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ABSTRACT: Natural stone has been used for centuries as building material. In historical time it was mainly
used as load bearing elements, but within the past 50 years a new processing technique has made it
commercially feasible to produce and use thin façade cladding. Unfortunately, a number of marble facades
on buildings in both Europe and elsewhere have had serious problems with deterioration of the stone
material. The TEAM �TEAM � TEsting and Assessment of Marble and limestone� project consortium
represents nine European countries and comprises 16 partners, representing stone producers and trade
associations, testing laboratories, standardization and certificate bodies, consultants, building owners and
caretakers and producers of fixing and repair systems. The project had a budget of approximately 5 million
dollars and was partly funded by the European Commission under the contract no. G5RD-CT-2000-00233.
Two of the main objectives in the TEAM project were: — To understand and explain the mechanisms of the
expansion, bowing, and loss of strength leading to degradation of marble and limestone clad facades. — To
prevent the use of deleterious marble and limestone by introducing a draft for new European standards.
This paper presents some of the important conclusions drawn from a literature review carried out within the
TEAM project—and was based on an extensive review of literature on marble and limestone deterioration
dating from the late 1800s to 2006 and the results of the TEAM project. The comprehensive information
from more than 70 selected literature references is reviewed and discussed in order to describe the present
knowledge on the causes and mechanisms responsible for the bowing and strength loss of thin marble
cladding. In the following, the literature and TEAM findings are grouped under a number of headings
proposed to explain observations. Thus, the information from the literature is compared and supplemented
with the results from the TEAM project in order to present a good overview of the existing, most relevant,
knowledge in the field. The literature review reveals that only few researchers have examined the durability
problem from a broad perspective. In addition, no conclusive answer about the mechanisms and influenc-
ing factors can be given. The TEAM project has made it possible to identify several of the key influencing
factors in marble degradation, the relative importance of various factors, and to gain a deeper understand-
ing of the mechanisms involved.

KEYWORDS: marble, cladding, durability, limestone, Finlandia Hall, bowing, inspection,
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Introduction

Numerous buildings with marble cladding facades have been subjected to investigations over the past
couple of years �1–14�. The reason is that the marble cladding in some cases deteriorates; when exposed
to weathering, some claddings are known to bow, expand, and lose their strength as shown in Fig. 1.

In 1991, Cohen and Monteiro �15� wrote a state-of-the-art review on the durability of marble cladding.
One of their main conclusions was that the available tests at that time did not provide a reliable basis for
a safe use of marble cladding. Another important conclusion was, that “the design of marble cladding
needs to be examined as an engineering problem in the area of structural mechanics and materials, rather
than continue the architectural tradition of treating the specification of marble as primarily a design
issue.”

Since then, a large amount of research �e.g., the TEAM project� has increased our knowledge signifi-
cantly. This paper presents the development in our knowledge of durability of marble cladding based on an
extensive review of literature on marble and limestone deterioration dating from the late 1800s to 2006.
More than 400 articles have been screened and information was extracted from about 73 references. The
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references were found through a search in various literature databases, Internet search, and through a large
network of scientist and technicians in Europe and America. A large amount of the screened references is
thus not referred to in this paper for various reasons. The main reason was that the subject of the papers
was found not to be directly related to the issue; however, some papers were also omitted because they
described examples that the present authors chose not to present herein. This literature review revealed that
only few researchers have examined the durability problem from a broad perspective and so far it has not
been possible to present theories that explain all aspects of the marble deterioration. Thus, some contro-
versy and uncertainties exist on the subjects treated here, where no conclusion can be drawn. This work
presents the information from the literature, compared and supplemented with the results from the TEAM
project in order to present a good overview of the existing, most relevant knowledge in the field.

Marble may deteriorate due to several processes. Much attention has been given to chemical and
biological attack on old monuments and statues where it may cause serious decay �16–18�. However, in
context with marble cladding on buildings the most serious problem is that of thermal hysteresis combined
with moisture. This work deals with the aspect of marble durability and deterioration.

Natural stone has been used for façade applications for centuries. Originally, the stone was rather
thick, when used as construction elements, and the durability was apparently good. Scientific research on
properties of marble began in the late 19th century. In the years following, the thickness of natural façade
stones decreased from over 40 in. to typically 1 1

2 –3 in. as a result of new cutting technologies and
equipment being developed by the industry. The advantage of the thin stone was savings in weight and
cost. Even though most marble claddings perform satisfactorily, durability problems have begun to appear
at an increasing rate after some 50 years of using thin cladding. Well known buildings such as the Amoco
Building in Chicago, Richmond City Hall, Virginia, Houston Concert Hall, Florida, SCOR Tower in Paris,
France, IBM Tower, Brussels, Belgium, and the Finlandia Hall in Helsinki, Finland have had their marble
cladding replaced after less than 30 to 40 years at a cost of many millions of dollars. The deterioration
gives a very conspicuous change in the appearance of the panels; they bow, warp, or dish.

