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Sammanfattning 
Rapporten är resultatet av arbete inom MinBaS‐projekt 4.4.3 och delar av två EU‐projekt. Delar av 
denna MinBaS rapport kommer framöver att ingå i det reviderade häftet om fasader i nya 
Stenhandboken. 

Inledningsvis ges en översikt över de vanligaste infästningssystemen för fasadstenselement. Därpå 
följer en utförlig beskrivning av alla de parametrar man bör ta hänsyn till vid dimensionering av 
fasadstensplattor och slutligen en beskrivning av det webbaserade dimensioneringsverktyg som 
tagits fram av SP, CBI and BBRI (Belgian Building Research Institute): http://expertsystem.sp.se/ 

Huvuddelen av rapporten är skriven på engelska då den även innehåller omfattande material från 
följande två stora Europaprojekt om natursten: 

TEAM – Testing of Marble and Limestone: GROWTH Project GRD 1‐1999‐10735 

www.sp.se/building/team 

I‐STONE – Re‐engineering of natural stone production chain through knowledge based processes, 
eco‐innovation and new organisational paradigms.  (NMP2‐CT‐2005‐515762).  www.istone.ntua.gr 

Input avseende dimensionering kommer från delprojekt WP5 och delrapporten: DIMENSIONING 
METHODS AND REQUIREMENTS OF TODAY – A STATE OF THE ART OF STONE CLADDING 

Samtliga refererade delrapporter från de båda EU‐projekten kan rekvireras av SP eller CBI. 
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Summary 
This report is the result of the MinBaS 4.4.3 project and parts of two European projects on natural 
stones. Parts of it will be included in the revised Facade chapter/booklet in the new Swedish Stone 
Handbook. 

The introduction gives an overview of the different anchoring systems for stone facade elements, 
followed by a detailed description of all necessary parameters to consider when dimensioning thin 
veneer cladding elements of natural stones. Finally, a web based expert system/tool for 
dimensioning is described. The tool has been developed in collaboration between SP, CBI and BBRI 
and can be found on: 

http://expertsystem.sp.se/ 

The entire report is written in English since it also contains extensive material from the following two 
major European RTD projects on natural stones: 

TEAM – Testing of Marble and Limestone: GROWTH Project GRD 1‐1999‐10735 

www.sp.se/building/team 

I‐STONE – Re‐engineering of natural stone production chain through knowledge based processes, 
eco‐innovation and new organisational paradigms.  (NMP2‐CT‐2005‐515762).  www.istone.ntua.gr 

Input to this MinBaS report comes from part project WP 5 and especially the report: DIMENSIONING 
METHODS AND REQUIREMENTS OF TODAY – A STATE OF THE ART OF STONE CLADDING 

All reports can be required in full from SP and CBI. 
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Förord 
Relevanta delar från två oberoende slutrapporter är inkluderade i denna MinBaS rapport. För att 
undvika felaktig refererande av figurer, sidor mm har vi valt att inkludera dessa utdrag med deras 
egna sidnumreringar. 

Del 1: ANCHORING OF FAÇADE ELEMENTS – AN OVERVIEW 

Del 2: DIMENSIONING METHODS AND REQUIREMENTS OF TODAY – A STATE OF THE ART OF STONE 
CLADDING 
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1 Introduction 
This State of the Art Report provides a broad summary of the principle anchoring methods used 
in the professional building industry for facade coverings of Natural Stone – “Stone” and is part 
of the TEAM project (GROWTH Project GRD 1-1999-10735). The technical anchoring 
systems commonly used are - with a few special exemptions - general for all types of Stone. 
Therefore the report hereinafter does not make any special focusing on facade coverings of 
marble and limestone opposing to stone in general. Also the philosophy for the construction and 
detailing of anchoring systems is fairly similar around the international market. Therefore 
systems most commonly used in Europe will also be found in USA and Asia as example even if 
it is noticeable that some principles are more established in one market room than in another. 
The report will include comments on these situations. 

 

 

2 Historic Background 
Stone products have always been and still are most used in the field of building construction. 
The way in which Stone have been used can be divided into:  

• Structural elements and 

• Facade covering elements 

2.1 Structural elements 
Stone was, “par excellence”, the material chosen for every human construction, long before 
bricks, cement, iron or glass came into production and use. From the first primitive uses as 
shelters to constructions erected in the first half of the 19th century, stone excelled as a 
structural, load-bearing element. Historically, the introduction of the Etruscan arch into the 
building techniques marked the beginning of a long period in which the technical qualities of 
Stone as a structural, load-bearing material were exploited. The arch technique gave volume and 
lightness to the building constructions.  
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The qualities of Stone were exploited in full, exalting its resistance to compression and at the 
same time resolving the problem of stones' limited capacity to tensile stresses. Depending on the 
type of Stone, resistance to compression can be from ten to fifty times greater than resistance to 
tensile stress. 

During the 19th century the development of cement, concrete, reinforced concrete, iron and 
steel, bricks and other building materials took over more and more the functions earlier 
designated for Stone. Still however Stone was requested as facing or facade covering material 
due to a number of factors – aesthetic qualities, resistance to environmental and climatic forces, 
architectural design properties and, not to be disregarded, status and prestige. Commonly used 
were structural solutions where for example bricks and cubic blocks of Stone are built together 
as a structural wall and using the Stone as outer face. 

  

Figure 3.2 

Solid Stone units 
built in as facade 
facing and 
integrated part of 
the structural 
wall 

Figure 3.1 

Typical Stone arch examples even if not 
demonstration the far more spectacular Eutruscan 
arch types. 
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Typically so far most Stones used for buildings were taken 
locally. Thus geographic areas and towns are often dominated by 
the Stones from the closest neighbourhood. The combination of 
using Stones as solid, heavy units and the limited means and 
capacities for long distance transports makes this situation easily 
understandable. However not only other building materials were 
developed and refined but also the techniques for quarrying, 
excavating, transporting, fabricating and installing Stone made 
substantial progress. By the end of 19th and beginning of 20th 
century Stone units were produced as thinner and thinner items 
making it possible to deliver more and more m2 from each 
quarry block m3. Thin panels were installed as straight coverings 
to wall structures – not integrated as before but mounted as a skin 
cover. When saying “thin” it means down to 2 cm thickness. 

2.2 Thin veneer coverings 
The first types of thin veneer coverings to exterior facades as well 
as interior walls were installed in mortar as a glue layer between 
the Stone panel back face and the structure behind. “Thin” Stone 
panels typically from 2 cm thickness and up to some 6 cm pending on type of Stone and 
production possibilities were installed. Usually at low level applications (Street level or 1st floor 
level) no other means than a mortar bed for keeping to Stone in place was used. Facade 
coverings at higher levels were often installed in mortar bed completed with simple types of 
metal strap anchors inserted in drill holes at the Stone edges or Stone back face. The “free” part 
of the anchors were simply imbedded in the mortar bed but more and more often installed in 
drilled, mortar filled holes in the building structure. 

This type of facade coverings on buildings in severe 
climatic zones like in northern Europe however often 
failed after longer (10 – 20 years) periods of time. 
The reason being temperature changes between cold 
winters and warm summers combined with 
periodically heavy rainfall. Movement differences 
between the Stone skin and the building structure 
behind resulted in panels loosening from the building 
and in cases falling down. Emergency actions were 
necessary and stone panels had to be dismounted and 
remounted using better means for keeping them in 
place. Another type of precaution often used was 
simply to install new anchors in new drilled holes 
through the Stone into the structure behind. Suddenly 
exposed bolt heads were seen on the facade face as 
new “decorative” entities.  

 

 

  

Figure 3.3 

Solid Stone units built in as 
facade facing and integrated 
part of the structural wall 

Figure 3.4 

Bolt detail at mortised application. 
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Figure 3.5. 

Thin Stone facade panels installed as covering in mortar bed. The photo image demonstrates an 
example where Stone panels are secured to the building structure with stainless steel bolts and 
washers. The project is included among reported buildings in WP 1 – reference “SE 18 – 
Packarhuset, Stockholm, SE” – Stone type is Swedish marble Ekeberg “Dramaten” from the same 
quarry where the TEAM project have selected a block for further investigations. Stone panel 
thickness is 25 mm and mortar bed is (designed) 20 mm. Construction year is 1930, planning for 
the restoration with new bolts was done during 1955 but fulfilled much later – 1975 – by a local 
contractor Stockholms Stenentreprenader. The building location is central Stockholm and the 
marble covering is installed on all facades facing all corners of the compass. There are no bowing 
problems at all and only a few panels are damaged. However a few panels with open cracks were 
exchanged during the repair works in 1975.

 

 

Opposing to the situation in northern Europe a number of building projects have been inspected 
within TEAM WP 1 work. It has been noted that buildings – old ones as well as new ones - 
have marble and limestone coverings installed in mortar bed with or without (it has not been 
possible to investigate in detail) additional strap or tie back anchors. In Lisbon, a number of 
high rise (more than 5 stories) buildings covered with marble Estremoz and Trigaches with 
narrow joints (down to 2 mm) were inspected. There were no damages observed at all. 
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Figure 3.6. 

Illustration of principles for 
ventilated facades. 

It was however not possible to continue to install thin Stone 
panels as exterior faced covering without necessary precautions 
against the risk for direct as well as indirect damages to life and 
property. The development starting during the 1940s resulted 
basically in today’s State of the Art – “Ventilated facade 
coverings with thin Stone Panels”. By the end of 1940s and 
beginning of 1950s this system is used at all professional 
buildings in all Europe as well as in the USA, Middle East and 
Asia.  

