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PhD értekezés összefoglalója 

 

 

Az értekezés célja a perforált szerkezeti elemet tartalmazó homlokzati rendszer hı- és 

páratechnikai vizsgálata, nemzetközi fejlıdéstörténetének és megvalósulási példáinak, hazai 

alkalmazási lehetıségeinek és feltételeinek elemzése, az egyes konstrukciós változatok hı- és 

páratechnikai viselkedésének számítógépes modelllezése, helyszíni mérése, értékelése, és 

ezen vizsgálati eredmények alapján fejlesztési javaslatok kidolgozása. A téma 

Magyarországon rendkívül aktuális, mivel ezen könnyőszerkezetes perforált szerkezeti elemet 

tartalmazó homlokzati rendszer számos új épület esetén, valamint homlokzati felújítás esetén 

is alkalmazható. A kedvezı hıtechnikai tulajdonságok mellett a belvárosi területek esetén 

külön elınyt jelent gyors kivitelezhetısége is. 

 

A Svédországból adaptált, könnyő acélszerkezetes épületekhez, homlokzati 

kialakításokhoz alkalmazható speciális perforált gerincő szerkezeti elemek magyarországi 

gyártása 2006 ıszén kezdıdött. A perforált szerkezeti elemeket a homlokzati acélszelvények 

mentén keletkezı hıhidak mértékének csökkentésére alkalmazzák. A tartóborda gerincébe a 

hı útjára merılegesen bevágott perforációk sorozatával a hıáram útja növekszik az acélban, 

mivel „ki kell kerülnie” a perforációkat. Kérdésként merül fel, vajon ezzel a megoldással a 

hıátbocsátás jelentıs csökkenése érhetı-e el a tömör gerincő acél szerkezeti elemet 

tartalmazó megoldásokhoz képest, illetve a geometriai kialakítás – a perforációk hossza, 

szélessége, az egymástól való távolsága, az acélszelvény vastagsága – milyen mértékben 

befolyásolja a hıtechnikai hatékonyságot. A téma nagy terjedelme miatt a vizsgálatok 

tárgyköre vasbeton vázas épületek esetét vizsgálja, különösen hı- és páratechnikai viselkedés 

szempontjából. 

 

A disszertáció során számítógépes szimulációkat, valamint kézi számításokat végeztem 

egyrészt a perforált szerkezeti elem gerincének, másrészt teljes falszakaszok hıtechnikai 

viselkedésének vizsgálatára vonatkozóan. A kutatás idıtartama alatt 2008 nyarától kezdve 

több épület is megépült Magyarországon az adott rendszerrel. Ezen épületek termovíziós 

vizsgálata ellenırzésként szolgált a számítógépes szimulációk eredményeinek 

alátámasztásához. 
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Development of a facade system containing slotted steel girders – 
hygrothermal aspects 

 
Julianna Váradi 

 
Summary of PhD dissertation 

 
The goal of the dissertation is the calculation of the hygrothermal behaviour of the facade 

containing slotted steel girders, the analysis of history of the international development and 

the realizated examples, the possibility of use in Hungary and the computational simulation of 

the different constructional facade solutions, on-site thermovision measurements, evaluation 

of results and based on these, to give constructional proposals. The subject in Hungary is 

topical, because this building system containing slotted steel girders can be used at newly 

built constructions and at reconstructions, also. Besides the favourable thermal properties 

further advantage of this system is the fast construction time, which is an important question 

e.g. in crowded downtown and center areas of big cities. 

 
The Hungarian production of a special steel girder with slotted web used for lightweight 

buildings and facades adapted from Sweden was started in the fall of 2006. The slotted girders 

are used to decrease the thermal bridges caused by the steel girders in the facade. The slots cut 

into the web of the girder perpendicular to the way of the heat flow increases the path of the 

heat, because it has to go round the slots. However, it is a question, if with this solution a 

major decrease in the thermal transmittance value of the wall can be achieved compared to the 

constructions containing steel girders with solid web. Another question is, if the geometry 

(slot length, width, distance from each other, thickness of steel) has an effect on the thermal 

efficiency. Because of the great extension of the subject, this dissertation handles the use in 

the case of reinforced concrete skeleton frame buildings, especially the hygrothermal 

behaviour.  

 

During the dissertation computational simulations and hand calculations were made on 

one hand to analyse the thermal behaviour of the slotted web and on the other hand the 

hygrothermal behaviour of facade sections. From 2008, during the researches some buildings 

were constructed using this building system in Hungary. The thermovision monitoring of 

these buildings where the control of the results coming from the computational simulations.   
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M 1. ABSTRACT IN HUNGARIAN – MAGYAR NYELV Ő 
ÖSSZEFOGLALÓ 

M 1.1. A témaválasztás indoklása 

 

A világgazdaság minden ágazata esetenként jelentıs káros hatással van környezetére. Az 

egyes ágazatok gyorsuló fejlıdése elıtérbe helyezi a természetes környezet védelmének 

szükségességét.  Ez az épületek kialakításánál is egyre nagyobb szerepet játszik. Az építési 

rendszerek fejlesztése, tervezése és kivitelezése során terjednek egyrészt a környezetkímélı 

rendszerek és építési módok, másrészt a hıtechnikailag elınyös tulajdonságokkal rendelkezı 

építési anyagok alkalmazása, módszerek és rendszerek kialakítása.  

Világszerte, így Magyarországon is terjedıben van számos, az Amerikai Egyesült 

Államokból és Észak-Európából származó könnyőszerkezetes építési mód, amely megfelel 

ezen kívánalmaknak.  

A könnyőszerkezetes építési mód különbözı alapanyagokra épülhet fel. A teherhordó 

vázszerkezet általában fából vagy acélból készül. Ezen építési rendszer beépítés módja szerint 

jellemzıen egy-két szintes családi ház teherhordó elemeként, illetve vázas épületek kitöltı- 

vagy függönyfalas homlokzati kialakításaként kerülhet beépítésre, különleges esetben 

emeletráépítésként is alkalmazható. 

