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sdifficult as it is for some to imagine, buildings move.
The introduction of curtain walls gave buildings even
more freedom to move, with the peaceful rigidity of
bulky bearing walls and relatively short spans of
oversized structural members now a thing of the past. The
biggest single difference between having windows punched
into load-bearing walls and having a curtain wall lies in the
the latter to
movements—both between cladding and structure and

mechanisms needed for accommodate
among cladding components themselves (Figure 1).

While movements are induced by the same live loads as
always (e.g. users, wind, seismic, and temperature/moisture
fluctuations), components of a modern building respond
differently from older structures for several reasons. Material
use has become more economical, yielding higher deflections.
At the same time, the practice of thermally isolating the
cladding from the body of the building has led to greater
temperature differentials, and the materials (i.e. metals and
plastics) have become more volatile

changing in volume
size more than older, traditional materials.

46 The Construction Specifier October 2008

Since a tolerance potentially narrows the interface joints, it entails
almost the same effect as a movement, from the facade
designer’s perspective. Joinery and support of cladding has to
accommodate all cumulative movements, as well as potential
dimensional deviations of components as built and installed.

Construction tolerances are not driven by their eventual
compatibility, but by production limitations. In other words,
specification of a set of ‘standard” tolerances does not ensure
compatibility and proper functioning of the design. Specifiers
should be aware of this, and coordinate tolerances of adjacent
trades for compatibility. The production tolerances should be
clearly distinguished from those for erection, and they should
ideally be non-cumulative. (The former should be specified
in Part 2—Products, the latter in Part 3—Execution of each
specification section.)

To add to the potential problems with curtain walls, glazing
frequently becomes the aesthetic focus of the fagade, entailing
visual scrutiny (Figure 2). While modern glazing is built with
a level of precision that meets the demands of the human eye,
it remains in a sharp disparity with precision of other trades.



Figures courtesy Karol Kazmierczak

Computer rendering of curtain wall movements.

The meticulousness of manufacturing and erection is a
function of two factors: production limitations and customer
specifications. The tolerances that are typically suggested by
manufacturers and installers are available in the literature
listed in “Suggested Reading” (page 48). In certain cases,
more restrictive tolerances than those in industry standards
may be desirable; however, cost and feasibility should be
verified with potential manufacturers, fabricators, and
contractors. The tighter the tolerance, the more expensive

the product.
Even with a sufficient budget for a specified high precision,

there may be a shortage of suppliers. When a bidder submits
a list of exceptions (invariably excluding tighter-than-
standard tolerances), the bid is beyond comparison. The
production limitations may be severe (particularly for field
labor) and the specified tolerances may be enforceable, but
seldom enforced. The necessity for maintaining good
relationships and keeping a project on schedule occasionally
supercedes the tolerances (Figure 3).

The tolerance may also affect structural calculations. An
example is when a 51-mm (2-in.) fastener’s edge distance is
shortened by a concrete dimensional variation to only 25 mm
(1 in.), resulting in a lower load resistance and edge-chipping
failure. In some cases, a properly designed adjustment device
may offset the impact of tolerances.

Functional aspects
Thisarticle deals almost exclusively with functional aspects—
the kind of forgotten tolerances and movements frequently
manifested as cracked and fallen cladding. Figure 4 shows
spalled marble cladding caused by an insufficient joint
clearance at the building’s corners; the building’s movements
caused damage along the entire 50-story height.

Interface clearances should be realistically assessed, with
potential tolerance and movement problems solved before

Figure 2

Glazing details advanced to the rank of aesthetic focus.

construction documents are turned over to the owner.
Nominal joint clearance should be equal to (or greater than)
the sum of the calculated cumulative movements, plus the
maximum tolerances permitted for the abutting elements:

Width of Joint = Total Movement + Total Tolerance
Connections should have adjustability to cover the range of
tolerances of both elements and the capability to allow

necessary free movements. This adjustability should take into

Figure 3

The dimensional inaccuracy of a cast-in-field concrete slab
leaves an unexpected gap that may transmit fire and smoke.
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Spaffmg af a marbfe daddmg caused by bmfdmg movement.

account the possibility of bearing surfaces being misaligned
or warped from the desired plane.