Two main principle structures are used 

1. Solid structural facades 

2. Curtain Wall facades 

 

2.2.1 Solid Structural Facades 

This type of facade is supported by a structural basis that forms 
an integrated part of the building structure as such. Typically 
the structure is made of concrete and the facade covering can be 
installed directly on the concrete structure with 
anchors. 

The principle built up of this system is as follows: 

• Stone panels, thickness minimum 30 mm or 
pending on stresses (such as wind load, 
earthquakes etc), panel face dimensions, number 
and locations of anchors, Stone material properties 
(such as bending strength, strength at dowel holes) 
and other relevant conditions. 

• Anchors to carry each individual Stone panel. 
Usually installed at dowel holes at Stone edges or 
not so commonly at Stone back face. Anchors are 
designed to keep the Stone panel in place and 
transfer loads from the panel directly into the 
building structure behind. 

• Ventilated air space usually minimum 20 mm 
wide but preferably 30-40 mm.  

• Joints between Stone panels as well as between 
Stone panels and adjacent building members are 
open or closed. It is within the building industry 
as well as among stone contractors discussed the 
disadvantages and advantages with the two 
principles. As example Sweden and Finland 
usually have closed joints while Norway and Denmark have open joints. Germany presents 
both options 50/50. 

 

 

Figure 3.7. Illustration of principles for 
ventilated facades. 
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Figure 3.8: Principle illustration of the ventilation of air space 
behind Stone panels (installed with closed joints) 

• For closed joints is used elastic sealers duly tested for the present Stone type. Such 
facades must be carefully performed with sufficient openings for ventilation. Typically 
they are located at first horizontal joint above ground level, under and above windows, 
doors and balconies, between top row of Stone panels and adjacent roof or facade 
construction. 

• For open joints there is no need for additional openings to allow 
ventilation but the construction behind must be carefully built up to 
allow penetrating rain water running down and out again at a lower 
level. 

• Layer off exterior insulation – normally between 10 and 20 cm 
thickness pending on climate and requirements. Increasing costs for 
indoor climate control (heating and cooling) have resulted in 
requirements for increasing thickness of insulation. Outside insulation is 
used 95 % in Europe opposing to inside (of the building structure) 
insulation. 

• Building solid structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is obvious that the combination of advanced and industrialised production technique and the 
introduction of systems for installation with ventilated air space have resulted in significant 
increase of the consumption of Stone as building facade coverings. Large quantities of Stone, 
sawn to panels, are used as facade coverings to public and commercial buildings. Stone 
veneering are found on hospitals, schools, research institutes, government buildings, 
commercial buildings as well as private houses. Veneering of walls of reinforced concrete and 
steel structures with Stone not only serves to protect them but also transmits to the user an idea 
of cleanness, prestige, and grandeur, apart from conveying their particular architectonic 
message. Modern processing plants uniformly shape and surface treat sawn slabs which are then 
ready for packing and shipment. Stone facade panels replace other covering materials as Stone 
have the good reputation of long service lifetime. 
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Figure 3.9. Modern, 
ventilated (with closed 
joints) Stone facade 
covering installed on 
stainless steel anchors.

The ever ongoing development of anchoring systems and equipment for the installation work in 
order to save time in finishing buildings have led to quantitative and qualitative growth of the 
stone industry. 

The system have had great success from many important points of view – long life without 
damages, low maintenance costs, clean and sober impression from aesthetic points of view, high 
prestige values. The only new problem so far is that a limited number of Stone types deteriorate 
through bowing and loosening of strength. This problem on the other hand is important enough 
to rise questions on the application system in its whole and therefore have an impact on the 
whole stone industry – also for Stone types that have never demonstrated any problems at all. 

 

 

 

 

 

 

 

 

 

2.2.2 Curtain Wall Facades 

This type of facade is supported by a curtain wall structure that is not an integrated part of the 
building structure as such. Typically the structure is build up by a metal (usually steel, 
aluminium and wood combined) framework and the facade covering is installed indirectly on 
the framework with a combination of a secondary framework or subframe, consoles and 
anchoring devices. 

Such systems are usually developed by specialist producers whereof the TEAM partner 
Fischerwerke in Germany is one. Typically the stone panels are carried by 

• Anchors with dowels in drilled dowel holes at the stone panel edges – similar to what has 
been described above for Solid Structural Facades 

• Anchor devices installed on the back face of the Stone panels 

• Brackets or Continuous profiles installed in local or Continuous kerfs along the horizontal 
edges of the Stone panels. 

It shall be clarified that most of these sub-frame systems can be used on solid structures as well. 
In the following the principles are explained by some illustrations. 
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Figure 3.9: USA style skyscraper model with back face fixings is 
illustrated to the left. A combined aluminium profiles / stainless steel 
anchors system with Stone edge dowel pins to the right. 
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Figure 3.10: Aluminium sub-frame and stainless steel “FZP” bolts installed in back face of 
Stone panel. 
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Figure 3.11: Anchors with dowels welded to 
stainless steel RHS profiles and consoles bolted to 
a wooden exterior wall structure. 

Figure 3.12: Stainless steel anchoring devices 
with dowels, sub-frame and “consoles”. 
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3 Anchoring Systems 
The paragraph herein above forms a general description of principle anchoring systems 
presently used for exterior Stone facade coverings. This paragraph will focus on the functions of 
the actual anchoring or connection between Stone panels and the devices to hold the panels in 
place – hereinafter referred to as “the fixing point”. 

Fixing points shall be designed to  

• Transfer the dead load of the Stone covering into the structure behind. 

• Transfer loads generated by wind pressure and suction. 

• Allow permanent expansion of the Stone panels generated by temperature variations. 

• Allow permanent expansion of the Stone panels generated by humidity variations. 

• Allow for expansion and contraction of the Stone panels generated by temperature/humidity 
variations. 

The fixing points in most situations allow for combinations of free movements and stress 
accommodation at the specific location of the fixing point. 

3.1 Dowel Anchors and Edge Dowel Holes 
The principles for dowel anchors are 

• Hole diameter at Stone edge to be minimum 3 mm larger 
than dowel diameter. 

• The joint to be minimum 4 mm wider then thickness of 
steel plate of anchor device. 

• Dowel length is typically 60, 65 or 70 mm (for dowels 
used in two directions – single dowels have consequently 
half length). 

• Dowel holes are filled with cement paste, mastic (or 
equal) to one side and inserted with a plastic sliding tube 
to the opposing side. At anchors in horizontal joints the 
sliding tube is always used for the lower dowel hole. 

• In situations where narrow joints are requested the anchor 
plate can be installed in an anchor “pocket” from the back 
face of the Stone panel. Such pocket shall always be used 
at the dowel hole filled with cement paste. 

The joint dimension (width) is influenced by 

• Stone panel dimension and production tolerances 

• Stone panel dimensions and expected movements 
induced by temperature and moisture variations. 

• Permanent expansion of Stone panels induced by 
temperature and moisture. 

• Thickness of anchor plate. 

• Expected tolerances at installation. 
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• Expected tolerances and deformations at building structure.   Figure 4.1  

When using dowel anchors they are either  

• Side Anchors at Vertical Joints or 

• Top- and Bottom Anchors at Horizontal Joints 

Usually at building outer corners, at window and door openings and 
other “complicated” installations 

• Both Anchor types combined at Vertical and Horizontal joints 

This combination should however be avoided as the installation is 
difficult and the functions are not granted. 

Restraint anchors have only a restraint function while load-carrying anchors  

carry the dead load from the Stone panel as well as have a restraint 
function. 

For side anchors in 95% of all installations the load-carrying anchors are 
placed at the lower two positions while the restraint anchors are placed at 
the upper two positions 

For Top- and Bottom Anchors they are always load-carrying anchors and 
they carry the dead load from the Stone panel above. 

Consequently the totally dominating situation is that Stone panels 
installed with dowel anchors rest on the active load-carrying anchors. 

Figure 4.3: Some frequent types of Anchors on the market. Upper left a restraint anchor and 
bottom row are load-carrying anchor types. 

Figure 4.2: Side Anchors 
and Top/Bottom Anchors 
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3.2 Local brackets or Continuous Rail and Edge Kerf at horizontal joints 
The use of kerfs at Stone panel edges combined 
with brackets or “extruded anchors are more 
frequently used in USA. 

Illustration to the right is taken from the ASTM 
publication  “Modern Stone Cladding” edited by 
Michael D. Lewis, AIA. 

At one of the investigated TEAM projects – 
“Theologicum – Juridicum – Economicum” in 
Göttingen, Germany this anchoring principle was 
used. 

Consequently the Stone panels installed with 
brackets or rails rest on these brackets and rails 
that have also a restraint function. 

 

 

 

 

Basically the same considerations as for dowel fixing shall be applied also for kerf fixings. Kerf 
fixings are more rigid than dowel fixings and therefore in general terms tolerances and 
allowances must be more carefully evaluated. 

  

Figure 4.4: The TEAM Göttingen project 
with continuous rail in kerf at bottom edge 
and “U”-profile at top edge.  

  

Figure 4.5: ASTM presentation of 
principle considerations when using 
“extruded anchors” in local kerf or slot. 
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H2

Continuous 

 
 

 

 

 

 

 

 

 

 

 
  

EPDM

DIN 18516

Figure 4.6: Further sketches to demonstrate the use of local pockets, local 
slots and continuous kerf. 
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3.3 Special applications to full floor level heights 
It shall be mentioned on a few lines that in some nations is used the option to install Stone 
facade coverings at floor level heights (maximum about 4 m1) with load-carrying brackets or 
rails under the first row of Stones. The successive rows of Stone panels rest on top of each other 
and are held in position by restraint anchors. The joints in such field of facade panels are kept 
narrow and mortised to allow the dead load be transported down to the load-carrying brackets or 
rail. At each floor level are used wider (about 20-25 mm) expansion joints to accommodate the 
temperature movements from the total field of panels. 