A Svédországból adaptált, könnyő acélszerkezetes épületekhez, homlokzati 

kialakításokhoz alkalmazható speciális perforált gerincő szerkezeti elemek magyarországi 

gyártása 2006 ıszén kezdıdött meg. A perforált szerkezeti elemeket a homlokzati 

acélszelvények mentén keletkezı hıhidak mértékének csökkentésére alkalmazzák. A 

tartóborda gerincébe a hı útjára merılegesen bevágott perforációk sorozatával a hıáram útja 

növekszik az acélban, mivel „ki kell kerülnie” a perforációkat. Kérdésként merül fel, vakon 

ezzel a megoldással a hıátbocsátás jelentıs csökkenése érhetı-e el a tömör gerincő acél 

szerkezeti elemet tartalmazó megoldásokhoz képest, illetve a geometriai kialakítás – a 

perforációk hossza, szélessége, az egymástól való távolsága, az acélszelvény vastagsága – 

milyen mértékben befolyásolja a hıtechnikai hatékonyságot.   

Svédországban számos formát gyártanak és használnak a perforációk geometriája, az acél 

szerkezeti elem vastagsága, a gerincmagasság és az övszélesség számos változatával. Ezek 

közül Magyarországon alakját tekintve kétféle tartóborda – U és C alakú – gyártása folyik 

különbözı acélvastagsággal, gerincmagassággal és övszélességgel. 

A magyar és a svéd épületenergetikai elıírások, így a tervezés is számos ponton eltérnek 

egymástól. Az alapvetı különbségeket a klimatikus viszonyok okozzák. Svédország lakottabb 

déli részére viszonylag meleg, de rövid nyarak és hideg telek jellemzı, észak felé haladva 

pedig elérjük azokat a területeket, amelyek egész évben hóval borítottak. Az átlaghımérséklet 
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jóval a magyarországi alatt marad. Jelentıs eltérés továbbá a svéd nagyvárosok földrajzi 

elhelyezkedése, mivel azok fıként tengerpart mellett fekszenek. A klimatikus viszonyok 

teljesen eltérnek a magyarországi kontinentális éghajlat hımérsékleti, páratartalmi és az éves 

csapadékának mennyiségétıl. Ezen különbségek a szabványokban is megjelennek. Az 

épületek energetikai számításánál eltérı értékekkel kell számolni, amelyek befolyásolják a 

különbözı rendszerek, kialakítások használatát, alkalmazhatóságát. A hazai szabványoknak 

megfelelı fejlesztéséhez a piacon megjelenı perforált acél szerkezeti elemet ellenırizni kell a 

kialakított rendszerek megfelelısségének, beépíthetıségének igazolása érdekében. 

Doktori kutatásaimat megelızıen Tudományos Diákköri Konferencia, illetve 

Diplomamunka keretében a téma egy kis szeletét kidolgoztam. Az akkori vizsgálatok számos 

további kérdést vetettek fel, ezért jelen disszertáció keretében a téma komplex elemzésére, 

kidolgozására vállalkoztam. Doktori kutatásaim során a téma nagyságrendje miatt 

önkényesen, de célszerően annak egy önálló részletével foglalkoztam. A vasbeton vázas 

épületeknek egy adott könnyőszerkezetes homlokzati rendszerrel való építését (új építéső 

épületek, bıvítés, vagy épületrekonstrukció) emeltem ki. Részletesen elemeztem a Lindab 

perforált gerinc geometriai kialakításának hıtechnikai hatását, speciális kialakítási formák 

lehetıségét, illetve a homlokzat rétegrendi kialakításának optimalizálását.  

A kutatás idıtartama alatt 2008 nyarától kezdve több épület is megépült Magyarországon 

az adott rendszerrel. Ezen épületek termovíziós vizsgálata ellenırzésként szolgált a 

számítógépes szimulációk eredményeinek alátámasztásához. 

A téma Magyarországon rendkívül aktuális, mivel ezt a könnyőszerkezetes perforált 

szerkezeti elemet tartalmazó homlokzati rendszert számos új épület esetén, továbbá 

rekonstrukció, valamint homlokzati felújítás esetén is alkalmazzák. A kedvezı hıtechnika 

tulajdonságok mellett a belvárosi területeken külön elınyt jelent a gyors kivitelezhetısége is 

[Váradi 2007].  

Az épületfizika témakörén belül (hıtechnika, páratechnika, akusztika, tőzvédelem), a 

doktori kutatásaim keretében a hı- és páratechnikai vizsgálatok kerültek részletesen 

ellenırzésre. A disszertáció számítási eredményei az épületek energetikai minısítéséhez 

szükséges, az épületek energetikai jellemzıinek meghatározásáról szóló 7/2006. (V.24.), 

TNM rendeletnek megfelelıen az épületek energetikai jellemzıi meghatározásához nyújtanak 

segítséget, mivel a szakirodalmak (szakkönyvek, szabványok) inkább a favázas épületeket 

részesítik elınyben, az acélvázas kialakításokkal keveset foglalkoznak, illetve a szabványok 

hatálya nem minden esetben terjed ki a könnyőszerkezetes acélvázas épületekre. Külön 

gondot jelent, hogy a tanúsításhoz alkalmazandó szoftverek korlátozottan tudják figyelembe 

venni a könnyőszerkezetes építési mód sajátosságait, ezért ezen vizsgálati eredmények 

kiegészítést, segítséget nyújtanak a perforált szerkezeti elemet tartalmazó homlokzati rendszer 

rétegrendjeire, kialakításaira vonatkozóan. 
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M 1.2. Az értekezés célja 
 

Az értekezés célja a perforált szerkezeti elemet tartalmazó homlokzati rendszer hı- és 

páratechnikai vizsgálata, nemzetközi fejlıdéstörténetének és megvalósulási példáinak, hazai 

alkalmazási lehetıségeinek és feltételeinek elemzése, az egyes konstrukciós változatok 

hıtechnikai viselkedésének numerikus modelllezése, helyszíni mérése, értékelése, és ezen 

vizsgálati eredmények alapján fejlesztési javaslatok kidolgozása. 

