFB 103 74 32
Oklahoma City 100 64 11 Lubbock 99 67 11
Tulsa 102 65 12 Midland 100 66 19
Orecon Port Arthur 94 69 29
=regon San Angelo 101 65 20
Astoria 79 50 27 San Antonio 99 69 25
Eugene 91 52 22 Victoria 98 71 28
Medford 98 56 21 Waco 101 67 21
Pendleton 97 58 3 Wichita Falls 103 66 15
Portland 91 52 21 Utah
Roseburg 93 54 25
Salem 92 52 21 Salt Lake City 97 63 5
Pennsylvania Vermont
Allentown 92 61 3 Burlington 88 57 -12
Erie 88 59 7 Virgini
Harrisburg 92 61 9 rgima
Philadelphia 93 63 11 Lynchburg 94 62 15
Pittsburgh 90 63 5 Norfolk 94 60 20
Reading (CO) 92 61 6 Richmond 96 64 14
Scranton/Wilkes-Barre 89 61 2 Roanoke 94 63 15
Williamsport 91 61 1 Washington, D. C.
Rhode lIsland National Airport 94 63 16
Providence 89 60 6
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