 

3.4 Back Face Anchors 
Illustration 7 demonstrates a sub-frame system based on the use of back face fixings. These 
anchoring devices are installed with small expansion bolts in specially drilled holes on the back 
face of the Stone panel. 

Opposing to the principle for Dowel Anchors the Back Face Anchors have the load carrying 
function at the upper anchor positions while the lower anchor positions have a restraint function 
only. 

 

It might also be mentioned that the pull out loads for back face fixings are typically 4-6 times 
higher than the break out load for dowels at edge dowel holes. 

 

  

 

Figure 4.7: Comparison of FZP back face dowel and “traditional” 
anchor dowel at edge dowel hole. 
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A B 

C D 

Figure 4.8: Four different principle 
types of concrete precast facade 
units. “D” and “C” are the most 
frequently used types without air 
void behind the stone. “B” is an 
experiment never (?) used in reality. 
“A” is rather a “traditional” 
application of Stone to a precast 
unit. 

Red = STONE; Blue = Concrete; 
Yellow = Insulation; White = Air 
Void 

3.5 Prefabricated Stone covered Sections 
The facade covering systems herein before 
described are installed by handset. In some 
instances this system is not cost effective 
especially at high rise buildings such as 
skyscrapers and buildings on narrow building 
sites. For such situations an alternative method 
could be used – prefabricated facade units or 
sections based on precast concrete or steel 
framework. The Stone panels are preinstalled on 
the facade units in the fabrication plant before 
transport to the building site where the full unit is 
building crane lifted and tied to the load-bearing 
structure of the building. 

Prefabricated facade units based on steel frames 
have basically the same principle anchoring types 
that are presented herein before for handset 
facades including the air space philosophy. See 

Illustration 7 – the left figure.  

However prefabricated facade units based on 
precast concrete structures have Stone panels 
installed without ventilated air space behind. They 
are installed tight to the outer concrete plate and 
kept in place with dowels in different directions 
inserted in the back face of the Stone.  

 

Stone Panel 

Sliding Layer 

Dowel Ø8 SS 

Soft Tube 

Dowel part in Concrete 

 

 

Figure 4.9: To allow for temperature and other movements the Stone panels are separated from 
the concrete plate behind with layers of plastic film or equal. 

 

It shall be noted that some standards ask for “about 10 dowels per m2” while others say “4 
dowels pre Stone Panel”. In principle, the Stone panel is “glued” to the concrete and the dowels 
have load-carrying and restraint functions. When many dowels are used the panel is carried over 
the whole surface – similar to mortised installation - while 4 dowels per panel is very close 
function to the Back Face Anchoring system described above. 
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Insulation 

Outer Concrete 
Layer 

Inner Concrete 
Structural layer 

Facade Stone 
Panels 

Dowels connecting Stone Panel to 
Outer Concrete Layer 

Illustration 19: Facade Precast Unit type “D”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6 Honeycomb sandwich Units 
This type of product and application system is built up by a thin (3-5 mm thick) layer or sheet of 
natural stone glued on a 8 – 20 mm thick honeycomb formed structure of aluminium. The 
system is seldom used for exterior facades to buildings and there are no examples found within 
the TEAM project investigations. The system is frequently used at ships (as example cruising 
vessels) where the weight factor has a substantial impact on choice of products.  
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1 Introduction 

1.1 General 
This report presents the final part of the work in I-STONE task 5.1.2. The main aim of this 
work is to develop an expert system that is intended to serve as guidance and help in issues 
that are connected with selecting the appropriate design parameters of mechanically loaded 
stone elements, placed in construction applications. The work has been concentrated on 
developing an expert system for the dimensioning of façade claddings. 
 
The work in 5.1.2 forms the second part in the overall objectives of task 5.1: 
 

1. How to choose a suitable stone type for a specific application in a specific climate 
2. How to dimension the stone product for safe use in a building (here; façade cladding) 
3. How to obtain the intended service life by proper maintenance after the construction 

 
The previous reports within task 5.1.2 are: 
 
D 5.5 Part A, cf. I-STONE (2007a), which is a compilation and discussion of the most 
commonly used European regulations in this field, complemented with the American 
standard: ASTM.  
 
D 5.5 Part B, cf. I-STONE (2007b), which serves as the basis for the development of the 
Expert system itself. The report describes the considerations taken, the discussion, advantages 
and disadvantages of existing systems in relation to the objective of 5.1.2 and finally a 
possible lay-out of the final Expert system. 
 
D 5.5 Part C, cf. I-STONE (2007c), which is a case study, describing how the design is made 
today in Denmark. In the following work of task 5.1.2, this and other existing systems, e.g. 
from Fischerwerke in Germany, will provide crucial input to the design of the expert system. 
They represent Best practice on the market. 
 
D 5.18, cf. I-STONE (2008), which describes the preliminary version of the expert system. 
The dimensioning procedure for undercut anchors described in European Technical Approval 
ETA-05/0266, cf EOTA (2006), was implemented in the expert system and demonstrated. 
 
The reviewing work carried out at the introductory part of the project revealed that there are a 
number of open questions connected with the design process of façade panels. The 
disagreement between different standards used around Europe for the testing and 
dimensioning became apparent with the review carried out in I-STONE (2007a). There is still 
an open question or mixed suggestions of how e g accelerated testing simulating the long term 
exposure of climate and loads the material degradation, which affects the strength properties, 
shall be properly carried out. The results from previous testing of the effects of different kind 
of surface finishing of the visible side of the panels are scarce. Moreover, there are very a few 
published investigations on the effect of cyclic loading generating material fatigue. The effect 
of using different geometries on the tested specimens as compared with the panel sizes used 
on the buildings is known to some extent in the literature, but is normally not considered in 
the dimensioning procedures. The basis of the recommendations for determining the natural 
strength variations within the stone via repeated testing on a series of specimen replicates or 
the instructions of how representative sampling of specimens are not well documented.  
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A part of the work within this subtask was devoted to a review of how uncertainties and 
variations are dealt with. Moreover, the issue of how the specimen dimensions and test 
method (3-point vs 4-point bending test) affect the mean value and variance of the flexural 
strength have been studied by means of an experimental programme. Some work have been 
allocated to find a physically founded approach to deal with the specimen size effect based on 
the weakest link theory by means of existing test results found in the literature and a test 
programme carried out within the project. The effect on the flexural strength by using 
different kind of surface finishing on the panels has also been investigated within the test 
programme. The results from the test programmes which have been carried out at BBRI and 
SP are included in this report. 
 
A web-based expert system has been developed, see  http://expertsystem.sp.se. This web 
address is only temporarily used during a European enquiry of the system. However, an actual 
link to the expert system will, under all circumstances, be found on the I-STONE project page 
www.istone.ntua.gr. The dimensioning method of exterior wall stone panels for two different 
types of anchoring systems, undercut anchors and dowel anchors, has been implemented. The 
dimensioning scheme for using the undercut anchors was developed by Fisherwerke in 
Germany. The work by Fischerwerke includes a complete approved dimensioning procedure, 
published in the European Technical Approval ETA-05/0266, cf EOTA (2006). The 
dimensioning method second type of anchoring system, namely for dowel anchors, has been 
developed within this work package. The dimensioning method follows the principles 
outlined by Fisherwerke used for the undercut anchors and dimensioning principles practiced 
in Denmark, cf I-STONE (2007c). A documentation of the dimensioning method for the 
dowel anchors is enclosed within this report. The development level of the expert system 
corresponds to the “Refined System (α-test)”, cf. Figure 1. 
 
 

 
Figure 1: General stages in the development of an expert system [From Girratano and Riley 
(1998)]. 
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1.2 Façade cladding installation projects/ Façade design practice 
The use of thin natural stone claddings on facades is a relatively recent invention in building 
construction. The development of efficient production methods for cutting thin stone panels at 
stone industries leading to competitive products has opened up a widespread use of thin stone 
claddings. However the lack of controlled design principles of this relatively new type of 
product with accompanying anchoring systems has unfortunately resulted in façade 
installations that have been inappropriately executed. This results in subsequent problems 
leading to excessive maintenance and repair expenses. In more severe cases, panels have even 
fallen down from the buildings at a high risk for properties and people. Winter (2002) has 
raised severe criticism to the industry connected with façade panels. Moreover, Winter (2002) 
wrote:  
 
“… an industry that claims professionalism and promotes self regulation but frequently acts in 
an unprofessional manner. Unprofessional behaviour is common in all aspects of the façade 
industry and is manifest by facades that do not fulfil their design function. It primarily arises 
from both a lack of expertise and little concern for the resultant outcomes. It is facilitated by 
inadequate budgets and inadequate control. A lack of the required expertise combined with 
the absence of a meaningful quality assurance procedure may give rise to a situation where 
the entire fabrication and installation process is flawed.”  
 
Winter has support from Standing Committee on Structural Safety, SCOSS (2000), which 
earlier concluded that problem with claddings are persistent, despite constant repetitions and 
warnings of difficulties and recurrent new failures. SCOSS also points out problems of 
attitudes to design and the manufacture as new materials are more widely used, compliancy or 
cost-cutting by clients, reluctance to use professional engineers and the sheer difficulty of 
inspecting such elements and cladding fixings. Some problems stem from liability issues and 
unclear written agreements where, in the event of problems, the building owner will be the 
one that finally pays the bill for others mistakes. 
 