A disszertáció keretében az egyes szerkezeti részletek hı- és páratechnikai tulajdonságait 

vizsgáltam. A perforált szerkezeti elemrıl a szakirodalomban található információk nagy 

része a stabilitás, és nem az épületfizika témakörével foglalkozik. Kevés továbbá az olyan 

szakirodalmi adat, amely többdimenziós vizsgálatokra épül (például egész homlokzati részek 

vizsgálata), és az eredménye nem közelítı, hanem tervezéshez is felhasználható eredményt 

ad.  

A kutatásaim során a következı célokat fogalmaztam meg, és az alábbi kérdésekre 

kerestem a választ: 

 

a) Kérdésként merült fel, hogy a könnyőszerkezetes homlokzat tartószerkezetét alkotó acél 

szerkezeti elem gerincén lévı perforációk hogyan módosítják annak hıvezetési 

tulajdonságait. 

b) A szerkezeti elem perforált gerincének helyettesítése lehetséges-e tömör gerinccel az 

összetettebb modelllekben? A falazatok vizsgálatában figyelembe vehetı-e egy 

egyenértékő hıvezetési tényezıjő tömör gerinc a számítógépes szimulációk során (ami 

nagyban gyorsítaná a számításokat, csökkentené a modelllek méretét, ezáltal nagyobb 

falszakaszok is modelllezhetıek lennének)? Ha alkalmazható az egyenértékő hıvezetési 

tényezıjő tömör gerinc az összetett modelllekben, akkor meg kell állapítani a további 

fejlesztett, különbözı perforáció geometriájú gerincek esetén is ezen értékeket. 

c) A Magyarországon gyártott szerkezeti elemnek mekkora hıvezetés-módosító hatása van 

a homlokzatban? A könnyőszerkezetes homlokzat acél szerkezeti elemei hogyan 

befolyásolják a homlokzat hıvezetési tulajdonságait?  

d) A homlokzati rétegrendek vizsgálata és optimalizálása. A vizsgált homlokzati rétegrendi 

kialakítások megfelelnek-e a hazai aktuális hı- és páratechnikai elıírásoknak? Javaslatok 

rétegrendek kialakítására. 

e) A szabványban elıírt egyszerősített módszer alkalmazhatóságának vizsgálata. Az MSZ 

EN ISO 6946 szabványban elıírt egyszerősített számítás a hıátbocsátási tényezı 

meghatározásához mennyire, és milyen módosításokkal alkalmazható a perforált 

szerkezeti elemet tartalmazó homlokzati rendszer esetében? 

f) A homlokzati kialakítás páratechnikai vizsgálatának elvégzése. 
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Az értekezésben közölt eredmények és értékek általános érvényőek, a számításokhoz 

szükséges kezdeti- és peremfeltételek felvétele szabványok, illetve a vonatkozó 

szakirodalmak ajánlásai alapján történt. 

 

M 1.3. A kutatási módszerek és feltételezések 

 

A disszertáció során numerikus szimulációkat, valamint kézi számításokat végeztem egyrészt 

a perforált szerkezeti elem gerincének, másrészt teljes falszakaszok hıtechnikai 

viselkedésének vizsgálatára vonatkozóan. A számítások eredményeit termovíziós mérésekkel 

ellenıriztem. 

M 1.3.1. A szerkezeti rendszer felépítése 

A vizsgált homlokzati kialakítás könnyőszerkezetes rendszerő, vasbetonvázas épületek 

kitöltı- vagy függönyfalaként, illetve emeletráépítésként, önálló falként kerülhet beépítésre. 

Újépítéső épületnél vagy rekonstrukciónál is alkalmazható. Vékonyfalú U és C perforált 

gerincő acél szerkezeti elemek alkotják a teherhordó vázat, amely közé hıszigetelés kerül. A 

vázszerkezetet adó vékonyfalú perforált gerincő acél szerkezeti elemek 120, 150 és 200 mm 

gerincmagasságúak, valamint 1,0; 1,2 és 1,5 mm falvastagságúak lehetnek. A vázszerkezet 

két oldalára egy vagy több rétegben például gipszkarton vagy gipszrost lap helyezhetı el. Erre 

az alap rétegrendre kerülnek a kiegészítı külsı, illetve belsı rétegek. Külsı rétegként 

hıszigetelés vakolt homlokzatképzéssel, esetenként átszellıztetett téglaburkolat, vagy 

kazettaburkolat kerülhet beépítésre. Belsı oldalon szerelı hézag kitöltı hıszigeteléssel vagy 

légréssel, illetve további gipszkarton rétegek építhetık be. A szél-, valamint párazárás 

érdekében lég- és páratechnikai fóliák alkalmazandók (a technológiai kialakítást ld. késıbb). 

 

M 1.3.2. Numerikus vizsgálat, kézi számítás és termovíziós ellenırzés 

Számítógépes szimulációkat végeztem arra vonatkozólag, hogy milyen hıtechnikai 

tulajdonságokkal rendelkeznek a perforált szerkezeti elemek, illetve a különbözı homlokzati 

rétegek. A kutatási folyamat elsı lépéseként meghatároztam a vizsgálandó perforáció 

geometriákat, illetve rétegrendi kialakításokat.  