Industry standards and codes are the primary sources of
information on anticipated movements and tolerances. The
structural capacity of materials and systems is among the
most important design considerations. Very often, a
component may be adversely affected by its substrate. For
example, according to the Marble Institute of America (MIA),
cement surface backup deflection for marble cladding should
be limited to L/360, otherwise the cladding may crack.

Verification is needed after each change and before
documents are issued because the final choice of cladding
materials and systems may be substituted after the backup
system is designed.

Benefits of visualization

This author favors ‘visualization’ when it comes to design
parameters on the detail drawings. To avoid conflicts with
specifications, these marks are kept on the separate,
designated computer-assisted design (CAD) layer and
turned off before the construction documents are issued.
For example, one approach is to mark movements with the
separation line and the value (e.g. “2-1/2-inch vertical sag”
or “1/2-inch lateral drift”) to clarify design solutions for
future readers. See Figure 5.

The tolerances are marked with envelopes outlining their
extremes (Figure 6, page 50). These visual aids assist with
conscientious fagade creation, helping avoid unpleasant
surprises in the field and providing design of adjusting devices
and movement joints. They also aid in communicating design
intent to the team responsible for the final design-built
engineering and shop drawings. (In the majority of cases,
engineering responsibility is placed on the contractor.)

DESIGN OF A CONSTRUCTION MOVEMENT JOINT

** MOVEMENT
LIVE LOAD SAG +1°
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Visualization of movement can be invaluable when it comes
to designing joints and anchor adjustments.

Control joints and movements should be marked on all
facade drawings. In collaboration with structural engineers,
movement joints are identified and coordinates of free
movements and restraints at the most sensitive nodes are
selected. They are then pictured in a simple form for future
calculations. The expansion joints may have a movement

table (including all degrees of freedom), pasted in
the detail.
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Enabling visualization of tolerances also helps with the design
of joints and anchor adjustments.
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This author also suggests marking cladding drainage
paths, ventilation paths, and all other fagade functions.
Their presence on the drawings assists in coordination and
provides invaluable help for design-build (D-B) teams
creating facade components. The indication of these items
should be included on shop drawings for verification—the
final design often differs from the original. It should be
specified as a subcontractor’s responsibility to obtain shop
drawings created by adjacent trades, picture them as true
adjacent conditions, and coordinate with them (as opposed
to copying architectural drawings and marking them
“By others”).

Live-load structural sag

Designers tend to stretch structural span among columns,
making live-load structural sag the worst volatile movement
outside seismic zones (Figure 7). Calculated deflections must
always be requested from a structural engineer and placed in
the specifications as data for the design-build team.

Precise calculations may be impractical during the early
project stages, but a designer can still approximate worst-case
deflections, assuming the deflections are close to the
requirements placed on the structural design by relevant
codes. In most jurisdictions, a live-load sag of slab edge or
beam is limited to L/360; in other words, a 9-m (30-ft) span
is allowed to sag 25 mm (1 in.). When the slab or beam is
cantilevered, live-load sag is L/240.

In some cases, deflection limit may already be tighter because
of other requirements, such as vibration limits. The designer
may also decide to specify even smaller deflections to achieve
specific project goals, but they come at the price of additional
material for achieving the more stringent stiffness.

Dead-load deflections are typically neglected because they
are assumed to be in place when components are installed.
However, this is not always the case. For example, brick veneer
is typically built sequentially from bottom to top, one floor at
a time. Therefore, a portion of the dead load is placed atop the

A CURTAM WALL ATTACHED ALONG A SLAB EDGE

THE UVE-LDAD MOVEMENT OF A SLAB EDGE

Live-load deflection of a dead-load support points of a curtain wall.

movement joint after its installation. The sum of the dead-
and live-load deflections for simple spans is limited to L/240
and for cantilevers to L/120.

Figure 8 provides a more in-depth example using a typical
brickwork lintel detail. There is a 9-m span between concrete
columns, which are set 1.5 m (5 ft) back from the facade. In
this case, there is the typical 6-mm (0.25-in.) brickwork level
tolerance and L/500 steel tolerance of the lintel above.

The slender brick pier located at the mid-span of this cantilevered
slab may find itself sharing the load and ultimately failing.

Close-up of the joint at a deflection track. Each fagade layer must be built to accommodate the designed movement.