The high profile cases with buildings suffering from severe problems with their marble façades have
led to growing concern of its safe use, and many architects and building owners are unfortunately afraid of

FIG. 1—Bowing of marble panels (1998) on the Finlandia Hall, Helsinki, Finland. Photo by Bent Grelk.
using marble as cladding material. This study has revealed that the marbles used for cladding may perform
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quite differently, even though they appear to be of the same quality and marble type, come from the same
area, and are exposed to the same climatic conditions. We will emphasize that the technical quality
�durability� of the marble can be established via laboratory tests.

The Problem

Scientists have been aware of the bowing of dimension stone for nearly 100 years �19–25�. Most reports
about bowing are related to stone panels made of marble, but some examples of bowed limestones have
also been described �26�. Few examples of bowed granite cladding have also been reported �26,27�.
Laboratory experiments indicate that the mechanisms causing granite bowing probably are the same as in
marble bowing �27�.

Marble and limestone are carbonate rocks composed of mainly calcite and dolomite. The two rock
types differ in their genesis, where limestone is a sedimentary rock, and marble is formed by metamor-
phosis of limestone during which calcite �or dolomite, or both� is recrystallized. The recrystallization of
calcite is governed by the pressure and temperature conditions during metamorphosis and different degrees
of recrystallization are therefore observed in different marbles. Thus, a range between unmetamorphosed
limestone and completely recrystallized marble exist. Some of the members in this “range” of rock types
are known to bow, when used as façade panels.

Even though most marbles tend to perform satisfactorily, numerous examples of marble bowing have
been reported. It is mostly marbles consisting of calcite that are known to bow, but bowing of dolomitic
marbles have also been reported �28�. It is not only fully metamorphosed marbles that exhibit bowing
behavior, but also examples of partly recrystallized carbonate rocks �28� and unmetamorphosed limestone
�25� have been found to bow.

Most cases of bowing involve marble from the Carrara area, simply because it is the most widespread
and used marble type. It is, however, vital to emphasize that many building façades with Carrara marble
perform well and furthermore that many other marble types from other areas all over the world �e.g.,
Vermont marble �29�, Georgia marble �30�, Porsgrunn marble from Norway �31�, Christallino marble from
Greece �32�, Trigaches Excuro marble from Portugal �25�� also exhibit durability problems.

Marbles with varying grain size have also been found to bow. Erlin �33� stated in 2000 that “Marbles
having coarser grain sizes and mosaic textures do not undergo similar thermal hysteresis effects as the
Carrara marble because there are fewer crystals to interact.” Suenson �34�, Winkler �4�, Farrar �30�, TEAM
�28�, and Alnaes et al. �35� observed, however, bowing in marbles with small or large grain sizes, or both,
and Zeizig et al. �36� tested a range of different marbles, and found the same bowing potential in marbles
with distinct grain sizes.

Deterioration of marble panels involves several parameters and properties. Shape deformation �Fig. 2�
is the most obvious phenomenon, where the panels bow either convexly or concavely out of their original
plane. Along with bowing follows also permanent volume changes �Fig. 3�, i.e., the marble expands. In
laboratory experiments, thermal cycles resembling that of temperate climates have been shown to result in
permanent expansions of certain marble types of more than 0.2% after only 50 thermal cycles �37�.

However, the most serious deterioration feature is the loss of strength �Table 1� which may progress as
far as total decohesion of the grains �known as the sugaring effect�. The above three features may cause
bowing of panels �Fig. 2�, spalling and cracking in connection with anchor points �Fig. 3�, and in the worst
cases, ultimately failure of the panel.

Laboratory studies performed in the TEAM project �28,37,43� clearly indicate that there is no corre-
lation between the amount of bowing and the loss of strength. This is especially worrying since there is a
potential risk of severe strength loss without any evident bowing of claddings.