The development of design principles for the panels with accompanying anchoring systems 
have successively emerged at various places around the world. This has lead to a number of 
different dimensioning procedures and requirements accounting for various parameters. A 
review of some national European (Belgium, Great Britain, France and Germany) and one 
American (ASTM) dimensioning methods for façade panes with dowel anchoring system was 
previously carried out within the I-STONE project, cf. I-STONE (2007a). The review 
exemplifies the non-coherency between the different national requirements. A description of a 
dimensioning procedure, which is used in Denmark that follows EUROCODE is found in      
I-STONE (2007c).  
 
To conclude, the high number of unsuccessful façade installations clearly shows that there is a 
need for an improved quality assurance at all stages in a stone facade installation project, 
incorporating education about the dimensioning process and knowledge of how stone 
technically perform as a façade cladding material. Moreover, the differences in existing 
design practises make it difficult for the industry to handle the variety of requirements, for 
example, on the material properties. 
 
The quality assurance is often considered as a mandatory extra paper work with little value 
for the final result. One problem can perhaps be that quality systems are too comprehensive 
and designed by people with little knowledge of what is important and feasible. The quality 
assurance system must be such that all involved partners are aware if its use and value in 



 15/4/2011 

 page. 6 of 62 
 

order to get an acceptance. How extensive should the quality assurance programme be? The 
scope depends e.g. on:  
 

• laws, regulations, 
• cost for quality assurance programme, 
• acceptable risk (see below), 
• maintenance-inspection, 
• wall size, 
• cost for repair/replacement, and 
• project size. 

 
The quality assurance may include: 
 

• project planning, 
• time schedule, 
• liability/responsibility (suppliers-subcontractors-owners-end users), 
• well founded dimensioning principles (including test requirements), 
• backup routines/handling instructions if failures in the planned activity chain fails, and 
• plans for continuous quality surveillance/follow-up. 

 

1.3 Why is there need of an expert system? 
Different amounts of knowledge, coming from various sources, exist depending of the 
specific application. The knowledge sources regarding mechanical conditions can be 
standards, norms, regulations, literature, empirical knowledge of expert designers, rules of 
thumbs etc. One difficulty is that only a small portion of, for example, empirical knowledge 
of expert designers is documented and thereby not accessible for the public. One role of the 
expert system is to collect relevant knowledge and make it accessible for users of the expert 
system. Ideally, the expert system will guide the user through all steps in a dimensioning 
project and by this avoid the possibility that important issues are overlooked. Or in a more 
general sense, the expert system should consult the users to answer the question: What steps 
are necessary to be taken such that the end result of a stone façade installation project 
becomes as desired? The expert system in this work is directed to a variety of users, for 
example engineers, architects, stone producers and manufacturers of construction systems and 
products containing natural stone components. A more comprehensive discussion about 
expert systems is given in I-STONE (2007b).  
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2 Handling of uncertainties and variations 

2.1 Sources of uncertainties 
Two doctorial theses from Australia by Winter (2002) and Blackwell (2004) provide a good 
review of the existing procedures for handling uncertainties. Winter and Blackwell also 
investigate experimentally some important sources of uncertainty and make recommendations 
about the number of tests that should be performed for each production site. 
 
Our aim has been to sketch an overall reliability method, taking all uncertainties into account.  
Since many of these sources are difficult to measure properly, the procedure must also include 
more vague measures based on engineering judgement and experience. The resulting 
reliability measure is a second moment reliability method that may be used for obtaining 
sound safety factors for stone cladding. The principles of the method is well established in 
statistical literature (Madsen et al, 2006) and is here assessed to be a suitable approach to 
handle the reliability assessment for stone cladding. 
 
In co-operation with the Gothenburg Mathematical Modelling Center (GMMC), the 
statistician, Professor Richard Wilson, University of Queensland, Australia, was invited to 
Sweden in February 2008. Professor Wilson was involved in the two Australian doctorial 
projects mentioned above and was judged to be a most suitable discussion partner. The 
differences between our second moment reliability proposal and the Winter and Blackwell 
approaches were discussed in meetings with professor Wilson, incorporating the reliability 
group within GMMC, putting focus on areas suitable for further investigations. 
 

2.2 Statistical variations 
Among the sources of uncertainty, the size influence was subject to special investigations. A 
lot of experimental results were found in literature, but a proper model for reliability usage 
was absent. In Blackwell’s thesis some ideas about how the results could be used for the 
multiplication problem were presented, i.e. the prediction of the strength of the weakest panel 
on a building, but the problem of strength prediction of panels from the strength of smaller 
test specimens was not presented. In fact, these two problems can be seen as the same, namely 
the statistical problem of the weakest link. 
 
The immediate model to be used for the strength of the weakest link is the Weibull theory, 
which originates from problems in metal tensile strength. The basis for the theory is that 
failure has a strong correlation to the most severe defect in a material volume, and if there are 
many defects the statistical extreme value theory may be used to justify the adaption of, for 
instance, the Weibull distribution. However, some indications in the literature suggest that the 
Weibull approach does not work for stone cladding.  
 
In the present project we initially used existing test results and later complementary tests (cf 
Section 3) to see if the Weibull theory is useful and if not, if it was possible to modify the 
approach properly. The investigations show that the Weibull approach seems to be a clear 
improvement of the existing practise, but that the variation of size influence between different 
materials is too large to find an appropriate more complex model. The conclusion is that the 
Weibull approach is the best choice, but that it must be completed with a model uncertainty 
contribution in the overall reliability measure. 
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3 Material test programmes 
Two test programmes were conducted with the aim to study the effect of different test 
conditions, material deterioration and the spread of test results from one stone 
population/delivery. This information can be used to revise or set-up recommendations 
regarding the evaluations of the test results, the number of specimens in the test series and 
how statistical variations are handled in the dimensioning formulas. 
 
N.B! The test programmes and the results are not included in this MinBaS-report! The 
main findings have been included in the MinBaS report 4.5.a on Technical properties 

3.1 Test programme conducted at SP 
One test programme was conducted by SP on the Bjärlöv granite. The SP program had three 
main purposes:  
 

1) Discussions about the relevance of using second moment statistics for flexural 
strength led the work into investigating the statistical distribution of the available 
granite. Therefore a large amount of repeated tests have been made under the same 
conditions. 
 

2) Previous experimental results regarding fatigue properties of natural stone and 
especially granites are sparse and not consistent. This source of uncertainty needed 
further investigation and one part of the test was therefore designed for a fatigue 
evaluation*. 
 

3) The different models of size influence that have been investigated by means of the 
experimental results in Blackwell’s thesis are interesting to apply on another type of 
granite. One part of the test was designed for an investigation of size influence. 

 
* In the Document of Work it was originally designed to perform a different type of fatigue tests 
called Spectrum analysis. However, this variation of the test was decided to be omitted if the results 
should be possible to use in a more standardised way and at a general testing laboratory.  
 
All SP tests were performed under wet condition, since the dry/wet ratio is well investigated 
in other projects and the value of testing in dry conditions is overall questioned. Granite was 
chosen as it is used throughout Europe especially in the northern countries and is considered 
to have good resistance against material deterioration in general.  

3.2 Test programme conducted at BBRI 
The other test programme was conducted by BBRI in which two types of limestone, Charmot-
Valangnes and Belgian Blue, were tested. The Charmot-Valangnes was selected because this 
stone showed limited frost resistance in former research at BBRI. Only 14 freeze-thaw cycles 
was obtained according to EN 12371. Despite this fact, the limestone is frequently used in 
France and Belgium in cladding applications. The BBRI program mainly covered five issues: 
 
 

1) Effect of test method. The effect of conducting 3-point bending test EN 13161:2001 
compared to using 4-point bending test EN 12372 in order to determine the flexural 
strength. The results will differ as the size of the ultimate stressed area is different 
between the two test methods in conjunction with the distribution of defects in the 
material. 
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2) Effect on specimen size. 4-point bending tests were carried out on specimens with 
different sizes. The specimen thickness will affect the stress gradient. The width and 
length, the size of the ultimate stressed area. The variation of the stress gradient and 
size of the ultimate stressed area in conjunction with the distribution of defects in the 
material which will affect the flexural strength. The breaking load at dowel holes was 
investigated for specimens with different thickness. Moreover, the effect of off-centre 
positioned dowels was investigated. The reason for it being that, in many cases, these 
holes are manually drilled on-site and without precision tools.  
 

3) Effect of moisture. The effect of using dry specimens compared to wet specimens in 
4-point bending tests was investigated. 
 

4) Durability of stone. Specimens were subjected to various numbers of freeze-thaw 
cycles respective thermal shock in order to see possible loss of the flexural strength 
due to material deterioration in conjunction with 4-point bending tests. The tests are 
complementary to the ones previously carried out within subtask 5.1.1 (D 5.17). 
 

5) Surface finishing method. The flexural strength on specimens with either bush 
hammered or flamed surface was compared with that of specimens with sawn and 
polished surface subjected to 4-point bending tests in order to investigate possible 
effects of different surface finishing methods. 

 
Additional characterization of the limestone materials were done by determining the water 
absorption under vacuum EN 1936 and by immersion EN 12371, respectively. Moreover, the 
resonance frequency by damping analysis (RFDA) EN 14146 was determined. 
 