A rétegrendek hıátbocsátási tényezıinek meghatározása az MSZ EN 6946 

Épületszerkezetek és épületelemek. Hıvezetési ellenállás és hıátbocsátás. Számítási módszer 

címő szabvány, míg páratechnikai ellenırzése az MSZ EN ISO 13788 Épületszerkezetek és 

épületelemek hı- és nedvességtechnikai viselkedése. A kritikus felületi nedvességet és a 

szerkezeten belüli páralecsapódást megelızı belsı felületi hımérséklet. Számítási módszerek 
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címő szabványok alapján történt. A perforált gerinc vizsgálatát ANSYS 11.0 végeselemes, a 

rétegrendek vizsgálatát HEAT3 véges differenciákon alapuló programmal végeztem el. A 

számítások egy része a Lindab Kft. által fejlesztett WALLAnalyzer 2.0 hı- és páratechnikai 

tulajdonságokat vizsgáló program segítségével történt. 

 

A vizsgálatokat az alábbi lépésekben végeztem el: 

 

a) a szerkezeti elemek perforált gerincének hıtechnikai vizsgálata, fejlesztési irányzatok 

javaslata; 

b) a homlokzat rétegrendjének hıtechnikai vizsgálata numerikus, valamint kézi közelítı 

számítással, majd termovíziós ellenırzéssel; javaslatok kidolgozása; 

c) fRsi belsı felületi hımérsékleti tényezık kiszámítása, illetve a relatív páratartalomhoz 

tartozó felületi hımérsékleti értékek (páratechnikai küszöbértékek) meghatározása volt, a 

falszerkezeten belüli párakicsapódás kockázatának vizsgálata.  

 

A szimulációk, valamint az építési minıség ellenırzéseként három újonnan elkészült, 

illetve átépített magyarországi épület termovíziós vizsgálata történt meg. A termovíziós 

felvételek információt adtak a homlokzat külsı, illetve belsı oldalán kialakuló felületi 

hımérsékletekrıl, és ezeket össze lehetett hasonlítani a számítógépes szimulációk vonatkozó 

eredményeivel.   
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M 1.4. Az értekezés új tudományos eredményei (tézisek) 

 

A tézis értékő megállapítások kiemelten, valamint azok rövid magyarázatai normál 

betőtípussal szerepelnek, a szögletes zárójelben megadott számok a vonatkozó publikációt 

adják meg. 

 

Homlokzati rétegrendi hıtechnikai vizsgálatok során, illetve különbözı hıhidak vizsgálatánál 

számos esetben probléma a többdimenziós numerikus modelll valamint a nagy elemszám 

szükségessége, ezáltal a számítás idıigényessége, illetve költségessége. Ezen problémák 

kiküszöbölésére javasolt a falszerkezetek összetett numerikus modellljeiben az egyenértékő 

hıvezetési tényezı alkalmazása. 

1. tézis  
A számítógépes szimulációk azonos eredményre vezetnek perforált gerinc, illetve az 
egyenértékő hıvezetési tényezıjő tömör gerinc alkalmazása esetén is, ezáltal 
kimutattam, hogy lehetséges a perforált gerincre egyenértékő hıvezetési tényezıt 
megadni, és a további, összetett falszerkezeti modelllekben ezt a tényezıt alkalmazni. [3] 
 

2. tézis  
A számítógépes hıtechnikai szimulációk és az azokat követı termovíziós mérések 
alapján kimutattam, hogy a Magyarországon gyártott 120, 150 és 200 mm 
gerincmagasságú perforált acél szerkezeti elemet tartalmazó homlokzati rendszer 
alkalmazásával a Magyarországon elıírt hıtechnikai követelmények kielégíthetık. A 
számítógépes szimulációk eredményeit termovíziós felvételek készítésével és 
kiértékelésével is igazoltam. [2], [6], [8], [10]  
 

 

A külsı oldali, folytonos hıszigetelés jelentıs mértékben csökkenti az acélvázas szerkezet 

hıhídjaiból adódó energiaveszteséget. 

3. tézis  
Számítógépes szimulációval kimutattam, hogy a 600 mm-es osztásközönként 120, 150 
valamint 200 mm gerincmagasságú perforált szerkezeti elemet tartalmazó 
falszerkezetnél legfeljebb 120 mm vastag külsı kiegészítı hıszigetelést célszerő 
alkalmazni. Ennél vastagabb hıszigetelés már nem csökkenti jelentıs mértékben az 
acélvázas homlokzat hıátbocsátási tényezıjének értékét. Tömör acél szerkezeti elem 

alkalmazása esetén átlagosan akár 50 mm-rel vastagabb külsı kiegészítı hıszigetelés 

szükséges a perforált szerkezeti elemet tartalmazó falszerkezet hıátbocsátási tényezıjével 

megegyezı érték eléréséhez. [6] 
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A falszerkezet egy négyzetméterén belül található perforált szerkezeti elemek 

folyóméterhosszának növekedésével a falszerkezet hıátbocsátási tényezıje romlik.   

4. tézis  
Számítógépes szimulációval kimutattam, hogy körülbelül 20 mm külsı kiegészítı 
hıszigetelés vastagság alkalmazásával a falszerkezet egy négyzetméterében található 
elemek összes folyóméterhosszának kétszeresére növelése által a hıátbocsátási tényezı 
értékében mutatkozó romlás ellensúlyozható.  
Tömör szerkezeti elem alkalmazása esetén a hıátbocsátási tényezı kedvezıtlen változása a 

folyóméter növekedésével fokozottabban jelentkezik, mint perforált szerkezeti elem 

alkalmazása esetén. A változás – a gyakorlatban alkalmazott szerkezeti elem 

folyóméterhosszának keretein belül – tömör és perforált gerinc esetén is lineáris, a 
regressziós egyenesek meredekségének hányadosa a külsı kiegészítı hıszigetelés 
vastagságának függvényében változik. A legnagyobb eltérés abban az esetben keletkezik, 
amikor nem alkalmazunk külsı kiegészítı hıszigetelést. Ekkor tömör gerinc esetén az 
egyenes meredeksége közel kétszerese a perforált gerincő egyenesének. [6] 

 

 