Cases

A wide range of buildings with bowing problems has been reported in the literature
�2,6,8,11–15,22,24,25,28,30,32,34,44–58�. An example of bowing marble is seen at the National Bank of
Denmark, Copenhagen built in 1965–1978. The building was designed by the Danish architect Arne
Jacobsen and has an exterior cladding made of Norwegian marble. The marble type, which is a contact-

metamorphosed calcitic-silicic limestone with remnants of fossil corals, is because of its beauty very often
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used as façade cladding on buildings in Scandinavia and Germany. However, after some 30 years of use
the panels on this building show medium deformation in the order of 10–15 mm, the most bowed panels
are situated on the southfacing façade, which is shown in Fig. 4. A loss in flexural strength of approxi-
mately 40% has been recorded on 35-year-old panels taken down from the south façade �41�.

Serious bowing is observed on La Grand Arch de la Defénce in Paris, France from 1989 �Fig. 5�. The
building, which was designed by another Danish architect Johan Otto Von Spreckelsen, is covered with
Carrara marbles from Italy. After only 15 years of exposure, the panels show a high degree of deformation
�49�. Most panels are bowed 20–30 mm �3/4–1 3/16 in.� out of their original plane, and a total replace-
ment of the cladding is expected in the near future.

Due to the risk of panels falling down from the building, a net has been placed on the upper �windy�
parts of the façades, and the area close to the south façade has been closed to the public.

In the city of Malmo, Sweden, the house of “Sydsvenska Dagbladet” is also covered by Carrara
marble. Even though the building is only approximately 20 years old the cladding exhibits severe dete-
rioration as shown in Fig. 6. Numerous failures at anchor points, broken stones and stones falling down
have been observed. The original marble cladding was replaced in 2005 �28,31�.

FIG. 2—Bowing of marble panels on Zagrepcanka business tower in Zagreb, Croatia. Photo by Jan
Anders Brundin.

FIG. 3—Expansion of the marble panels creating cracking and spalling around the anchoring points, on

a building façade in Malmo, Sweden. Photo by Bent Grelk.
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Also, many other types of marble exhibit the same type of deformation problems. The façade of the
hospital in Lünen is currently being renovated because of very strong bowing �20–50 mm �3/4–2 in.��. A
Portuguese calcitic marble covers the building �3�. In 1991, a loss of flexural strength of the order of
approximately 75 % was measured on the 28-year-old panels from parts of the façade.

Some parts of the University in Göttingen, the Juridicum and Oeconomicum have exterior cladding of
a Swiss calcitic marble, which is also deformed in the magnitude of 20–30 mm �3/4–1 13/16 in.� �11�.

The marble façade on Hotel Terraza in Ljungby, Sweden, clad with a Swedish dolomitic marble is now
facing a renovation of about 1.5 million US$ due to deterioration �bowing and cracking� of the marble
panels �28�.

The 450-ft high Richmond’s City Hall, Virginia, built in 1972, had similar façade problems with its
approximately 23 000 pieces of marble panels. The marble used on the building was a coarse grained
Georgia white marble �30�. Due to severe deterioration and bowing of the marble panels on the building,
approximately 5000 fiberglass straps and a system of fiberglass corner supports were installed for safety
reasons, in 1995, over the face of the building to temporarily ensure that all marble panels remained in
place. In 2005 the original marble panels were replaced by a metal panel system.

One of the “worst” examples of deterioration �bowing and loss of strength� of marble panels can be
found in Zagreb, Croatia, where one of the most extreme degrees of bowing and loss of flexural strength
has been observed �28� �see Fig, 2�. The 310-ft tall building, Zagrepcanka, is clad with white Carrara
marble. About ten years after the completion in 1976, marble panels started to fall off from the façade.

TABLE 1—Examples of reported strength loss (flexural strength) of marble claddings from different buildings.

