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ABSTRACT

All building cladding materials expand and contrasta result of environmental variations and malteri
properties. Fired clay products, such as bricktent cotta, expand as they absorb atmospheriduneis

in the first years of service. Concrete productghsas concrete block, cast stone, and reinforced
concrete, shrink as they cure. Thermal movemends paoportional to the coefficients of thermal
expansion of the materials and can vary dramajicalStructural systems, particularly reinforced
concrete, also shrink or shorten over time as altred sustained loading. Cladding systems are a
complex assemblage of various components, systewhsraterials which are all subjected to various
movements resulting from material properties, tt@reycles and structural behavior. These factmslte

in a complex multi-dimensional interaction, whidhnbt properly accommodated can cause significant
distress and deterioration in exterior claddingesys. These movements have historically been askltes
both passively through subtleties in the detaild aatively with the incorporation of expansion jsin
However, the materials used and the details themselften lacked adequate movement capabilities and
had limited long term effectiveness.

This paper will review the historical developmeifitexpansion provisions in cladding systems in the
United States and will be divided between detailiogsiderations and materials. Various specifie cas
studies will be included to demonstrate the hisadrievolution of movement detailing, materials, and
specific detailing and design of movement provision
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1INTRODUCTION

All buildings are exposed to natural environmefdates including wind, moisture in various formsian
temperature variations. Over time, these forcesnbegreduce the durability of building systems and
materials. While building materials and typologiesy based on region, historical precedent, cultune
function, building systems must interact and resptnthese forces. Buildings have also become farge
and more complex. Technologies and tastes changeearive, yet at their basic essence, a building
provides enclosure and protection from environmeiotaes. As building technologies have advanced,
materials and systems have been combined in newlifacent combinations with increased complexity.
A major ramification of this evolution of technoieg and materials is a lag in the understandingoef
various materials and systems can be combined rorpe effectively and remain durable. Different
material and physical properties introduce the naedillow the materials and systems to remain
serviceable. Expansion joints are one of the metheldich are incorporated into building systems to
accommodate differential and anticipated and unguatied movements. This paper will present a brief
overview of the need for and development of exgangbints. Case studies will be introduced which
exemplify atypical situations.

2WALL ASSEMBLY MATERIALSAND SYSTEM MOVEMENTS
2.1 Expansion/Contraction Dueto Thermal Changes

All materials increase in volume when heated, aactehse in volume when cooled; in summer months a
typical wall will be greater in length and heighaih in winter months. All materials are susceptital
seasonal changes as well as daily changes in tatoperfrom night to day. The amount of volume
change that occurs is a function of the temperattnange, and the material’'s coefficient of thermal
expansion. Masonry has a unique and less unddrgtaperty which is the irreversible nature of this
process overtime. When a masonry system consisfingasonry units and mortar in between undergoes
contraction, the individual masonry units contrast well, creating minute separations between the
masonry units and the mortar binder. Fine delnilects in these separations, preventing the dirits

fully re-engaging with the mortar during an expanscycle, wedging the materials apart. These small
displacements accumulate over the length of theommgssection, resulting in net expansion of the
masonry system over time.

2.2. Expansion/Contraction Dueto Moisture Absorption

Another unique characteristic of clay-based masamiis is that they are the smallest they will eber
when leaving the kiln after the firing process doghe virtual absence of moisture in the units the
units are exposed to the normal in-service enviemtrthey absorb atmospheric moisture and expand in
volume. Once the masonry unit's moisture conteathes equilibrium with the environment, the unit
volume stabilizes, with only minor increases ovienet and some cyclic changes in volume due to
seasonal fluctuations in environmental moisture.

2.3 Differential Volume Changesin Construction Materials

Variations in thermal coefficients result in adjatenaterials expanding and contracting different
amounts. Other physical properties such as reatdiamisture can create differential volume chandés
materials in contact expand or contract at differates, then stresses can develop between thaswe
material with a smaller volume changes restraiesotte with a larger volume change. If these ditinc
different materials were rigidly connected the exging material develops compression forces because
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is restrained by the shrinking material. Conversible shrinking material tends to crack or pukwdmue
to tensile stresses that result as it is “dragdpgdthe expanding material.

2.4 Structural Frame Shrinkage

A condition unique to some structures is the impatcirreversible shrinkage and creep over time on
materials such as concrete and wood. As the smicframe loses moisture it reduces in volume,
resulting in a shortening effect on the structuiigipically the large majority of shrinkage occunsthe
first few years of service but can continue foresal years after, depending upon the exposureeof th
materials to environmental conditions, until itekas equilibrium with the surrounding atmosphérhis
type of volume change results in a vertical shantgrof the structural frame that is in conflict kvit
materials that remain constant or increase in velomer time.