A thorough discussion about mechanical testing and material characterization of stone 
material concerning the purpose of testing, how tests are conducted, limitations and material 
deterioration among other things were discussed in I-STONE (2007b). 
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4 Dimensioning of thin veneer façade claddings of natural 
stone 

4.1 Dimensioning approaches 
The partial safety factor concept is established within building industry (EUROCODE) and 
has the advantage of being easy to standardize. Namely, when all sources of uncertainty have 
been identified it is possible to agree on the establishment of one safety factor representation 
for each uncertainty source and use it consistently. The first problem is to agree about all 
these uncertainty representations, which seems not to have been done for stone cladding. The 
second problem with the method is that it has a tendency to be too conservative, since all 
safety factors are applied simultaneously, but the probability that the unfavourable deviations 
for all sources appears at the same time is negligible. The Eurocode have introduced 
correction factors for this effect in some cases. However, such a procedure may become quite 
complex and needs a lot of time and experience to be properly calibrated.  
 
In the present expert system we have implemented the partial safety factor approach, based on 
standards from similar applications. The roughness in this approach has been compensated for 
by conservative judgements, but is judged to be what is feasible within the state of the art. 
 
As a complement to this procedure we also have sketched a possible introduction of the 
second moment approach, mentioned above. This has not been implemented in the expert 
system in this project, but is a proposal for future development of reliability assessment. 

4.2 Dimensioning of panels using undercut anchors fastening type 
A dimensioning procedure of stone claddings on interior and exterior walls with undercut 
anchors manufactured by Fisherwerke in Germany has been approved by Deutches Institut für 
Bautechnik (DIBT) and in the European Technical Approval ETA-05/0266, cf EOTA (2006). 
A principal figure showing the placement of the anchors are shown in Figure 2.  
 
 

 
Figure 2: Principal picture showing the placement of anchoring points. Left: The dowel 
anchors are placed at two opposite sides (top and bottom or left and right). Right: The 
undercut anchors are placed at some distance from the corners. 

Dowel anchors Undercut anchors



 15/4/2011 

 page. 11 of 62 
 

 

Table 1. Stone types for which the ETA-05/0266 is valid. 

 
Group of stone Rock types 

High quality magmatic plutonic rocks 
(plutonites) 

granite, granitite, syenite, tonalite, diorite, 
monzonite, gabbro, other magmatic plutonic 

rocks 
Metamorphic rocks with “hard stone 

character” 
quartzite, granulite, gneiss, migmatite 

 
The full range of validity is given in the ETA. This comprises for example specification of the  
anchors, the stone panels, dimensioning procedure, detailed installation or mounting 
instructions. For example, every anchor is marked with an identifying mark by the producer. 
The anchor shall be packed and delivered as a fixing unit (cone bolt, expansion ring, sleeve). 
The natural stone material must fulfil the requirements of EN 1469:2004 and be one of those 
in Table 1, above. Specifications of the allowed geometries of the stone panels are given 
together with required tests for the stone material. For example, control tests shall be 
performed according to the ETA for each building project and at least once per 2000 m2 
façade surface, respectively. 
 
The dimensioning procedure follows EUROCODE and the assumed service life is set to 50 
years. Design values of the actions shall be calculated on the basis on EN 1990 in 
consideration of the existing loads. The combinations of actions shall be equal to EN 1990. 
The actions shall be specified according to EN 1991-1-1 to EN 1991-1-7, comprising gravity 
and wind loads. A well specified scheme for how to carry out all steps during the 
dimensioning process is given in the ETA. Moreover, Fisherwerke has determined the 
necessary partial safety factors for the allowed types of materials by means of extensive 
testing. In general, the assessment of fitness of the anchor for the intended use in relation to 
the requirement of safety in sense of the essential requirement No. 4 of Council Directive 
89/106/EEC is based on the following tests: 
 

1) Axial tension tests 
2) Shear tests 
3) Tests with combined tension and shear loading 
4) Tests on structural members 
5) Tests on functioning under repeated loads 
6) Tests on functioning under sustained loads 
7) Tests on functioning under freeze/thaw conditions (25 freeze/thaw cycles) 

 
A thorough description of the underlying details of the dimensioning procedure is given by 
Unterweger and Lehmann (2004). 
 

4.3 Dimensioning of panels using dowel anchors fastening type 
A dimensioning procedure for stone panels using dowel anchors fasteners aimed for interior 
and exterior walls is under development. A principal sketch of the placement of the anchors is 
shown in Figure 2. The dimensioning procedure follows EUROCODE where a service life of 
50 years is assumed. The underlying procedure is similar to the one given in the ETA for 
undercut anchors. When proof against loads (actions) shall be established, it shall be proven 
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that the resisting slab moments are greater than moments generated from the loads, and that 
shear forces are smaller than the resisting strength at the drilled bearing holes. 
 
The design values of the actions shall be calculated on the basis on EN 1990 in consideration 
of the existing loads. The combinations of actions shall be equal to EN 1990. The actions 
shall be specified according to EN 1991-1-1 and EN 1991-1-4, comprising gravity and wind 
loads. The dimensioning moments generated from the loads depends on the actions, the plate 
dimensions and the placement of the dowels and can be obtained from FE-calculations. 
Alternatively, FE-calculations for a number of given plate geometries and dowel fixing 
positions may be carried out in order to generate how specific “structural coefficients” will 
change with given realistic geometries. The set of results can be tabulated or presented via 
graphs in order to replace FE-calculations for a number of common plate dimensions and 
anchoring positions. 
 
A description of the dimensioning method is presented in Appendix A. A dimensioning case 
similar to the proposed dimensioning scheme is presented in I-STONE (2007c).  
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5 Expert system 

5.1 Implementation 
A web-based solution of the implementation of the expert system has been chosen over 
alternative implementations such as text based (handbook style) or computer based via 
distributed computer programmes. There are a number of advantages with a web-based 
solution. The most important advantage concerns the quality assurance in the respect that the 
latest version of the expert system will always be available for the users. A number of issues 
concerning the choice of type and implementation are discussed in I-STONE (2007b). SP has 
installed a computer, outside its intranet, on which the expert system has been placed. The 
responsibility for updating the expert system and making any kind of modification is thus 
controlled by SP. The free use of the software is a great advantage for an extensive 
implementation around Europe. 
 
The expert system is built up using PHP (current version 5.2.6, cf PHP (2008)) for generating 
dynamic webpages, a number of PEAR-packages for PHP-applications, cf PEAR (2008), and 
MySQL (current version 5.0, cf MYSQL (2008)), for database management. 
 
Two types of cladding anchoring systems have been chosen to be included in the design tool 
in the expert system. The dimensioning system for undercut anchors from Fischerwerke, 
Germany described in ETA-05/0266, cf EOTA (2006) and for dowel anchors have been fully 
implemented. Additional documentation such as describing texts and help pages is not 
published at this stage, but will successively be added along with version updates. The expert 
system has been launched to public access (http://expertsystem.sp.se) and is currently under 
review by experts outside SP. The internet address is preliminary and may be changed, but a 
link to the expert system shall under all circumstances be found at the I-STONE project page 
http://www.istone.ntua.gr/. 

5.2 General layout and usage 
The expert system for design of stone applications is part of a larger context which 
corresponds to various deliverables of the subtasks within WP 5.1. The different parts are:  
 

• the natural stone literature database, 
• the natural stone material properties database, 
• the cleaning and maintenance handbook, 
• the stock management database (optional), and 
• design of natural stone components. 

 
A picture over viewing all parts is shown in Figure 3. Subtask 5.1.2 is only focusing on the 
last item, i.e. design of natural stone components. Useful links will be provided to other 
relevant parts of I-STONE such as the training courses. 
 
The stone design applications consist of a number of knowledge sources and a Design Tool 
for each application. Some of the knowledge sources will be unique for a specific application, 
while others may be more general and thereby used for several applications. A possible set of 
knowledge sources for the design of façade panels are shown in Table 2. Some will be 
included in the expert system. 
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1 Durable I-STONE 
application

1.1 Application 1 
e.g. Façade cladding 

1.2 Application 2
e.g. Kerbs

The Natural Stone  
Material Properties Database 

The Natural Stone 
Literature Database

The Stock Management 
Database 

The Cleaning and 
Maintenance Handbook

1.3 Application 3
e.g Pillars

1.1.1 Introduction 

1.1.2 Application description 

1.1.3 Load situation 

1.1.4 Material description 

1.1.5 Environmental factors 

1.1.6 Manufacturing, installation 
and maintenance 

1.1.7 Testing 

1.1.8 Design procedure 

1.2.1 Introduction 

1.2.2 Application description 

1.2.3 Load situation 
 

1.2.4 Material description 

1.2.5 Environmental factors 
 

1.2.6 Manufacturing, installation 
and maintenance

1.2.7 Testing 
 

1.2.8 Design procedure 
 

1.3.1 Introduction 
 

1.3.2 Application description 
 

1.3.3 Load situation 

1.3.4 Material description 
 

1.3.5 Environmental factors 

1.3.6 Manufacturing, installation 
and maintenance 

1.3.7 Testing 

1.3.8 Design procedure 
 

1.1.9 Documents 1.2.9 Documents 1.3.9 Documents 
 

Design Tool for  
Façade cladding 

Design Tool for 
Kerbs

Design Tool for  
Pillars  

 

Figure 3: Schematic organization of the expert system. 

 
 
The subsections of the knowledge sources can, for example, be organized as in BIPS (2007), 
with (a) a descriptive introductory text, (b) a summary of standards and requirements and (c) 
recommendations, for each of the subsections, see Figure 4. By using a web based expert 
system, the latest relevant knowledge and regulations regarding design of a specific 
application will be easy accessible for users. The expert system has to be simple to use as it 
should be directed to a variety of users with different knowledge. Furthermore, the basic 
design of the expert system should be easy to expand to comprise other applications. 
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Table 2. Example of possible knowledge sources for façade claddings. 
 