Building
Marble Type

�Origin� Loss of Flexural Strength
Reference
�Literature�

Finlandia Hall—Old façade
Helsinki �FI�

Bianco Carrara
�Italy�

�85 % after 21 years �38�

Finlandia Hall—New façade
Helsinki �FI�

Bianco Carrara
�Italy�

�20–30 % after 3 years �39�

Amoco—Chicago �USA� Bianco Carrara
�Italy�

�40 % after 15 years �40�

Office building—Nyköping �S� Bianco Carrara
�Italy�

�75 % after 31 years �28,31�

Office building—Köln �D� Christallino
�Greece�

�65 % on west and south
façades, and �10 % on

north façade after 20 years

�32�

Hospital—Lünen �D� Trigaches E.
�Portugal�

�49 % after 14 years
�75 % after 28 years

�3�

Office building—�CH� Bianco Venato
�Italy�

�40 % after 3 years �8�

Bank building—Copenhagen �DK� Porsgrunn
�Norway�

�40 % after 35 years �41�

Office building—Copenhagen �DK� Porsgrunn
�Norway�

�75 % after 41 years �41�

Office building—Lyngby �DK� Marmorilik
�Greenland�

�45 % after 60 years �41�

Office building—Malmö �S� Bianco Carrara
�Italy�

�10 % after 25 years �42�
FIG. 4—Part of the south façade on the Danish National Bank. Photo by Per Goltermann.
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Because of the risk of falling marble panels, the users of the building had to enter the building through an
improvised tunnel made of wooden planks and steel bars �see Fig. 7�. The building got the nickname “The
hells tower.” The renovation of the façades started recently �2003–2005�.

The above-described examples of bowing are not typical for marble cladding. In most cases there is
actually no or only minor deformation observed.

A very illustrative example of marble performing well is seen in the city of Malmo located in the
southern parts of Sweden. Here, the City Hall �Fig. 8� is located next to the above-described house of
“Sydsvenska Dagbladet” �Fig. 6�. It is also covered with the Italian Carrara marble Bianco and is further-
more of the same age �25 years�. However, the marble panels of the City Halls are still in great shape, no
bowing is recorded and the flexural strength is reduced by only 10% �12,28�.

The City Hall of Borås, Sweden, which is more than 40 years old, also have façade cladding of
Carrara marble, and no deformation has been detected. Another example of a durable façade with Carrara
marble is a Bank in Brussels, Belgium �31�, which is located only about 500 meters from the bowing
façade panels of the IBM tower.

The City Hall of Aarhus, Denmark has an exterior façade of the Norwegian marble from Porsgrunn.
The building is from 1934, but no serious deformation has been observed on this building.

The façade of Lyngby City Hall, Denmark is also in great shape �Fig. 9�. This building is from 1941
and is covered with a calcitic marble type from Marmorilik, Greenland.

FIG. 5—La Grand Arch de la Defénce in Paris. Photo Bent Grelk.
FIG. 6—Part of the facade on an office building in Malmo, Sweden. Photo by Bent Grelk.
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The Finlandia Hall constitutes the most famous and controversial example of marble façade clad
bowing. The building, designed by the famous Finnish architect Alvar Aalto, was built between 1967 and
1971/72. The façades on the Finlandia Hall were clad with approximately 7000 m2 of Carrara marble
panels. The maximum size of the original panels was 140 cm and they were 30-mm �1 3/16 in.� thick, and
each panel was fixed by four dowels, two on each side in the vertical joints. The flexural strength of the
original marble was approximately 8.2 MPa �40�.

Within a few years after its completion in 1972, the marble panels began to bow severely
�39,44,50,59�. The problems with the marble façade were many: Deterioration of the marble panels

FIG. 7—An improvised “security” tunnel in front of the building, Zagrepcanka, Zagreb. Photo by Jan
Anders Brundin.
FIG. 8—A Carrara marble façade on Malmo City Hall, Sweden in perfect condition. Photo by Bent Grelk.
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resulting in �1� bending of panels, �2� surface deterioration, �3� cracking and spalling around fixing points,
�4� “inferior” appearance, and �5� safety problems. In 1983 some of the panels have bowed approximately
50 mm �2 in.� and the flexural strength was decreased by more than 50 %. In 1991, an angular marble
panel fell off, and it was found that the flexural strength had decreased to 1.2 MPa, which was less than 15
% of the original flexural strength of the panels. It was found �44� that the flexural strength decreased and
the bowing of the marble panels increases apparently almost linearly as a function of time. White metal
braces and nets were then attached to secure the marble façades until the restoration could begin in 1999.

An intense debate began in the city of Helsinki, Finland, over the selection of a new cladding material
�39,60�. But in 1997, after many discussions and meetings, the citizens of Helsinki approved a decision to
use Carrara marble—again.

The requirements on the new marble façade were, besides that the appearance should resemble the
original: �1� the flexural strength of the marble should be more than 9.0 MPa. �2� The fixing system should
be flexible and allow for movements, and the dowels should be moved from the vertical joints to the
horizontal joints. �3� The maximum size of the panels was reduced by 20%. �4� Better insulation and
ventilation.

The completion of the recladding was finalized in 1999. However, after only six months it became
clear that these criteria were insufficient in that the bowing of the new marble panels became apparent.
Only a few years after installation measurements showed that the renovated walls of Finlandia Hall had
deteriorated, and the reduction in the flexural strength of the marble was in the order of 20–30% �39�.