2.5 Structural Frame Creep

When load is applied to structure and sustainedillitinitially deflect but then continue to deforowver
time. This long-term change in volume due to ampian of load or stress is referred to as creepefer
typically results in a continual vertical shortegiof the structural frame due to the sustainediegbn
of dead load. Similarly to shrinkage, the majoofycreep will impact a structure shortly afterdosy,
but can continue to have a modest effect througtiaulife of the structure.

2.6 Movement dueto Lateral, Seismic and Gravity L oads

Whenever load is applied to a structural eleménmdergoes displacement. The amount of displaseme
is dependent on the magnitude of the load, thectitire of the load, and the physical propertieshef t
structural element. All wall systems are exposethteral loads from either wind or seismic eveass,
well as gravity loads in the form of both dead f{setight, and permanent applied loads) and livel$oa
(transient, occupancy-based loads). These loadseither affect the wall system directly, or cause
deflections of the back-up structure supporting thaterials that is then translated to the cladding
material through the connections or supports segtitito the structure. The deflections resultirgm

the application of these loads need to be accomtadda limit cracking and damage where the stresses
exceed the tensile capacity of the material.

3WALL SYSTEM EVOLUTION

Wall systems undergo movements for many reasons.ouk understanding of construction materials
increased, so did the recognition that these mortsmeeed to be accommodated to prevent damage to
the wall structure. This accommodation was accahet by the introduction of expansion joints.

To understand the development of expansion jointe building construction, it is necessary to
understand how building construction has evolvext. gurposes of discussion, the evolution of buddin
construction can be divided into four general tipexiods: the period before the Industrial Revohutio
(before 1870), the period of the Industrial Reviolntthrough the beginning of 20th Century, the qebri
between 1900 and World War Il and the period beégimaround 1950 through today.

3.1 Pre-Industrial Revolution (before 1870)
Buildings constructed prior to the Industrial Raxt@n were generally smaller, simple structuredtbui

from local materials, based on historical precedand of vernacular style. Structural systems were
usually simple consisting of bearing walls and tmboofs. The walls served the dual purpose of
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providing weather protection and structural suppdfass monolithic masonry walls function by
absorbing moisture and holding the moisture witti@ masonry until it evaporates. Expansion joints
were not explicitly included in these buildings.iBing movements were accommodated by the materials
and construction systems which had sufficient ditictnd flexibility to accommodate such movements.
Even masonry structures, normally considered régid brittle, were constructed with lime putty mosta
which allowed for some movement without comprongdime integrity of the structure.

Personal comfort and expectations prior to the diikl Revolution were also much different thanapd
Non-uniform and varied temperatures were expecieceshe primary source of heat was fire places.
Cross ventilation and air circulation were the omhethods available for cooling. Thus, building
movements which were unaccomodated and resultbteiches in the envelope systems were often not
considered a significant issue or were resolvedaonas-needed basis through routine repair and
maintenance. Building typologies were heavily iefliged by the weather, available materials and
historically proven precedents.

It should be noted that during this period, andneglating back to the previous century, the need to
accommodate expansion and differential movemetirithges and other large civil structures was well
understood and incorporated into designs. For mmgsand concrete structures, the approach was to
control cracking and distress since moisture nafilon was not as significant an issue for suahcttires.
The introduction of metal in bridge constructiorddahe much higher coefficient of thermal expansién
cast iron (double) and steel further necessitdtedeed for expansion joints.

Wi B

3.2 Hybrid Curtain Wall Period (1870 to 1900) : i‘"
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The Industrial Revolution marked a dramatic shdthbculturally and .
technologically. Cities were growing rapidly. Thentbination of . - .~ l{ ;
economics and demand made the development of langertaller 2200 &3
buildings inevitable. High-rise buildings wouldtritave been possible -
without the invention of the elevator and the depetent of the -}Z£5% AR »
skeleton steel frame structural system. Elevatdi®vead building = o // &%@f};ﬂ?
occupants to easily access upper floors of tallédings which prior - . N { \ ﬂﬁ"}ﬁ‘;‘,ﬁ%
to that time actually had the lowest rents. Dewvelept of the skeleton.- . ;
frame structural system enabled the exterior wafllbuildings to no