5. tézis  
Kézi számítás, valamint számítógépes szimuláció alapján megvizsgáltam a 
szabványokban és a szakirodalomban található, a hıátbocsátási ellenállásra, valamint a 
hıátbocsátási tényezıre vonatkozó egyszerősített számítás alkalmazhatóságának 
lehetıségét. Ezen számítás bizonyos rétegrendi kialakítások esetén kielégítıen pontos 
eredményt ad, ha az MSZ-04-140-2:1985 szabvány szerinti súlyozást vesszük figyelembe. 
Azonban javaslatom szerint perforált szerkezeti elemet tartalmazó homlokzat esetén 

pontosabb eredmény érhetı el p=0,2, illetve ha a négyzetméterenkénti folyóméter 
meghaladja a három métert, p=0,1 súlyozás alkalmazásával. [7] 

 

 

6. tézis  
Számítógépes szimulációval, valamint termovíziós méréseken alapuló kézi számítással 
megállapítottam, hogy a homlokzati rendszer belsı oldalán a felületi sajátléptékben 
mért hımérséklet értéke egy általános falkeresztmetszet esetén fRsi=0,98, csomópontok 

esetén (nyílászárók, falsarok) fRsi�����0,76, …, 0,90� között adódnak. Bizonyítottam, hogy 
rendeltetésszerő belsı légállapotok esetében a csomópontok környékén sem kell 
számolni a belsı síkon felületi kondenzációval. Megfelelı rétegrendi kialakítás esetén a 
homlokzati szerkezet belsı rétegeiben sem várható kondenzáció. [1], [6], [8], [11] 
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M 1.5. A tudományos eredmények hasznosítási lehetıségei, jövıbeni 
kutatási feladatok   

 

A disszertáció eredményei felhasználhatók a korábbi nemzetközi szakirodalmi kutatások 

kiegészítésére, a perforált szerkezeti elem hıtechnikai jellemzıinek, illetve a magyarországi 

épületek minıségének fejlesztésére. A jövıben tervezendı újonnan épülı épületek illetve 

rekonstrukció esetén figyelembe vehetıek a homlokzati rétegrendi megoldások optimalizálása 

során kialakult eredmények, javaslatok. 

Jövıbeni kutatási feladatként egyrészt a perforált szerkezeti elem további fejlesztésének 

irányát kell kiemelni. Meg kell vizsgálni, hogy a perforációk hıtechnikailag jobb kialakítása 

milyen járulékos problémákat vet fel, milyen változásokat okoz az elemek szilárdságában, 

stabilitásában. Valószínő, hogy a hıtechnikai javítás rontani fogja az acél szerkezeti elem 

stabilitását, ezért további vizsgálatok szükségesek, amelyek során a hıtechnikai 

fejlesztésekkel egyidıben játszódnak le a szilárdságtani vizsgálatok, mérések, és ezek 

együttes vizsgálatával meg lehet találni az optimális kialakítást. Ezek után az optimális 

perforáció geometriát tartalmazó szerkezeti elem tulajdonságait be kell építeni a tervezı 

szoftverekbe, hogy a tervezés folyamatában a felhasználó, tervezı alkalmazni tudja ıket. 

Másrészt a már meglévı magyarországi épületek folyamatos beltéri vizsgálatára, 

helyszíni méréseire is szükség van az ellenırzés és további vizsgálatok megalapozása 

érdekében. 
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1. ABSTRACT IN ENGLISH 

1.1.  The choice of the subject 

 

All the sectors of the world economy have occasionally notable harmful effect on its 

environment. The increasing speed of develpoment of different sectors puts forward the 

necessity of protecting the environment. This plays a minor role in the case of creating 

buildings, also. On the one hand the environment friendly methods and on the other hand the 

use of building materials, methods and systems with advantegous thermal properties are 

spreading at the development of the building construction methods and planning, also  

There are lightweight building methods coming from the United States of America and 

Northern Europe spreading all over the World and also in Hungary that are in accordance with 

these requirements.  

Lightweight building method is built with different materials. The load bearing 

framework is usually from wood or steel. This building method is used for one or two storeys 

high domestic houses, as infill or curtain walls of reinforced concrete skeleton frame 

buildings, or in special cases as additional floor at reconstruction.  

The Hungarian production of a special steel girder with slotted web used for lightweight 

buildings and facades adapted from Sweden was started in the fall of 2006. The slotted girders 

are used to decrease the thermal bridges caused by the steel girders in the facade. The slots cut 

into the web of the girder perpendicular to the way of the heat flow increases the path of the 

heat, because it has to go round the slots. However, it is a question, if with this solution a 

major decrease in the thermal transmittance value of the wall can be achieved compared to the 

constructions containing steel girders with solid web. Another question is, if the geometry 

(slot length, width, distance from each other, thickness of steel) has an effect on the thermal 

efficiency. 

Many girder constructions are produced in Sweden with the variables of the slot 

geometry, thickness of the steel, web height and flange width. There are U and C shaped 

girders with several steel thicknesses, web heights and flange widths are produced also in 

Hungary.  

The Hungarian and Swedish building phyics regulations and so the planning differs from 

each other. The basic differences are caused by the climatic environment. At the Soutern part 

of Sweden the summers are warm but short, the winters are cold. Moving North there are 

areas which are covered with snow all year long. The average temperature is much lower than 

in Hungary. Further difference is the location of the Swedish cities, they are mainly close to 

seas.  
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The climatic conditions are totally differ from the temperature, vapour content and yearly 

precipitation of the Hungarian continental climate point of view. These differences can be 

found in the national building physics regulations, also. At the building physics calculations 

of buildings different values have to be taken into account, which affect the constructions and 

utilities, also. Based on this, the slotted steel girder has to be analysed with the methods 

usable in the Hungarian circumstances.   