The bowing behavior of the new marble panels is remarkably different from the original panels even
though they consist of almost the same type of white Carrara marble. The original marble panels on the
façades of Finlandia Hall bowed all almost uniformly concavely �inwards� �Fig. 10� with extremely high
amplitudes—65 mm �2 1/2 in.� in 1989—after less than 20 years of exposure, but after the new panels
were installed they started to bow in a convex direction �outwards� �Fig. 11� �12�. No explanation for the
opposite bowing behavior has yet been established.

Observations

We can, from the literature, conclude that the phenomenon of bowing of marble is actually rather common.
Deformation by bowing is experienced in buildings of various ages, in buildings exposed to various
weather conditions, and for slabs of various thickness and dimensions and with different anchoring meth-
ods. It is also interesting to note that bowing is registered for marble of seemingly very various compo-
sition and structure.

In the TEAM project about 200 building projects with marble or limestone cladding around the U.S.
and Europe have been recorded, and about 50 of these have bowing problems. Measurements of bowing
amplitudes during the inspections of buildings in the TEAM project were carried out with a so-called
“bow-meter” in accordance with the procedure described in NT BUILD 500 �61� �Fig. 12�. The “bow
meter” is basically a 1200-mm straight edge with a digital dial gage that allows the distance from the edge

FIG. 9—Lyngby City Hall, Denmark. The 60-year-old marble façade is still in very good condition. Photo
by Bent Grelk.
to the panel surface to be measured very accurately.



GRELK ET AL. ON DURABILITY OF MARBLE CLADDING 9
Climatic Condition

There is no evidence that any particular climate is typical of the conditions that can result in long-term
bowing, expansion, and loss of flexural strength. Cases of bowing have been reported from the most
different climates, from Libya �Africa�, Lebanon, and Cuba �12,21� in the south to Canada, Sweden, and
Finland in the north. A daily temperature variation and a source of moisture are, however, common to all
locations, see Fig. 13.

From most of the investigated buildings it is observed that the absolute temperature and the tempera-
ture variations seem to be very important factors for the bowing mechanism, i.e., the higher the tempera-
ture variations, the higher the degree of bowing. The humidity is also a key factor for bowing. Laboratory
tests have shown that bowing only occurs when free water is available. “Dry” bowing and expansion tests
only result in a small limited expansion and no bowing �37�.

Dimensions of the Stones

Bowing has been observed for all panel dimensions �largest dimension ranges from 900 to 2000 mm� and
all thicknesses ranging from 30 to 60 mm �1 3/16 to 2 1/3 in.� �see also Ref. �62��. Very large marble

FIG. 10—Part of the old marble façade on Finlandia Hall in 1999. Photo by Elmar Tchegg.
FIG. 11—Part of the new façade on Finlandia Hall in 2006. Photo by Bent Grelk.
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panels ��2 m2� have been recorded with a perfectly plane and unaffected surface, while on other build-
ings, small ��1 m2� panels have deformed, deteriorated, and fallen from the façade �12�.

No correlation has been observed between bowing tendencies and the stone panel thickness �12�. Erlin
�33,63� mentioned an optimal thickness for bowing to occur, but it has not been possible to verify this
during the literature review. On the contrary, several examples of relative thick tombstones �up to 15-cm
�6-in.� thick�, which were strongly bent, have been observed around the world �21,25,28,29,34,43� indi-
cating that no optimal thickness exists.

The inspections performed during the TEAM project �28� and the reports from the literature clearly
show that larger panel dimension �width and height� will increase bowing, since the bowing amplitude �U�
is related to the length �width� �l� and the thickness �t� of a panel: U=��l2 /8t, where �� is the difference
in strain from the front to the rear side of the panel �28�.

The loss of strength of smaller panels is of the same magnitude, even if the smaller panels show less
visible bowing amplitude. The strength loss is, however, not equally significant because the smaller panels
usually are affected by smaller external forces. An expanding panel with no visible bowing will also lose
strength.

FIG. 12—Measurements of bowing amplitudes on a marble façade with the use of a “Bow-meter.” Photo
by Björn Schouenborg.
FIG. 13—Geographical distribution of marble bowing registered by TEAM.
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The bowing and expansion lead to increased stresses at the fixing points, and the dimensions can
therefore often influence the resulting forces that need to be transferred and thus to the risk of failures.