Design of a wrinkle to accommodate movement.

The worst-case sum of tolerances of these two components
may reach 13 mm (0.5 in.). The up/down adjustment of the
lintel may help partially alleviate the discrepancy at the brick
bed joint, but the joint would deviate from its theoretical line
that may cause misalignment elsewhere on the fagade.

At the middle of the reinforced concrete floor slab span, the
maximum (i.e. code-allowed) vertical live-load movement is
L/360, meaning the 9-m long span sags £25 mm. The 1.5-m
(5-ft) cantilever adds +6 mm, making a total live-load
deflection of 32 mm (1.25 in.). In addition to this movement,
partial dead-load deflection is caused by subsequent
installation of the brick veneer above, along with minor
creep-, moisture-, and temperature-induced movements of
these materials.! The kiln-dried brick would gradually expand
and press up against the creeping concrete (which, in turn,
presses down).

However, the assembly illustrated in Figure 8 hasa 9.5-mm

(3/8-in.) ‘architectural’ bed joint filled with an elastic
material—a non-staining masonry sealant with maximum

25-percent movement capability that accommodates only a
2.3-mm (3/32-in.) movement. To handle the cumulative,
worst-case movements and tolerances, the fillett movement
joint would need to be 140 mm (5.5 in.) high—more than one
full brick course.

If a designer chose to limit the structural deflection instead,
the 2.3-mm movement limit would translate into an
uneconomical ~L/5000 total deflection limit. Such oversizing of
the structure would not be recommended. There are many
available design alternatives for high-movement interfaces.
The obvious one would be either a stiff edge beam or a shingling
joint, consisting of two overlapping components. However,
both these hypothetical solutions affect the facade’s appearance.
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Story drift exemplifies movement in fagade design.

The movement and tolerance (as in the described floor slab
example) are often forgotten, causing brick veneer to share
the live-load transfer from a slab. Similarly, the stud backup
shares the load from the slab above due to its deflection track’s
insufficient movement capability. In Figure 8 (page 50), the
load transferred onto a slender brick veneer located in the
middle of the span may cause its bow and collapse because of
the pier’s apparent lack of sufficient compression resistance.

Depending on project conditions, some factors may prove
less important than others. For example, when the brick pier
islocated in front of a structural column, live-load movements
and tolerances may be unimportant in comparison to creep,
thermal, and moisture movements.

The art of joinery

Each facade layer has to be built to accommodate the designed
movement. Violation of this design principle is apparent at
almost every construction site observed by this author.

When looking at the deflection track under the slab (Figure 9),
are there wrinkles of membranes (e.g vapor retarders,
waterproofing, and/or air barriers) that can accommodate the
calculated movement? Are they properly supported against
normal pressure differentials? Is their termination sufficient to
withstand stretching and gravity forces? Are they provided
continuously along the movement joints, negotiating corners
and setbacks? This author suggests a simple field test—pull the
membrane with your fingers; if you can peel it, then the sagging
slab (weighing many tons) likely can as well.

A typical expected vertical live-load movement at the
middle of span is L/360, meaning a 9-m (30-ft) long span
sags +25 mm (£1 in.). The wrinkle size necessary for
accommodation of the movement is easy to calculate, as



depicted in Figure 10. A membrane needs about a 29-mm
(1 1/8-in.) radius wrinkle to handle such a movement
without elastic stretching or pulling the termination joints.
The best way to terminate a membrane is to adhere it and
mechanically clamp it to the substrate,

Lateral movements

The inter-story shift is another frequently forgotten type of
movement in fagade design (Figure 11). The typical maximum
limit is expressed by Height/400. Lateral movements bite the
vertical corners and edges. The most prone to damage are
also usually the most cherished by architects—butt corners
of glass and mitered corners of stone and other brittle
materials (Figure 12).

For a 3.7-m (12-ft) high piece of glass or stone at the corner
of the curtain wall, the lateral movement is almost 9.5 mm
(3/8 in.). A neat butt corner with the 6.4-mm (0.25-in.) wide
sealant joint that nicely matches other joints on the fagade is
prone to failure. Instead, a minimum width of 38 mm
(1.51in.) is necessary, and must still be filled with low-modulus
sealant of 50-percent elasticity (i.e. [3/8 + 3/8] x 2). Another
solution is to redesign the corner joinery. An additional
challenge associated with corners is the extreme design
pressure associated with wind vortices. A freely moving
corner butt joint is seldom properly supported against wind.
A possible solution is a point-glass-fastening system.