——sOPENTINT

longer be a part of the main structural system.sThindow openings E S
could be larger and the exterior skin of the buddi only had to % 4] R
. . 1. W3 145 L E
provide enclosure. This type of wall system begabe referred to as | ] y R
a ‘curtain wall' because the cladding system cduddelative light and  §N = =57 o
independent of the building’s structural system.ilé&/lsupported at 'S ‘ TS
each floor, these wall systems were more of a byivall system since - S % i
the mass of the wall remained the primary meansresisting 3 [ '
environmental forces. Larger and taller buildingllsiavere now .. 4 g;g" { .
comprised of multiple materials, resulting in ckaljes from the more - % o _%fi i

the complex interactions. e T _
Figure 1. Traditional detailing - -

Some of these issues were understood from the tiagiof this period ©f masonry clad curtain wall

and others were only understood after the earligimgjs of this period systems.

had been in service for some years. Building movémend

accommodating these movements, is one of the ngsficant of these issues. A review of construatio

details [Frietag 1895], reference books and bugsirfrom this period reveals that there was an

understanding of the need to accommodate thesemsmis but there was not a complete understanding

of the extent and magnitude of the movements (Figcfacking was generally attributed to differehtia
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settlement or incorporation of wood members withie wall plane. Period literature suggests theofise
‘slip sill' [Kidder 1911] which does not extend ithe adjacent pier as a method to reduce craciisat
The general approach of the detailing during tleisqal for larger masonry units such as stone amd te
cotta was to allow for individual units to move dut binding against adjacent units thereby
accommodating small movements related to thermah@hs and expansion (Fig. 2). Joints below larger
projecting units were often left open to allow thembers to deflect
or rotate slightly without coming into contact wite units below. 1 = r""‘"l—
Vertical expansion joints were very rarely explicincorporated into | ¢
building facades. Horizontal movements were oftecoenmodated
by the detailing of the wall cladding which woule lereated by
layered planes of materials sliding parallel toheather without
transferring load to the adjacent plane. Some feahtiterature of
the time refers to these joints as ‘slip joints'idder 1911]. This
practice was common below the roof areas, butdessmon at roof
elements such as parapets, cornices and wates.taldea result,
many of these elements frequently now exhibit maxemand

shifting consistent with unaccomodated expansiah @ntraction--
particularly at corners [National Terra Cotta SociE927].

Figure 2. Representative dip
Horizontal expansion joints were rarely incorpodaiato hybrid plane detail
cladding systems. This tends to indicate that gterr walls, while
supported at each floor were still being consideneds/bearing walls in many respects. While therout
wythe was typically supported at each floor, thekio@ wall system was typically set directly on floer
slab. The position and configuration of shelf asglhich support the cladding are typically shown
extending less than half the depth of the claddimaterial. The
remaining portion of the unit, not bearing on theef was filled .4
with mortar. This seems to be an indication tha kbad of the h
cladding between floors was not intended to be derely

transferred at each floor. Rather, some compressimy have been / '

intended to be imparted on the cladding to miningeacking by |: .

essentially preloading the masonry. /
7

The need to accommodate cracking and shrinkageriarete was

Also understood at the time was the differentialvement of the
curtain wall relative to the structural frame. #ated by Viollet-le-
Duc:

well understood during this period. Numerous refees exist in the {7 ot Bond stone
literature of the time regarding the need to accodeme the 0 M
shrinkage of concrete as it cured to minimize aowtrol cracking § |.° %
[Newman 1894]. N - ;
st c:::'nﬁ'/eve.r
g b AL

. '. '. . #
If, therefore, we undertake to encase an iron structure with a 4 ; |
shell of masonry, that shdl must be regarded only as an <= ;

envelope, having no function other than supporting itself, .Bc?nd.s;%_}ﬁe Aftaj;‘;zaf
without lending any support to theiron, or receiving any from /7 Caniilever siab.
it. Whenever an attempt has been made to mingle the two F19ure 3. Expansion provision
systems, mischief has resulted in the shape of dislocations and in masonry curtain wall
unegual settlements.[Violette-le-Duc 1877]
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By 1894, lateral movement in curtain wall constiarctwas actually being studied and analyzed. For
example, lateral movements of steel-framed buiklingChicago, including the seventeen-story Monakino
Building and the fourteen-story Pontiac Buildinggresdocumented under high wind loads [Stebbing [L894

3.3. High RiseMasonry Curtain Walls Period (1900 to 1940)

The use of masonry bearing walls was pushed tprastical extreme by the early 1890s. Beginning
around 1900, architects and engineers began to thesmasonry curtain wall technology to its limits.