Façade Orientation and Height Above Ground

For the main part of the cases studied in the TEAM project, bowing was observed on all façade directions
as well on all heights above ground. However, the observations indicate that there was a significant
difference in the bowing amplitudes depending on the orientation of the façade. It appears that the bowing
phenomenon is less significant on façades exposed to minor temperature differences during the day. The
smallest bowing amplitudes are usually found on the north façades �in the Northern Hemisphere�, because
these are not exposed to large temperature cycles from the sun. Zimmermann �32� reported a case with a
20-year-old building in Köln, Germany, clad with a Greek marble. On the west and south façade the
marble had lost 65 % of its original flexural strength, whereas the loss of strength on the north façade was
“only” 10 %.

In some cases, a more pronounced bowing was observed on the east or west façades than on the south
façades. A reason for this could be that the lower position of the sun in the east and west may cause larger
temperature variations on a vertical façade during the day, compared to the high position of the sun in the
south. Besides this, the sun angle varies from north/south to the equatorial zone, and this may give some
explanation as to why the bowing behavior differs between different geographical zones �latitudes�. The
local environment/climate has also been identified as an important factor, where shade from, e.g., trees or
adjacent buildings, provide shelter from the sun resulting in smaller temperature variations and thus a
smaller degree of bowing.

For many of the buildings inspected during the TEAM project, it has been observed that the bowing
phenomena increase in frequency with the height above ground. This may be explained as the local
variation in wind, humidity, and temperature often becomes more extreme with the height above ground.

Age of Panels

Bowing and expansion will increase with age of the panels, and it is preliminarily assumed that these will
develop proportionally to the exposure time. The inspected buildings and the literature show that already
after a few years of exposure ��5–10 years�, bowing and deterioration may occur in panels.

Some researchers �38,44� actually supports the assumptions that bowing �and strength loss� is linearly
correlated with the age and time of exposure. However, the observed rate of development varies from one
panel to another, even in the same building and from one marble type to another �28�. This rate can to
some extent be determined by measuring the amount of bowing and the joint width on a larger number of
panels.

Repeated measurements of, e.g., joint width or bowing, will over a longer period of time provide
documentation for the expansion rate in the actual building. This may be obtained by permanent, long-term
monitoring or by repeated inspection with 2 to 5-year intervals using a bow-meter. The concept of mea-
suring the joint widths for a range of panels with 2 to 5-year interval was tried at the Danish National
Bank in 2001 and 2004 where the additional three years exposure corresponded to 10–15% increase of the
exposure time, but this indicated no decrease of the joint width over this period �28�.

Fixing System and Cladding Design

Most of the inspected façades in the TEAM project have 30 or 40-mm thick marble panels mounted on
various types of anchors and with a ventilated air cavity of 20 to 40-mm �3/4 to 1 1/2-in� width between
the back face of the stone panel and the layer of insulation. Some façades are, however, installed in mortar
beds with or without restraint anchors—this means that there is no ventilated cavity. Some projects have
part of the installation done on freely standing railing systems allowing both faces of the panel to be
“exposed” to the surroundings. To date, no link has been observed between the type of anchoring system
and the bowing of marble panels with the exception of panels bedded in mortar which do not seem to be

susceptible to bowing to the same extent as other fixing systems.
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Bowing, concave and convex, is observed for all fixing systems represented in the investigated build-
ings. So far no specific fixing system can be pointed out as being more �or less� suitable to prevent bowing,
expansion, loss of strength, or the development of damage.

Open/Closed Joints and Joint Widths

The use of open joints may lead to larger variation in the environment behind the panel, compared to the
design with closed joints, where the air behind the panels may be sealed in and isolated from the external
influence. No effect of this has been verified by the inspections in TEAM. However, façade claddings with
elastic sealant in the joint will often reveal if an expansion has taken place.

For most of the buildings it is observed that the average widths of joints are smaller than the designed
width. If a panel is strained when free movement in the joints is not allowed, normal forces will occur in
the panel or it may lead to a pushing aside of the neighboring panels. The restraining may affect the shape
of the bowing panel, e.g., bowing takes place predominantly in one direction and damage typically occurs
near the fixings.

Concave or Convex Bowing, or Both

It has not been possible to explain why panels bow concavely or convexly on a building, nor is it possible
to relate the bowing behavior to one specific influencing parameter. Panels on one side or in one location
of the same building may deform in one direction, while on another side or location they deform in the
opposite direction, see Figs. 14 and 15.

One theory put forward by some researchers �33� was that panels exposed in the same way and to the
same environmental conditions, for example, on part of a certain façade would bow in the same direction,
but it has repeatedly been observed that some panels bow opposite than the rest �28�—also on the same
part of a façade.