The differential lateral movements (e.g. story drift, bending,
and seismic movements) entail two kinds of movement
within rectangular cladding panels: translation and rocking.

BAD

The horizontal section of a glass butt corner.

THE STORY DRIFT OF A (.URTJ\IN WALL CbRHER

Cladding responds to story drift by rocking and swaying.

A typical curtain wall employs both to ensure glass integrity.
The panes’ movement is easy to imagine and calculate—
Figure 13 has points of collisions marked by yellow stars.

Designers and contractors rarely take the wind-load
bending movement into consideration. A lateral curtain wall
deflection, typically limited by code to L/175 or L/180 ratio,
may cause undesired pounding or transfer of forces onto
adjacent interior or exterior components. For example, an
independently supported building component located in the
front of a 6-m (20-ft) high curtain wall that deflects up to
35 mm (1 3/8 in.) horizontally in the middle of its height
must be located far enough to prevent collision. In cases
where distance is mandated by code (e.g sprinkler heads), the
support of components must be redesigned or the curtain
wall should be made stiffer.

THE THERMAL DEFORMATIONS OF BUILDING MATERIALS
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With curtain wall facades that include dissimilar materials, one

must accommodate movements between the cladding and the
structure, along with those among the actual cladding components,

A rigidly mounted element installed close to the curtain
wall may actually collide with the facade moving under a
sudden gust. Newly popular cable walls are designed for very
substantial lateral movements; they may deflect several feet
under the wind’s force. Such a deflection may sound
threatening, but it helps to remember the design provides for
a wind gust statistically happening only once every 50 years.

Many assemblies never see the full design load.

Thermal movement

Thermal movements are of lesser magnitude than the
structural live-load deflections, but are also important.
A properly built outer cladding is insulated from the building
interior. Its surface temperature may oscillate up to
approximately At=100 C (At=200 F), depending on color,
exposure, and other factors. Constrained components may
exert pressures and move (Figure 17). Figure 15 shows a
comparison of thermal movement for 3-m (10-ft) lengths of
miscellaneous construction materials, caused by the 44-C
(80-F) temperature differential.

Plastics are among the most volatile materials in terms of
thermal movement—one of the reasons why acrylic glass or
polycarbonate sheets are rarely installed in curtain wall
profiles. A 6-m (20-ft) high piece of polycarbonate oscillates
up to 35 mm (1 3/8 in.), and a plastic infill requires very deep
glazing pockets to accommodate this movement, Needless to
say, fastening it with screws is rarely a good idea. Figure 16
illustrates two sets of polycarbonate glass details.
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At left, distortions caused by interrelated temperature and pressure
variations. At right, failure caused by thermal movement.

Many sandwich materials (e.g foam core panels) present the
problem of thermal bowing. A 12-m (40-ft) long, 203-mm
(6-in.) thick insulated core panel may bow outward over
51 mm (2 in.) in the center of its span, as a result of the
44-C temperature differential between its outer and inner layers
(Figure 14). This bow happens regardless of its end restraint mode

Figure 16
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Figure 17
m ]

In this example, the composite action of materials
brings about a thermal bow, regardless of its end restraint mode.

(i.e. regardless of degrees of freedom at its support anchors), as
long as there is a composite action among layers.

Thermal movement is also an issue with mullions.
A typical two-story aluminum mullion placed in an
exterior environment can oscillate up to 13 mm (0.5 in.).
This is why the majority of the framing profile’s mass
should be located on the interior, conditioned side of
assembly. A thermal bow may be induced by locating glass
and thermal breaks in the middle of the assembly’s
thickness, as seen in some storefront systems.

Solutions

Designers must analyze building movements and tolerances,
developing strategies for a desired, constructible, functional
facade at optimal cost. Early development of cladding
methods can help avoid connection failures, non-uniformities
and irregularities of joints, jogs at intersections, and
misalignment of faces. It also enables cost savings by
determining the less important areas and types of tolerances
that may be left lax or unspecified.