Prior to 1900, high-rise curtain wall buildings wetypically between 15 and 20 stories tall. Between
1900 and 1930 buildings in major cities throughthe United States gradually increased in height,
routinely reaching more than 40 stories [Dupre 19861900, the tallest building was roughly 122 m

(400 ft). By 1930, the tallest building had exce@85 m (1200 ft) [Dupre 1996].

Horizontal expansion joints became more commonbporiporated, but were frequently undersized or
inadequately spaced. Details of the period shovoraptessible material below support components.
Commonly used materials included lead and variatsofeum or linseed oil based materials (Fig. 3).
Over time, these materials would age, become drétid no longer accommodate movement. Taller
buildings introduced a new behavior which, priotth period, had not represented a significantess
specifically, frame shrinkage. Moisture expansitiermal expansion and differential coefficients of
thermal expansion were known and understood, batdrshrinkage was a lesser understood phenomena
and often knowledge of the issue did not bridgevbeh the engineers and architect. The combinafion o
expansion of the cladding system and shrinkagee&tipport frame could impart significant unintehde
loads and stresses into the cladding system. Latilifional stresses were imparted on the claddig
corrosion of the cladding support system occurned the accumulation and confinement of corrosion
scale occurred. Therefore, even if the various mmargs had originally been properly accommodated
additional capacity for movement was required ashihilding aged but rarely provided.

The exterior cladding is exposed to temperature@dsm and consequent temperature-related movements,
while the embedded frame is protected. Structiuemhes shorten under dead load and material creep.
Conversely, masonry curtain walls expand due tartfzde of moisture. Early curtain walls were batlt
to accommodate these differential movements respiiti the introduction of unanticipated stressés the
curtain wall and frame. This problem came to béeustood as evidenced by displacement measurements
that were performed during construction of the Emfitate building in 1931:

The horizontal deflection of the top of the Empire Sate Building was monitored by the American

Ingtitute of Seel Construction. Measurements were also made to determine exactly how much

lower the various floors are than their theoretical position. These measurements showed that the

85th floor was 6 1/4 in. below itstheoretical elevation during construction. [Balcom 1931]

An example of distress from this displacement idekithe bowing of the face masonry between shelf
angles. To address this differential movemengad lpressure-relieving joint (“cowing") was develbjpy

the 1930s [Ross 1925]. Cowing was typically laggizontally at mid-span in every story of the highbr
masonry facade. This form of pressure relief waeiuin masonry envelopes until the 1960s. This tfp
joint has been superseded by soft joints beneatfomna shelf angles, as commonly used in constmctio
today.

The change in style from Classicisms to Art Decaticmed to make the notion of layered planes of
materials desirable, and allowed the detailinghefwall cladding to continue to accommodate hotilon
movements (by the incorporation of slip planes).weeer, the explicit incorporation of vertical
expansion joints into building facades continued¢orare, though some references to placing vertica
joints between 7.5 m and 15 m (25 and 50 feetjremge [Ross 1919]. Further, the wedding cake massing
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emblematic of Art Deco buildings both complicatedd aexacerbated accommodating horizontal
movements with continuous vertical joints.

It was well understood that portions of buildingsddferent heights needed to be separated sudh tha
each section could move independently. The separatas achieved by creating slip planes between the
building sections. During the construction procébs, edge of a completed section of wall was tckate
with combinations of bitumens and felts to maintaiwaterproof joint and allow for differential viedl
movements.

3.4 Post War Period (1945 to 2000)

. . . . Rl el 15 o e N / '.P J e ﬂb 'P
Following World War |l building construction Lk Sy -:L-;,z ;f’;.f’ L;siaﬁ iﬁTﬁ Vél;gTTf;”D
. . . A Sy e o it ARG KTy
dramatically changed again. The desire 1,oopnficn MasTic, HOLES FOR ANCHOR. BOLT .y~
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EAGE I oA a s B el

e ncnors a0 Ly
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BEN B PFAT I AR