Knowledge source Subsection 
Introduction  
Application description Description of the complete system 

Anchoring system 
Façade panel design 
Failure modes 

Load situation Load effects 
Wind loads 
Impact loads 
Temperature induced movements 
Interaction with substructure 
Earthquakes 
Self weight 

Material description Stone types/mineralogy 
Mechanical properties 
Thermal properties 
Dimension stability 

Environmental factors Temperature 
Moisture 
Air pollution, acid gases 
Freezing thawing cycles 
Orientation to the sun 

  
Manufacturing, installation and 
maintenance 

Manufacturing process 
Surface finishing 
Handling and installation 
Inspections 

Testing Material properties 
Product control 
Deterioration 

Design procedure  
Documents Requirements 

Standards 
Handbooks 
Articles 
Reports 

 
 

5.3 Description of the design tool 
The design tool contains the complete dimensioning procedure for the undercut anchors as 
described in ETA 05/0266 (EOTA 2006) and dowel anchors, cf. Appendix A. The entry page, 
which also is the main page for the design tool, contains two parts Input from the user and 
Summary, see Figure 5. The area Input from the user contains the following fields: 
 
Dimensions: In the dimension module the user will specify the stone panel dimensions, 
length, height, thickness and thickness tolerance.  
 
Anchoring system: The user can select from the different implemented anchoring systems and 
pertinent anchor specifications, e g positions of the anchor points. 
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Material: A number of material parameters are entered at this page. The density of the 
material determined according to EN 1936 taking into account the water absorption under 
atmospheric pressure according to EN 13755. The characteristic values for the failure loads 
for the normal and shear forces, respectively, determined according to EN1469. The 
characteristic failure bending strength with the outward panel side in tension in the test 
determined according to EN 13161 with specimen dimensions specified in ETA 05/0266. The 
characteristic values are the 5% fractile values determined at a confidence level of 75%. 
 

 
Figure 4: Entry page to the expert system showing the Knowledge Sources (within the 
various folders) and the access button to the Design Tool.  
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Load: The data to compute wind pressures according to EN 1991-1-4 are given. This 
comprises the building dimensions, the region on the on the wall, the terrain category and 
wind parameters. The actual wind speed to use in a specific area is normally given in national 
documents. 
 
Perform analysis: Additional data on the anchor bearing conditions are given. The 
computation can be executed resulting in a systematic list for checking computed results 
against all given design parameter requirements. 
 
The user is able to go back and make changes if the final evaluation proves the chosen 
dimensions etc. to be unsuitable. 
 
The area Summary contains following fields: 
 
Report – design input: Contains a table with all entered input values for the panel geometries 
and anchoring system. 
 
Report – material input: Contains a table with all material values and partial coefficients used 
in the subsequent computation. 
 
Report – loads: Contains a table with all entered values for the building geometry, terrain 
category, wind parameters and calculated wind parameters according to EN 1991-1-4. 
 
Report – results: Contains a table with all computed design parameters and pertinent allowed 
limits according to ETA and a check whether the design values are within allowed bounds. 
 
The fields Requirements, Recommendations and Drawings are not used and defined at the 
moment. 
 
The pages for the sections Input from the user and Summary and Input from the user are 
shown in Appendix B. A façade panel dimensioning example is demonstrated during the 
successive presentation of the pages. 
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Figure 5: Entry page of the Design Tool for façade claddings. 
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6 Concluding discussion and future work 
The aim of this work has been to develop a new dimensioning and design basis for natural 
stones mainly used in exterior construction applications e.g. cladding and paving. Through 
this also to secure improvements of existing technical descriptions and to develop new 
recommendations where needed.  
 
The expert system developed by I-STONE task group 5.1 intends to serve as guidance in safe 
design of mechanically loaded stone components. Together with the two other main 
deliverables of this task; Handbook for proper selection of stone to each application and 
climate (D.5.28) and Handbook on care and maintenance of natural stone (D.5.23) it forms 
an integrated package for safe and durable use of stone in construction. 
 
This report outlines the background of the work and a review of existing cladding design 
systems and regulations. The detailed information is given in the three reports of deliverable 
D5.5. It also describes the I-STONE test program carried out to improve on existing models 
and the calculations that were performed, the theory behind the calculations, the calibration of 
the computational method, and the verification of the models. 
 
The reviewing work carried out at the introductory part of the project revealed that there are a 
number of questions connected with the design process of façade panels. An important 
conclusion of the comparison of the national documents is that none of them is a complete 
and up to date working instrument for dimensional stone cladding. In none of the documents a 
detailed calculation method is given for the dimensioning of the stone plates nor for the 
dimensioning of the anchors. The effect of using different dimensions for the tested 
specimens as compared with actual panel sizes used is normally not considered in the 
dimensioning procedures. Nor do they take into account material fatigue or other degradation 
processes. For the restrictions on the thicknesses and allowed surfaces of the plates, 
differences exist between the screened documents. Moreover, every national standard 
describes its own anchoring methods. The studied documents make also reference to national 
documents, which are revoked and replaced by European documents. Finally, the information 
in the documents concerning durability is very limited.  
 
The first fully functional version of an expert system is presented in this report. By using a 
web based expert system, the latest relevant knowledge and regulations regarding design of a 
specific application can be easily accessible for the user. The basic design of the expert 
system is logic and simple to use as it is directed to a variety of users with different 
knowledge. Furthermore, the system is easy to expand allows for the inclusion of new 
applications. The stone design applications presented in the expert system consist of many 
knowledge sources and a Design Tool for each application. The knowledge sources are 
divided into several subsections that each includes a descriptive introductory text, a summary 
of standards and requirements and recommendations, concerning the specific topic.  
 
The first version of this web-based expert system contained one application; the dimensioning 
procedure for the anchoring system of stone façade panels with undercut anchors by 
Fisherwerke in Germany. A dimensioning scheme which is based on EUROCODE for dowel 
anchor type was subsequently added to the expert system. The review of dimensioning 
models (deliverable D5.5.B) has, together with the comprehensive test programmes, given 
input to this part.  
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One test programme has been carried out by BBRI, on two limestones, where the effect on the 
strength test results has been analysed when using 3-point and 4-point bending tests, varying 
the specimen size, using displaced placement of dowel holes, varying the moisture condition 
and using different surface finishing. The results clearly show the importance of high 
precision drilling of holes for the anchors as this has an important influence on the break load. 
Other results verify earlier investigations on the difference in strength between wet and dry 
stone material. A reduction of up to 35 % of the wet samples could be measured depending on 
the stone type and test set-up (3-point load or 4-point load). 
 
Another test programme was been carried out by SP in order to e.g. investigate the effect on 
the strength of 3-point vs. 4-point bending tests, specimen size, panel surface finishing on a 
different rock type, i.e. granite. The tests on different surface finishes show a clear difference 
between the fatigue strengths between the two surface conditions, which usually not is 
observed for static strength. This can be seen as a first indication and should be followed by 
more tests for several surface treatments.  
 
In addition, one focus for both test programmes has been to get a better understanding of the 
variance of the test results and the type of statistical distribution the results yields. 
 
As stated above, many uncertainties in the available assessment models for stone cladding 
remain unresolved. Standard test procedures are not sufficient to get enough knowledge about 
the strength, effects of size, environment, fatigue and surface conditions are only partly 
investigated. All these uncertainties must be taken into account in a reliability assessment for 
safe constructions. At present this is achieved using the Eurocode method of partial safety 
factors. The conclusion of the findings in this project, however, gives rise to the demand for a 
better reliability approach. Initial studies in the I-STONE project suggest that a second 
moment reliability method should be a good trade off between actual knowledge and safety 
demands, and the development of such an approach would be a natural continuation of this 
project. 
 
This information can now be used in order to develop next generation of dimensioning system 
where the knowledge of the statistical variation of the test results is used to tune the 
computation of safety margins. However, in order to launch an expert system that have a great 
potential of acceptance on the European market, we had to base the first version on an already 
existing and well established model, described in EUROCODE. 
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8  Appendix A Dimensioning of panels using dowel 
anchors fastening type 

8.1 Introduction 
A method has been developed to determine how natural stone panels with side dowel 
attachments can be safely designed. The equations described within this Appendix have been 
implemented in the I-STONE and expert system. This Appendix outlines the calculations that 
are performed, the theory behind the calculations, the calibration of the computational 
method, and the verification of the models. 
 

8.2 Definition of the panel problem 
Currently the computation procedure comprises two separate structural checks on the panels. 
The first is an interaction check that takes into account the simultaneous wind 
pressure/suction loading and the shear loading due to the weight of the panel acting at the 
anchor fixations, and the second check is a bending stress check on the panel material. This 
method is based on another such procedure that can be used to determine the acceptability of 
natural stone panels with rear attachment points of the type undercut anchors, cf EOTA 
(2006). The I-STONE expert system is set up such that the required input values are obtained 
from the user, and a summary report of the calculation results is automatically generated.  
 

8.2.1 User Inputs in the expert system 
The inputs on the Dimensions page are based on the geometry of the natural stone panel. A 
figure of the panel and its basic dimensions is shown in Figure C1. From the figure, one can 
see that H, L, d, and DH represent the panel height, length, thickness, and height of bolt hole 
respectively. The Dimensions page requires that H, L, and d be input. The tolerance for the 
thickness is also required so that the worst case geometry can be considered for all 
calculations. 
 
Within the Anchoring System page, when the anchoring system II: Side dowel anchoring 
system is selected, the first input is DHT which is equal to DHB and DH in Figure C1.  
 