A designer should specify the largest possible tolerance while
maintaining proper functioning, In many cases, all that is
needed is the specification of a single tolerance and a fit. An
example is the specification of permissible misalignment of
joint width (as opposed to plumb and level relationship), and
specified line of initial alignment (e.g. edge or corner in a high-
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vision zone.) This approach prevents the sort of highly visible
glass misalignment shown in Figure 18.

Unnecessary tolerances should be identified by designers
(e.g. thickness variation of stone veneer used in precast
facing) and should be removed from specificationsaltogether
because they increase cost and introduce confusion as to the
desired effect. It can be a good idea to flag all tighter-than-
standard tolerances in specifications and drawings to allow
proper estimation by a contractor and a comparable (i.e. in
terms of content, not prices) bidding.

A cladding design strategy benefits from visualization and
simplification. could be
incorporated on sketches and drawings before they are
moved into specifications. They should be consciously
integrated in the process of designing of the facade layout,
rather than added afterward by a ‘secluded’ specifier.

Aesthetic expectations must be clarified with respect to
the visibility of given locations. Zones observable up-close
should be marked for higher tolerances, while others can be
left for functional ones. Precision comes at additional cost,
and the eye’s ability to discern detail drops sharply
with increased distance.

One occasionally sees expensive, elaborate decorations,
custom pattern coatings, and precise alignments specified at
areas where only an occasional bird or fagade inspector can
potentially enjoy them and appreciate their value. On the
other hand, low precision in areas of high visibility is a very
common problem, illustrating the importance of proper
tolerance specification (and its enforcement in the field).

Sound engineering judgment and research are required in
facade design and review. It is seldom necessary to reinvent
the wheel. There are ready solutions, each specific to the
problem at hand. For example, the ‘glass cushion’ effect
shown in Figure 14 is easy to prevent through a proper glass
specification. Regardless of the pressure differential
(atmospheric or artificial, depending on the site’) between
site and fabrication plant, an insulated glass unit (IGU) should
be composed of two glass plies of unequal thickness. The
outer ply should always be thicker than the inner one. (This is
how the glass is typically fabricated in Europe.) The benefit is
twofold: besides preventing the ‘bad mirror’ distortion
(i.e. lack of straight, true reflection on glass surface), the glass
unit has better acoustic resistance because two plies of
unequal thicknesses resonate at different frequencies.

Overall glass mass (i.e. the sum of the layers’ thicknesses)
needed to achieve the required structural resistance is
typically the same for equal and unequal thickness glass
makeup. (In other words, one can use a slightly thicker outer
ply and a slightly thinner inner ply and still maintain the
same wind-load resistance.)

Movements and tolerances

The dimensional tolerance of glass produced the highly visible
misalignment seen in the above photo.
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In designing curtain wall projects, the wheel is rarely
required to be reinvented. As fagades are refined over the
years, a growing collection of ready solutions has become
available to architects and engineers.

[n many cases, a particular movement may eclipse all others
(depending on the type of construction and its dependability
on a particular solution or material). In this brief article,

several types of movement have been excluded (ranging from
differential settlement and aero-elastic response to chemical
changes and moisture), but this does not mean they are any
less capable of causing catastrophic failure.

For example, aero-elastic response is a very significant—and
often forgotten—factor in high-rise tower design for zones
with high wind speeds comparable to a small jet airplane.

Conclusion

Astechnology progressesand building enclosuresare optimized
for economy, these assemblies become less understood and
more prone to failure. Proper design and specification are in
demand and a construction quality control should not be relied
on to catch potential design errors.

In this author’s experience, movements and tolerances are
least understood by designers who transition from small
residential projects to large commercial and public facilities
characterized by large spans and unique technologies.
Understanding the nature of materials, their production
limitations, and specifics of the project at hand is critical for
delivery of constructible construction documents. @

Notes

! See Technical Note 11C, Guide Specifications for Brick
Masonry—Part IV, from the Brick Institute of America (BIA).
See also the American Institute of Steel Construction’s
(AISC’s) 303-05, Code of Standard Practice for Steel Buildings
and Bridges.

* A glass manufactured at sea level under high air-conditioning
pressure shrinks when transported to the mountains,
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components themselves. This in-depth technical article
examines what this means for designers.
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