Previously a small slice of this subject was already analysed by the author as Scientific 

Student Study and Diplomastudy. Those researches raised further questions, so the challenge 

was undertaken to make a more complex analysation of the subject. During the PhD 

researches due to the order of magnitude of the subject, only with a separate part of the 

subject was dealt with. Hygrothermal researches for this facade system were made and 

analysed, especially the use as infill and curtain walls of reinforced concrete skeleton frame 

buildings. There are detailed calculations about the thermal effect of the slots in the web of 

the steel girders, the possibilities of different special slot geometries and the optimization of 

the layer orders of the facade system.  

From 2008, during the researches some buildings were constructed using this building 

system in Hungary. The thermovision monitoring of these buildings where the control of the 

results coming from the computational simulations.   

The subject in Hungary is topical, because this building system containing slotted steel 

girders can be used at newly built constructions and at reconstructions, also. Besides the 

favourable thermal properties further advantage of this system is the fast construction time, 

which is an important question e.g. in crowded downtown and center areas of big cities 

[Váradi 2007].  

The hygrothermal behaviour of the facade where analysed in the dissertation within the 

subject of building physics. The result found in the dissertation are usable among others at the 

building energetics calculation for buildings corresponding to the regulation 7/2006. (V.24.), 

TNM About the calcuations of the certificate of building energetics calculation, because in 

the literature there are mainly information about the wooden framed facades and there are 

only a few information about steel frames. The standards are not usable in all the cases when 

calculating steel framed facades. It is a further problem, that the softwares used for the 

certification can take into account the properties of the lightweight building methods only 

limited. These calculations give usable results and construction solutions for the use of facade 

with slotted steel girders.   
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1.2.  The goal of the dissertation 
 

The goal of the dissertation is the calculation of the hygrothermal behaviour of the facade 

containing slotted steel girders, the analysis of the history of the international development 

and the realizated examples, the possibility of use in Hungary and the computational 

simulation of the different constructional facade solutions, on-site thermovision 

measurements, evaluation of results and based on these to give constructional proposals.  

In this dissertation the hygrothermal behaviour of the facade was calculated. The 

information found in the literature are mainly about the subject of the stability of slotted steel 

girders and not about the building physics properties. There are also only a few results made 

with multidimensional calculations (e.g. analysis of whole parts of facades), and these results 

are often only approximations and cannot be used for the planning and designing of buildings.   

During the researches the following goals were formulated, and the answers for the 

following questions were searched for:  

 

a) Is it possible to use an equivalent thermal conductivity value of a solid web for the 

slotted web of the steel element?  

b) Can this equivalent value be used in the complex computational modells (which would 

increase calculation time and modelll size so the simulated part of a building could be 

larger? If this equivalent value can be used, than this value should be calculated for the 

developed slot geometries, also. 

c) What is the thermal effect of the slotted steel girder in the facade used in Hungary? 

d) The calculation of the facade layers and the search for the optimum solution. Are the 

calculated thermal transmittance values under the required limit given in the 

Hungarian regulations? Give solutions for the facade construction. 

e) The applicability of the simplified method of calculating the thermal resistance of the 

facade. How this regulation and calculation method can be used in the case of using 

slotted steel girders in the facade? 

f) The analysation of vapour conductance of the facade system containing slotted steel 

girders.  

 

The results found in the dissertation are generally valid, the initial and boundary conditions 

used for the calculations were taken from standards and the literature of the subject.  
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1.3.  Research methods and assumptions 

 

Computational simulations were made to analyse the thermal behaviour of the slotted steel 

girder and different facade sections. As first step the slotted web of the steel girder was 

calculated. As second step the hygrothermal properties of the facade layers were analysed. 

The calculations were checked with the results coming from thermovision measurements. 

1.3.1. The construction of the building system  

The analysed facade system is made with lightweight building method and can be used as 

infill or curtain walls of reinforced concrete skeleton frame buildings, or as additional floors. 

It can be used at newly constructed buildings and at reconstruction, also. The load bearing 

elements of the facade are the U and C girders with slotted web. Inside the framework there is 

infill insulation. The slotted girders are used with 120, 150 and 200 mm web height, and with 

1,0; 1,2 és 1,5 mm steel thicknesses. On the internal and external side of the steel frame 

gypsum board or other plating materials have to be placed. The additional layers are placed on 

these basic layers. As external layers insulation with plastered cladding, brick cover with 

ventilated air layer or wallcassette cladding can be placed. On the internal side airgap for 

mechanical fittings and additional gypsum board layers can be placed. Concerning the air and 

vapour tightness, different foils should be used (in details see later). 

 

1.3.2. Computational simulation, hand calculation and thermovision monitoring  

Computational simulations were made to analyse the thermal behaviour of the slotted steel 

girder and whole facade sections. As first step the slotted web of the steel girder was 

calculated. As second step the hygrothermal properties of the facade layers were analysed. 

The thermal transmittance value of the facade can be calculated based on the standard MSZ 

EN 6946 Building components and building elements. Thermal resistance and thermal 

transmittance. Calculation method, the vapour conduction was calulated based on the 

standard MSZ EN ISO 13788 Hygrothermal performance of building components and 

building elements. Internal surface temperature to avoid critical surface humidity and 

interstitial condensation. Calculation methods. The simulations of the heat conduction 

behaviour of the slotted web were carried out with the finite element programme ANSYS 

(version 11.0), the hygrothermal behaviour of the facade was calculated with the programmes 

HEAT3 5.0 and WALLAnalyzer 2.0. 
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The calculations were made in the following steps: 

 

a) the thermal transmittance value calculation of the slotted web, development directions; 

b) the thermal calculation of the facade layers with computational simulations and hand 

calculations, checked with thermovision measurements; 

c) calculation of the vapour conduction of the facade layers: possibility of internal 

surface and interstitial condensation. 