It has in addition to this been observed that in cases where old panels were replaced with new fresh
panels, the direction of bowing of the new panels were opposite the demounted panels, which is the case
with Finlandia Hall, where the new panels are bowing convexly, while the old original marble panels were
bowing concavely.

Bowing Shapes

It has been observed that the unrestricted bowing shapes are part of a spherical curve �28,63�. The shape
is seldom an ideal spherical shape due to the fact that the material has different properties in different
directions �orientation of foliation�, or the panels are or have been restrained to some extent by the fixings
or neighboring panels, or both.

Color of Marble

Among the investigated building projects exhibiting bowing problems, marble types with different color
are represented such as light types from Italy, Switzerland, Russia, Macedonia, and Sweden, a green type
from Portugal, dark gray types from Portugal and Norway. It shall be stressed that the same types of
marble on other reported projects do not show any bowing. Thus there is no clear indication as to the effect
of color range of the marble related to deformation by bowing.

Surface Finishing and Treatment

It has been discussed in the TEAM project, if the surface finish, the cutting processes, any chemical
surface treatment, or the start conditions in the beginning of a panel’s lifetime may influence the bowing
behavior. Possible surface finishing could be mechanical �rough, smooth, or honed� or chemical �impreg-
nation, soap, etc.�, and the cutting process could be more or less “rough.”

No conclusion concerning finishing could be reached from the building inspections of the TEAM
project. However, the laboratory tests, including bowing tests, clearly indicate that the surface finishing

could influence the bowing behavior on certain marble types.
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Pollution

The solubility of calcite in water is relatively small, but becomes significantly higher in acids. SO2

oxidizes to SO3 and may react with calcite to form gypsum �64,65�. NOx is also known to accelerate
weathering of carbonate rocks �66�. Furthermore, the cyclic process of dissolution and precipitation may
create greater porosity and cracking.

However, Royer-Carfagni �50� found it hard to believe that CO2, NO, NO2, SO2, and SO3 in air could
have any significant influence on the bowing of panels on the Finlandia Hall. “Close observation reveals
that the presence of traces of calcium sulphate crystals is limited to within a few grain-diameters distance
from both sides of the façade surface. This consideration could indicate that chemical aggression should
be considered a surface phenomenon.” This observation is in accordance with findings in the TEAM
project �28�.

Fabric/Orientation of Foliation

On most of the investigated buildings in the TEAM project the orientation of foliation could not be
observed except for one building. On the Oeconomicum in Göttingen it was possible to investigate the
cutting direction with respect to the metamorphic layering, foliation, or macroscopic folding and state that

FIG. 14—Zagrepcanka building in Zagreb with concave bowing on the lower part and convex bowing of
the upper part of the façade. Photo by Jan Anders Brundin.
it had influence on the bowing amplitudes and shapes �11,28�.
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Long-term Monitoring System

Among all the cases studied in this literature review only two examples of long-term façade monitoring
system has been recorded. One system was developed during the TEAM project �12,28� and a second
system was installed on Finlandia City Hall �67�. However, no final conclusions have until now been
presented concerning these two systems.

Design Guidelines for Marble Claddings

European standards for stone products have been developed by the European standardization body �CEN�,
mainly within its technical committee �TC� no. 246: CEN TC 246 Natural Stones.

There are two principally different types of standards, standardized test methods and product stan-
dards. The latter defines the requirements on stones for different applications and also requirements on
factory production control and CE-marking.

In Europe two sets of standards exist for outdoor façade cladding of natural stone. EN 12326 specifies
a test program for façade panels of slates, while EN 1469 deals with the remaining stone types, including
marble and limestone.

In some cases, when research projects have been granted a funding, they can provide new knowledge
and raise the standardization work to a higher level with better and more relevant test methods and better
specifications. The TEAM project is one example that has provided new knowledge to the above-
mentioned product standards for cladding �EN 1469�. The TEAM project has, e.g., produced two proposals
for new test methods and presented them for TC 246: �1� a bow-test �accelerated laboratory aging� for
façade cladding of marble, and a test for �2� moisture and thermal induced expansion for design of
anchoring and dilatation joints.

The TEAM project has focused on the problem of marble panels that lose strength and, in some cases,
display large bowing. The bowing is a function of differential expansion. The expansion of all stone
panels, when exposed to elevated temperatures in the presence of water, may cause cracking around the
anchoring. In the worst case they will fall down.