 
Figure C1. Stone panel dimensions and dowel positions. 
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The next values to be input are the depth of the anchorage hole (hv), the nominal diameter of 
the drill hole (Ødh), the nominal diameter of the pin (Ødd) and the length of the pin (h). The 
data for the anchorage hole and the pin respectively, are used for a geometry check and not 
used in the dimensioning scheme. 
 
On the Material page, the user is asked for the density (g), the characteristic value of the 
tensile strength in bending (σb,Rk), and the characteristic value of the edge dowel splitting 
strength (Fs,Rk). Annex 11 of EOTA (2006) gives a requirement for the object-related check 
tests, which must be performed on the panels, and Annex 6 Table 3 gives correlation data that 
produce values of σb,Rk and Fs,Rk. 
 
The Load page consists of a number of inputs, such as building location, shape, size, 
surroundings and location of the panel on the building surface. These are all used to determine 
the internal and external wind pressure loadings (wi and we) acting on the panels. These 
loadings are determined based on the EN 1991-1-4 standard. 
 
Once the inputs have been entered, the user should select the Perform Analysis link, which 
will prompt the user to supply a moment coefficient (αM). This value can be determined from 
the given chart, using the geometry data that the user has previously specified. Once this 
value has been submitted and the analysis run, the expert system will output the results of the 
structural tests. The following sections outline the calculations that are performed and the 
theory behind those calculations. 
 

8.2.2 Failure at the anchor points due to interaction of wind 
pressure/suction load and self weight 

The first calculation section takes into account the interaction between the normal force from 
the pressure/suction load and the shear force from the panel weight. The case with the 
simultaneously acting forces is considered in the computations. 
 
The first calculation step is to determine the horizontal design force on the panel that results 
from the pressure/suction loading. The first variable needed for this calculation is NN, which is 
the number of dowel anchors that are assumed to take the loads normal to the panel. For the 
expert system, it is assumed that the two diagonally opposed anchors take the pressure/suction 
load as described in I-STONE (2007c). The conservatism in this assumption could potentially 
be reduced by allowing more anchor points to take the load, but further investigation is 
required before such a step is taken. The next value needed, is the wind pressure/suction load 
which is determined from the external and internal wind pressures that were calculated in the 
Load page. The total resulting wind pressure/suction can be calculated using the following 
equation 

iept www +=  
 
The un-factored maximum load at any of the load taking attachment points from the 
horizontal wind load (Fh4) is thus equal to the resulting pressure multiplied by the panel area, 
divided by the number of anchors taking the load becomes 
 

N
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h N
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F
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4 =  
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with its pertinent design value obtained as 
 

Qhdh FF γ*4,4 =  
 
where the value of the partial coefficient γQ is set to 1.5. This is the standard safety factor for 
loads perpendicular to the surface according to EN1990 and used for undercut anchors 
(EOTA 2006). The next value to be calculated is the force from the panel weight transferred 
to the anchors acting as a shear force acting as a shear force. The next required variable is NV, 
which is the number of bolts that are assumed to take the panel weight load. A conservative 
assumption is that only two bolts are taking the full load, i.e. one bolt takes 50% of the wind 
load and 50% of the gravity load. This assumption has been adopted in the expert system and 
was also used in (I-STONE 2007c). The un-factored load from the panel weight (Fv4) is 
simply the volume of the plate multiplied by its density and the gravitational constant (G), 
divided by NV. 
 

V
v N

dHLGgF ****
4 =  

 
The design value of the force from the panel weight (Fv4,d) is then found by multiplying the 
Fv4,d by γG, i.e 
 

Qvdv FF γ*4,4 =  
 
The partial coefficient γG is a safety factor that is used for loads parallel to the plate or for 
permanent loads in the fundamental combination of loads perpendicular to the panel. This 
value is equal to 1.35, cf EOTA (2006). The values of the partial coefficients γQ and γG used 
in Denmark and Sweden for dimensioning of dowel anchors deviate from the EUROCODE 
and are set to 1.3 and 1.0 respectively, cf I-STONE (2007c). 
 
The magnitude of the combined total force acting at any single anchor location (Ftot4,d) is then 
calculated as 
 

2
,4

2
,4,4 dvdhdtot FFF +=  

 
With the design value for the maximum force at any anchor point determined, the next step is 
to determine the allowable shear capacity of the panel Fs,Rd which is obtained by dividing the 
Fs,Rk  value input by the user by the partial safety factor γM, i.e  
 

Fs,Rd = Fs,Rk/γM 
 
The partial safety factor is based on material characterization tests that must be performed on 
the stone panels. Annex 11 of EOTA (2006) also describes how to determine the value of γM, 
which can take on a value of 1.8 or 2.0 depending on the outcome of the characterization 
tests. For the most conservative analysis, the expert system assumes this value to be 2.0. 
 
The last calculated value is the pass - fail criterion calculation. This calculation conservatively 
compares the combined total force acting in the plate to the allowable force in a pure breakout 
orientation. 
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FailPass
F
F

Rds

dtot /
,

,4 =      (1) 

 
If this value is less than one, the panel passes the interaction of pressure/suction load and 
weight shear force wind check. However, if the value is greater than one, the panel has failed 
this check.  
 

8.2.3 Failure due to plate bending 
The second calculation section takes into account the possibility of the panel failing in 
bending. The first value to be calculated is the bending moment from the wind load (mSk,W). 
This is determined using the following formula: 
 

HLwm ptMWSk ***, α=     (2) 
 

where ptw  is the resulting wind pressure/suction acting on the panel. The moment coefficient 

Mα  is a factor that is used to relate the bending moment WSkm ,  to the resulting distributed 
wind load acting on the panel. The moment coefficient then takes into account the plate 
geometry and the boundary conditions from the anchoring points. The design bending 
moment (mSd) is simply the bending moment from the wind loading multiplied by γQ, i.e. 
 

QWSkSd mm γ*,=  
 

The design value of the existing bending stress (σSd) in the panel is determined using this 
bending moment and the equation 

2

*6
d
mSd

Sd =σ  

 
from EOTA (2006). The design value stress capacity σb,Rd is obtained by dividing the σb,Rk by 
γM, i.e. 
 
     σb,Rd = σb,Rk/γM 
 
The final calculation is the pass/fail criteria calculation: 
 

FailPass
Rkb

Sd /
,

=
σ
σ

     (3) 

 
If this value is less than one, the panel has passed the bending stress check. If the value is 
greater than one, the panel has failed. 
 
With both checks complete (1) and (3), one can quickly determine if the panel design is 
acceptable. If either of the checks indicates a failure, the panel design is unacceptable and 
should be changed and all values re-checked using the I-STONE expert system. 
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8.3 Obtaining moment coeffients 
In order to perform the failure due to plate bending check, the moment coefficients of the 
given panel geometry has to be determined. A finite element analysis code Abaqus, cf. 
Abaqus (2008), is used to generate the structural models that accounts for plate bending for 
both the undercut anchors and the dowel anchors systems. 
 

8.3.1 Calibration and verification of the computational method 
Computational guidelines aimed for FE-calculations to determine the bending stresses are 
given in Annex 19 of EOTA (2006). In addition, computed support moments ms for a number 
of cases with different plate geometries, anchoring positions and number of load bearing 
points for the under cut anchors are provided for in Annex 19 of EOTA (2006). The computed 
values have been verified against full-scale tests.  
 
A basic FE-model using 3D deformable planar shell part that represents the entire panel was 
set up. The part was discretized using 4-node doubly curved thin or thick shell, reduced 
integration, hourglass control, finite membrane strain elements (S4R) and is generated to be 
much finer in the anchoring range around the anchor point. The stone material was assumed 
to be isotropic linear elastic material with a Young’s Modulus of 50 GPa and a Poisson’s 
Ratio of 0.2 in accordance with Annex 19 of EOTA (2006). The loading on the panel was a 
uniform pressure distribution, with a value of 1.0 kN/m2 for all cases. The actual value of the 
applied pressure cancels during calculations of the support moment ms. The maximum value 
of the in-plane principal stress on the top or bottom layer of the panel, σIPP,max, was used when 
the corresponding support moments were computed. The computations were carried out for 
the given cases in Annex 19 of EOTA (2006) were the support moments were determined via 
σIPP,max.  
 
The mesh size was adjusted until the values most closely matched those presented in 
Annex 19 of EOTA (2006) and a rule of thumb was determined. It was found that the 
anchoring range should be greater than ten times the diameter of the anchor, and the rule of 
thumb for the mesh sizing (MS) in the anchoring range can be found using the following 
relation: 
 

200
),min( HLMS =  

 
For all cases in this parametric study, the rule of thumb yields a mesh size of 5 mm in the 
anchoring range. Moreover, the thickness sensitivity of the shell was investigated in a 
thickness range between 20 to 70 mm, where the mid-range values represents a typical panel 
thickness value. It was found that the computation results are valid within the investigated 
thickness range. 
 

8.3.2 Derivation of moment coefficients for dowel anchors fastening 
system 

The settings used in the FE-model which was verified for the computation of the support 
moments for the undercut anchors in the previous subsection are also used here. The 
anchoring range was set as a half circle, with a radius equal to the minimum side length, 
divided by 5. This led to an anchoring range radius of 200 mm for all cases of this study. 
Figure C2 shows an example of one such panel. 
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Figure C2. Example panel model. The regions within the half-circles have a fine 
discretization (smaller element sizes). 