Three newly built Hungarian office buildings were measured with thermovision to check the 

validity of the computational simulation and the quality of the building construction. These 

measurements gave information about the internal and external surface temperatures. Based 

on these data the computational simulations could be validated. 
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2. LITERATURE STUDY 
 
The development of the construction of using lightweight facade containing slotted steel 

girders can be evolved from two directions, on one hand from the development of the facade 

systems for reinforced concrete skeleton frame buildings, on the other hand from the 

evolution of the wall systems containing steel girders. In this chapter the role of the facades, 

the types of facade systems used for reinforced concrete skeleton frame buildings, and the 

development of facades with steel framework will be briefly introduced. 

 

2.1.  The role of the facades 

 

The role of the facades are to create an architectural vision of the building and to protect the 

interior against the effects of weather. Facades has to be analysed from many aspects: 

stability, building physics, construction and shape.  

 

Stability 

− loads: dead load, imposed load; 

− wind: pressure, tension; 

− design: span, material properties, fixings; 

Building physics 

− thermal protection: insulation, storage, ∆t → ∆l, condensation; 

− sun shading; 

− vapour protection: moisture, vapour, vapour diffusion (korrosion); 

− acoustics; 

Construction 

− size coordination; 

− diletations; 

− detailed joint drawings; 

− safety: fire protection; 

− opportunities of maintainance; 

Shape 

− segmentation: segmentation of surfaces, openings; 

− diletations: accented, unaccented; 

− colours: harmony, surface temperature, patina, pollution [Széll, 2010].  
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From this wide area a specific section will be analysed in this dissertation. The 

hygrothermal behaviour of a lightweight facade system containing slotted steel girders used 

for reinforced concrete frame buildings will be studied. To have an overview about this 

subject, in this chapter the facade systems used for reinforced concrete frame buildings and 

the development of lightweight facade systems containing slotted steel girders will be 

introduced. 

 

2.2.  Facade systems of reinforced concrete frame buildings 

 
Reinforced concrete skeleton frame buildings are made from prefabricated or monolithic 

beams, columns and floor slabs. Besides these structural elements non-structural parts can be 

found, also: walls, doors, windows. The advantages of this building system are that it can be 

constructed with several number of floors according to the bearing capacity of the soil, 

openings as windows or doors can be made with any width and height, walls between 

columns can be removed for decorative design. The disadvantages are that buildings can not 

resist the temperature and moisture effect due to the small thickness of walls, and it is much 

effected by earthquake loads [Zenhom et al, 2010]. 

Non-load bearing walls are used mostly for reinforced concrete frame buildings, but they 

can be found at buildings with load bearing transversal walls (made with tunnel shuttering), 

also. They are connected to the reinforced concrete frame as infill or curtain walls. 

These non-load bearing walls can be categorised from many aspects. From a layer 

construction point of view they can be homogeneous (e.g. brick) or heterogeneous (sandwich 

constructions with several layers). As building process they can be built prefabricated off-site, 

partially prefabricated or built on-site. Prefabricated elements can be e.g. heavy reinforced 

concrete or lightweight facade panels, also. The building material of the non-load bearing 

facade can be reinforced concrete, wood, metal, plastic with different additional layers 

(insulation, plating boards) and cladding [Koppány, 2010].  

In the sections 2.2.1.-2.2.3. some types of these facade systems will be shown. 

 

2.2.1. Infill facade made of brick 

At this construction the use bricks with light weight and large perforation to total volume ratio 

are preferred. This facade constructed into the reinforced concrete frame has thermal bridge 

problems at the connection between the facade and the reinforced concrete beams and  
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columns. The connection between the reinforced concrete frame and the brick wall can be 

solved with pinches or with additional steel elements. Additional insulation layer has to be 

installed to the external plane of the reinforced concrete skeleton frame.  

  

 
Figure 2.1 Infill facade made of brick 

2.2.2. Prefabricated heavy facade panels  

The prefabricated heavy facade panels can be attached to the load bearing framework as infill 

walls, can be leaned against reinforced concrete framework or can be mounted. The infill 

facade elements are built between the load bearing framework, the weight will be carried by 

the beams and floors. The connections between the prefabricated panels and the framework is 

solved with additional elements, it can be bolted or welded. The mounted construction is 

placed to the external plane of the frame. The connection between the panels are usually 

welded.  

 

2.2.3. Lightweight facades  

The wall constructions of the lightweight building methods can be used for facade elements of 

reinforced concrete frame buildings, also. These facade types, sorted according to the 

construction characters can be infill, curtain or mantle walls. Infill walls  are usually placed 

between the beams and columns. They are multilayered with containing windows and doors. 
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Curtain walls for lightweight facades are placed on the external plane of the framework. The 

basic element is the metal load bearing element connected to the glass wall. Compared to the 

traditional solid wall constructions the different functions are highly separated, such as the 

shading, cladding, insulating etc. tasks. The main stresses are the dead load and the wind 

tension. 

 

 

Figure 2.2. Facade made as curtain walls [Széll, 2010] 

 

The role of the wind is much bigger than in the case of heavy walls. Mantle walls are also 

placed at the external plane of the framework, but there is a big difference between the two 

constructions. Mantle walls are mainly used for industrial buildings. They are usually 

sandwich panels without glazings, the cladding is made from metal with different colours.  
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2.3.  The development of the lightweight framework 

 

In this section the development of lightweight building methods originated from wooden 

constructions and developed through steel framework can be followed. 

2.3.1. The beginning of frame buildings, wooden and steel framework  

 

The lightweight buildings and their building constructions of today developed in a long 

historical process. During these years many types of lightweight buildings and methods have 

developed on the different continents and regions [Csermely, 2005]. One of the first examples 

can be found in the ancient Egypt already. These constructions made from different natural 

materials were used since the predynasty time (around 4000 B.C.) for thousand years. The 

functions were: upper structure of boats on the Nile, or dwelling-houses. A possible 

construction can be seen in Figure 2.3.  