There are still no common European criteria for the evaluation of performance versus a certain climate

FIG. 15—Zagrepcanka building in Zagreb. Close-up of the façade with panels showing significant differ-
ent bowing behavior. Photo by Jan Anders Brundin.
and application. The performance of a marble in one climate cannot always be correlated to its perfor-
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mance in another climate since the fundamental mechanisms of, e.g., stability problems �bowing and
expansion�, frost damage, salt crystallization, etc., are not fully resolved.

There is still a serious need for guidelines on the use of marble for façade cladding. Many indications
point in the direction that many of the above problems may be avoided if proper testing is carried out in
the selection of the stone for new building/construction projects. The results from the TEAM project will
hopefully lead to a revision of the European product standard for façade cladding of natural stone in the
nearest future.

The choice of a natural stone must be based on proper examination of its physical and mechanical
properties in relation to the intended architectural or structural function and its expected performance over
the entire anticipated life of the construction. The aesthetic considerations are of secondary importance.

In cases where several types of natural stones are to be used it is important at the design stage to
understand the nature and characteristics of individual types of stone. The mechanical properties, weath-
ering characteristics, durability, and appearance are all material considerations when deciding which stone
type to use in a particular application.

The choice of natural stone for vulnerable areas is especially important as it is here that failures or
disfiguration are most likely to occur. Steps and paving, plinths and base courses, cornices, as well as
decorative elements are all prone to attack and decay at a far greater rate than simple vertical cladding.
Harder-wearing and more resistant stones are generally better suited to such vulnerable areas.

Durability and Conclusions

Cohen and Monteiro �15� stated that marble is particularly susceptible to acidic atmospheres, because it
will initiate a series of oxidation reactions in the marble. This type of degradation of marble is a well
documented fact, especially in old monuments and statues. However, the marble degrades from the surface
and inward at a fairly slow speed, and cannot cause the magnitude of strength loss in the relatively short
period of time; that is the reality for some marble façade claddings.

Another general perception of the past on marble deterioration is that freeze-thaw cycles cause sig-
nificant decay of marble. This theory is not supported by the many observations made on buildings in the
TEAM project, where marble bowing with subsequent strength loss has been found in warm �even tropi-
cal� climates �21,49� without frost action as well as in more temperate climates �11,28,32�.

Today, it is generally accepted that deterioration of marble façade cladding is mainly caused by
temperature variations in combination with moisture presence in the pore space of the marble. Some
controversy still exists on the actual mechanism, but these extrinsic parameters �moisture and temperature
variations� are generally recognized to be the key influencing factors causing the fast weakening of some
marble facades.

It has long been known that only some marbles exhibited bowing behavior, while others remained
intact over time, and that the main reason for this is in the structure of the marble. In the literature there
are many observations indicating that the durability of marbles is closely associated with its microstruc-
ture. Already in 1940 Bain �29� found in his investigations of Vermont marble that marbles with straight
boundaries between calcite grains tend to be much more susceptible to bowing and degradation compared
to marbles with irregular interlobate grain boundaries. This observation has also been put forward recently
by Cantisani �68�, Molli �69,70�, Barsotelli �71�, Åkesson �72�, and Royer-Carfagni �47�.

In order to correlate the performance of the marble to its microstructure, Åkesson et al., �49� have
worked out a method to numerically describe the different microstructures and have achieved a very good
correlation between bowing observed on buildings and microstructure.

It is anticipated that the test methods �1� a bow-test �accelerated aging� �73�, including loss of strength,
for façade cladding of marble, and �2� moisture and thermal-induced expansion for design of anchoring
and dilatation joints, developed by TEAM, will become European standards in the near future for all
marble and limestone claddings �28�.

Future Work

Guidelines for choosing, testing, and production of marble and limestone panels as well as a product
control must be established. The importance of choosing a technically suitable marble for outdoor clad-

dings cannot be too strongly emphasized.
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If a marble is chosen that rapidly will lose strength the consequences are considerable—for example,
in terms of increased maintenance costs due to the fact that such a marble will quickly get an open
micro-structure that is more susceptible for soiling. Removal of graffiti will be more difficult and, of
course, the risk of failure due to loss of strength will make it necessary to monitor the changes and finally
replace part, or all, of the façade before the risks of panel failure becomes unacceptable.

Technically acceptable properties should therefore have very high priority when choosing a marble
type for a building project, whereas today aesthetical properties are often considered as being of greatest
importance even though the aesthetic properties will change rapidly for a nonsuitable marble as it dete-
riorates.
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