N-STAINING ELASTIC FELT <2~

even taller buildings constructed rapidly arcAULKING CcoMPOUND -
with standardized components resulted ing%ﬁfm:!? AOTICHE, E
dramatic change in architectural expressi z:‘:‘-:’ : \

and the development of the glass and me
curtain wall system. The curtain wall systen o i =
incorporated numerous building materia 1y el STRIR T ACT AB CAULKCIHE 5;"—}9
including various metals, stones, and cl el o 3 N s R,
masonry products, as well as cast-in-place ¢ roCE \5 JE: CT ’ O ‘doij
precast concrete. As buildings continued - PRESSURE RELIEVING JOINT 0.5
increase in height, the desire to further reduce o o )

the weight of the exterior cladding an Figure4. Expgnson_JomtdetaJIlr}g, C|rca1_949_exerted
advancements in technologies resulted from Indiana Limestone Institute publication

gradual reduction of the thickness of the
curtain wall systems. Wall systems prior t g o

the 1940s were generally at least 300 mm (12 R [T AT G
in) thick. In the decades following the 1940¢} 7~ _ T EA L oW o F S
the wall systems continued to get thinner>~ 4717 I ety el I I T
culminating in claddings which were oftenf=>=4 ’ A { B Vaet e Lt
less than 50 mm (2 in) supported by the stick oo g = S a—
framing of the metal curtain wall. By this ws X A (:' i
period, the need to accommodate expansion 33 :\ ¥ — NS
and contraction in buildings was well ¢ ~)§ 8 [ ; ;&‘,;
understood and recognized within thes 5 {1777 B u% =
construction industry. : :?i EE i /% a,’,;w H |

i ( %E ,%- :.;.wﬂ ;'_-
A review of details from industry sourcei m et -

PLAN Ab PLAN BB PLAM C.C

beginning in the 1940s reveals a grealgirepiop STRAIGHT WALLS &IN-CORNERS
emphasis on the incorporation of provisions BB ROT

to accommodate expansion and other buildi  Figure5. Expansion joint detailing, circa 1950s
movements [ILI 1949]. Vertical and

horizontal expansion joints are shown in typicatade throughout the various publications being
produced within the masonry and fenestration iriksstFig. 4.

A review of Architectural Graphic Standards, begngnwith the first edition printed in 1932 and
continuing through the fourth edition in 1951, ralel that a transition in recognition and design of
expansion joints occurs between the third editit®d() and fourth edition (1951) [Ramsey 1932, 1941
and 1951]. Virtually no mention of expansion jointative to exterior cladding systems is madel timg
fourth edition, where the full implementation ofpaxsion joints into exterior wall construction is
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discussed (Fig. 5). It is also interesting to nibi@t the need for expansion accommaodation in ctacre
structures and roofing systems is acknowledgetiese texts dating back to 1932, and in other nefee
from previous decades.

Earlier references also identify the issue of libtrmal and moisture expansion of masonry matesisls
well as the interaction of the embedded steel siracand the differential movement between the
structural frame and the adjacent masonry. Theaditions are acknowledged, but no suggestions are
made for accommodating these phenomena. The l@gee seemed to be related to durability of the
material due to moisture infiltration and subsedqueeeze-thaw damage rather than the more global
issues of cracking and macro movements of thesyatiems.

A 1941 reference statesxpansion joints are expensive and in some cases difficult to maintain. They are,
therefore, to be avoided if possible. In heated buildings joints can be spaced further apart than in
unheated buildings. Also, where the outside walls are of brick or of stone ashlar backed with brick or
where otherwise insulated, the joints can be farther apart than with exterior wall of lower insulting
value.’ The reference goes on to state that in somerinstabuildings as long as 215 m (700 ft) long have
been built without expansion joints. Joints wereoramended at junctions in L-, T- and U- shaped
building, at large openings in the floor constranti The joints
were recommended to extend from the footing tortod with
doubled columns and girders [Huntington 1941].

Another significant development which began in 1960s was
the introduction of panelized and unitized claddéygtems. This
was an inevitable progression from hand settingndfvidual

units: labor now represented a much greater pexgerof the
cost of construction and speed became an everegratessity.
Prefabrication of larger cladding components, whicluld be
installed rapidly, was desirable to achieve greqtelity control,
consistency and productivity. Examples of thestesys include
clad and un-clad precast concrete panels, clad tstesses and
steel strong-back systems. Joints were criticéhdoommodate = I A
movement between larger facade components and  Figure 6. Expansion/movement

accommodate construction and structural tolera(i€igs 6). provision in anchorage for curtain

wall

4 CONCLUSION

Over the centuries, wall systems have became thitighter, and less redundant. The effect of the
environment and the inter-relationship of wall systcomponents became more acute. All wall systems
are dynamic in nature. A lack of understanding@mognition of actual wall system behavior, both
historically and today, leads to physical damagatewleakage, and increased maintenance costs. In
response to these concerns, there is and always &®emonstant effort to understand the physical
properties of construction materials to better jmtednd accommodate the interaction between wall
components. The introduction of expansion jointss veadirect result of this desire to control and
accommodate material movement due to material piiepend exposure to the environment.
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