 
Two different load cases were considered during the calculations, when two diagonally 
opposed dowels were assumed to take the entire load and when all four dowels are able to 
take the load. The first case relates to the dimensioning of the panels which is used in the 
expert system while the latter case is used for verification purpose.  
 
The boundary conditions for the model varied based on the number of bolts that were used. 
For the two-point anchor fixation, the two dowels diagonally opposite each other were 
considered as the anchors that were taking load. For this case, the lower left anchor was fixed 
in all three axis of translation, the lower right was fixed in only the y-direction translation to 
prevent rigid body rotations, and the upper right corner was fixed in z-translation, see Figure 
C2. For the four-point anchor fixation calculations, the lower left anchor was fixed in all three 
axes of translation, the lower right anchor was fixed in the y and z-directions, and the top left 
and right anchors were fixed in the z-direction. By allowing rotations and translations in the 
directions that were left free, the highest bending moment should be achieved, which should 
lead to the most conservative results. 
 
The output value from the model that is used to determine the bending moment for each case, 
is the maximum value of the in-plane principal stress on the top layer of the panel (σIPP,max). 
An example contour plot of the σIPP,max is shown as Figure C3. 
 
The bending moments can be computed using the computed maximum in-plane principal 
stress σIPP,max by the equation 
 

6000
* 2

max, d
m IPP

b

σ
=  

 
where the units of mb are kNm/m, σIPP,max is in N/mm2, and d is in mm. The equation for mb is 
derived from linear elastic beam theory using 
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Figure C3. Maximum in-plane principal stress (top layer) contour. 
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where the in-plane principal stress is assumed to vary linearly throughout the thickness of the 
plate according to Navier’s formula 
 

max,2/
)( IPPIPP d

zz σσ =  

 
with the maximum value at the top surface of the plate at z = d/2. From the definition of the 
moment coefficient α in equation (2) we obtain 
 

HLw
mb

**
=α       (4) 

 
A parametric study was carried out to generate moment coefficients for different plate 
geometries and number of load carrying dowels. The parameter sets that were used in the 
study are shown in Table C1. The results of the parametric study are summarized in the charts 
given in Figure C4 for varying DH/H, H/L and L/H. The expert system incorporates the chart 
that was generated when two diagonally opposed anchoring points (dowels) were assumed to 
take the entire load. 
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8.3.3 Verification of the computed results 
To ensure that the method used to generate the charts is correct, two theoretical solutions for 
simply supported beams in bending under a uniformly distributed load were determined and 
compared to computed moment coefficients values. The first case represents when L/H is 
large, which corresponds to the analogy with a simply supported beam with the supports in 
the end of the beam and an evenly distributed load, see Figure C5. 
 
 

Table C1. Parametric study of variables. 
 

N (bolts) 2, 4 
DH/H 0.00, 0.05, 0.10, 0.15, 0.20, 0.25 
H/L 1, 1.5, 2, 3, 4, 5 
L/H 1.5, 2, 3, 4, 5 
Load Type Uniform Pressure 

 

 
 

Figure C4. Moment coefficient charts for the four anchoring point case α1a (left) and the 
two anchoring point case α1b (right). 

 
 
Assuming linear elasticity, the bending moment mb(x) can be calculated as 
 

)*(
2

)( 2xxLwxmb −=  (for 0 ≤ x ≤ L) 
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where x is the horizontal distance from the leftmost support. The maximum bending moment 
for the beam occurs at the centre of the beam, where x is equal to L/2. This leads to a 
maximum bending moment mb,max equal to 
 

 
Figure C5. Simply supported beam used for comparison of Case 1 (H/L large). 
 

     
8
* 2

max,
Lwmb =      (5) 

 
By inserting (5) in (2) we obtain 
 

         
H
L

8
1

=α  

 
It is seen that the beam theory result closely match the computed results of the four anchoring 
point case (α1a) for H/L > 1.5 and the two anchoring point case (α1b) for H/L > 3.0 as the 
straight portion of the curves in Figure C4 yields 
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The fact that the α value does not match at the lower values of L/H can be explained. With 
high L/H ratios, the bending of the whole plate yields the largest stresses and thus supports 
moments in the middle of the plate, while smaller L/H, yields the largest support moments 
located more closely to the fixation points.  
 
The second case that can be set up for comparison is when H/L is large, which corresponds to 
the analogy with a simply supported beam with a length H and with the supports at a distance 
DH from the end of the beam and a distributed load, see Figure C6. 
 
For this case, the bending moment mb(x) can be calculated as 
 

2

2
)( xwxmb −=   (for x < DH) 

)(
22

)( 2 DHxHwxwxmb −+−=  (for DH ≤ x ≤ H-DH) 

)2(
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which leads to a maximum bending moment where x=H/2.  
 

 
 

 

Figure C6. Simply supported beam used for comparison of Case 2 (L/H large). 

 
This maximum bending moment can be described as 
 

DHwHwHmb 28

2

max, −=     (6) 

 
By inserting (6) into (2), we get a theoretical α value for this simply supported beam of  
 

L
DH

L
H

2
1

8
1

−=α  

 
When this value is compared to the 4-bolt support plate, we find that the values of α1a again 
match the theoretical solution very well. For an H/L=5, the theoretical solution yields α 
values of 0.65, 0.5, 0.375, and 0.25 for DH/H of 0, 0.05, 0.10, 0.15 respectively, which match 
exactly the values shown in Figure C4 for the four anchoring point case. At the higher values 
of DH/H, we start to see some deviation between the theoretical results and the computed 
values as in the first case.  
 
These agreements between the theoretical models and the charts give confidence in the 
accuracy of the computational methodology. 
 
 

w

H
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9 Appendix B Screen shots from the expert system 
The entry page to the expert system accessed via http://expertsystem.sp.se is shown in 
Figure D1. The various knowledge sources and auxiliary documentation are located in the 
different folders. The Design Tool is entered by pressing the Designtool-button. After 
pressing the access button the user is asked to log onto the Design Tool. A registration must 
be carried out the first time this is done. The registration page is shown in Figure D2. 
 

 
 

Figure D1: Entry page to the expert system. 
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Figure D2: Login/Registration page to obtain access to the Design Tool. 
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The entry page of the Designtool contains a User input area and a Summary area, see 
Figure D3. The user input sections are 
 - Dimensions, where the panel dimensions are entered, 
 - Anchoring system, where the type of anchoring system is chosen and its pertinent data,  
 - Material, where the material data is given, 
 - Perform analysis, where analysis is executed, and 
 - Help, where help text are found. 
 
The summary sections are 
 - Report – design input, which shows the entered geometry and anchor data, 
 - Report – material input, which contains all the entered material data 
 - Report – loads, which shows the chosen loading specifications given by the user, 
 - Report –results, which shows the results of the design analysis, 
 - Requirements, Recommendations, and Drawings which contain auxiliary information. 
 

 
 

Figure D3: Entry page for the Design Tool. 
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9.1 Dowel anchor system 

9.1.1 Screen shots from “User input”-pages 
 

 
Figure D4: Specifying stone panel dimensions. 
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Figure D5: Choosing anchoring type. Anchoring type II: Side dowel anchoring system. 
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Figure D6: Specifying anchor positions, depth and diameter and pin diameter and 
length. 
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Figure D7: Specifying material density and material strength parameters. The used 
material data in the screen shot are not values from real test results. 
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Figure D8: Confirmation of entered input for density and material strength parameters. 
Characteristic load bearing capacities are computed by the expert system. 
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Figure D9: Specifying building wall dimensions according to EN 1991-1-4. 
 
 



 15/4/2011 

 page. 43 of 62 
 

 
Figure D9: Specifying terrain category and wind parameters according to EN 1991-1-4. 
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Figure D10: Confirmation of entered load information. 
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Figure D11: Specifying moment coefficient from a diagram, see Appendix A. 
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Figure D12: Executing the calculation. 
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Figure D13: The results are checked against dimensioning criteria (OK). 
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9.1.2 Screen shots from “Summary”-pages 
 

 
Figure D14: Summary of entered design input values. 
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Figure D15: Summary of entered material input values and computed material values. 
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Figure D16: Summary of entered input values for load calculations for wind load and 
computed pressures and pressure coefficients according to EN 1991-1-4. 
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Figure D17: Summary design variables and pertinent evaluation. 
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9.2  Undercut anchoring system 

9.2.1 Screen shots from “User input”-pages 
The user input pages for the undercut anchoring system have the same structure as for the 
pages containing the dowel anchor system. The pages that differ are shown below. 
 

 
 

Figure D18: Choosing anchoring type. Only anchoring type I: Fischer FZP undercut 
anchor in natural stone panels is implemented at this stage. 
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Figure D19: Specifying anchor positions, anchor depth and sleeve diameter. 
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Figure D20: Specifying material density and material strength parameters. The used 
material data are not values from real test results. 
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Figure D21: Confirmation of entered input for density and material strength 
parameters. Characteristic load bearing capacities are computed by the expert system. 
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Figure D22: Specifying anchor bearing conditions. 
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Figure D23: Specifying moment coefficient from a diagram given in ETA 05/0266. 
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Figure D24: The results are checked against dimensioning criteria given in ETA 
05/0266. 
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9.2.2 Screen shots from “Summary”-pages 
 

 
 

Figure D25: Summary of entered design input values. 
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Figure D26: Summary of entered material input values and computed material values 
according to ETA 05/0266. 

 
 



 15/4/2011 

 page. 61 of 62 
 

 
 

Figure D27: Summary of entered input values for load calculations for wind load and 
computed pressures and pressure coefficients according to EN 1991-1-4. 
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Figure D28: Summary design variables and pertinent evaluation according to ETA 
05/0266. 