 

Figure 2.3. Building with framework, ancient Egypt [Hajnóczi, 1991] 
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Thousands of years later, buildings with wooden framework containing infill natural 

materials still can be found, e.g. in the Hungarian rustic architecture, or in the German and 

some Northern European areas from the beginning of the sixth century the so called 

Fachwerk, as it is seen in Figure 2.4.  

 

 

Figure 2.4. Building with fachwerk (Malmö, Sweden) 

At the beginning of the twentieth century the glued laminated timber and industrialization 

(prefabricated elements and panels) appeared. In the 1970’s steel studs began to be used as an 

alternative to replace wood studs in exterior frame wall constructions [Sasaki, 1972]. First 

they were used as interior walls of single family houses, then as a result of developments load 

bearing elements were made, also.  

The advantage of steel-framed houses over wooden houses such as greater durability, 

better recyclability and prevention of deforestation make them desirable as a new, 

environment-friendly building construction method [Sakumoto, 2000].  

 

2.3.2.  The development of thermal efficiency  

 

In the last decades thermal efficiency became one of the main driving forces in the 

development of exterior walls or facades. Several types of thermal breaking systems were 

used in these walls as it is seen in Figure 2.5.: insulating sheathing, several types of distance 

washers (spacers) to reduce contact area between the steel studs and exterior sheathing, 

reflective surfaces were added to spacer systems to improve R-value of air space, studs with 
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reduced stud depth area or two rows of studs, several unconventional shapes of studs, local 

foam insulation for studs and a concept of combined foam/steel studs [Kosny, 2001]. 

 

 
 

 

Figure 2.5. Development directions in the thermal breaking systems [Kosny, 2001] 

The thermal resistance of the facade is based on the individual contributions of each 

component within the assembly. This can be determined in three ways: hand calculation, 

computer modelling and physical testing, such as thermovision and hot box testing [DeMeo et 

al, 1998].  

The basic idea in the research is to achieve an efficient facade construction with good 

thermal properties. One solution is the use and development of slotted steel studs, or as it is 

also called, thermal studs. Calculation methods were also developed parallel to the 

constructional changes, e.g. the ASHRAE (American Society of Heating, Refrigerating and 

Air-Conditioning) zone method. This method has been improved throughout the years in 

order to increase its accuracy reaching error levels around 2%. But the number of variations 

of the facade construction is limited.  To check the accuracy of the calculations the thermal 

efficiency is calculated experimentally by using the Hot-Box method or it is measured with 

thermovision. One of the most efficient techniques to reduce thermal bridges is the 

modification of the steel stud by the production of straight slots [Amundarain, 2007]. As a 

first step to provide a comparable thermal performance to that of wood frame walls expanded 

channels, open-webs and light channels were fabricated as it is seen in Figure 2.6. 
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Figure 2.6. The first steps in the development of slotted steel girders [Sasaki, 1972] 

The challenge of further reducing the heat flow through steel framing members led to 

some innovative, thermally efficient steel studs (see Figure 2.7.) in the United States of 

America.  

In the early 1980’s Dofasco patented the thermal stud which utilized perforations in the 

web of the stud to increase heat path length. This design modification resulted in a 45% 

improvement in thermal resistance [DeMeo et al, 1998].  

 

 

Figure 2.7. The evolution of the slots in the web [DeMeo et al, 1998]  
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Salonvaara and Nieminen made hygrothermal simulations with laboratory testing and 

showed that the thermal properties of a thermoprofile are comparable to wooden load-bearing 

frame structures used in low-energy buildings, which makes it possible to use steel members 

in energy-efficient walls as well [Salonvaara and Nieminen, 1998]. 

Blomberg has shown that the material thickness of the stud would have to be reduced by 

a factor of six to achieve the equivalent thermal properties in a standard profile with solid web 

[Blomberg, 2001]. He analysed a few types of slotted steel girders, so this result cannot be 

used in general. Further calculations have to be made to know the exact value of the thermal 

properties of webs with different slot patterns. 

Many types of the slotted steel girders are being used nowadays. One of them is the 

building system with slotted steel girders (see Figure 2.8.) manufactured by Lindab Ltd. in 

Sweden.  

 

 

Figure 2.8. Types of slotted girders produced by Lindab (from left to right: exterior wall stud, reinf orced 

exterior wall stud for windows and doors, exterior wall runners) [Lindab Construline, 2010] 

The Finnish company Ruukki also produces slotted steel girders, as it is seen in Figure 

2.9. 

 

Figure 2.9. Ruuki slotted steel girder with additional layers and cladding [Ruukki, 2010] 
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The building system containing

web openings (see Figure 2.10

of the United States of America. The difference between

is that in the latter case the task is to keep the warm 

ventilated temperature inside. 

 

Figure 2.10

Jóhannesson [Jóhannesson, 

contains Z girders cut into expanded polystyrene boards, as it is seen in Figure 

 

Figure 2.11

As it was seen in the previous examples, there are 

slotted steel girders. In the following chapters the building system used at Lindab Ltd. will be 

introduced and analysed. 
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containing UltraFrame type of structural thermal studs

0.), is called Delta Stud. They are produced in the 

States of America. The difference between the usage in cold and warm climates 

is that in the latter case the task is to keep the warm air and moisture outside and the colder, 

  

 

0. UltraFrame facade element [UltraFrame, 2010] 

[Jóhannesson, 2005] developed a system in Sweden around 2005, which 

contains Z girders cut into expanded polystyrene boards, as it is seen in Figure 

 
1. Z girders with slotted web [Johannesson, 2005] 

As it was seen in the previous examples, there are several facade systems which contain 

slotted steel girders. In the following chapters the building system used at Lindab Ltd. will be 
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3. THE COMPONENTS OF THE FACADE,  
BUILDING TECHNOLOGY  

 

In this chapter the lightweight facade system containing slotted steel girders will be 

introduced. As a first step the different properties, afterwards the constructional details, 

components and utilization will be discussed.  

The facade containing slotted steel girders is based on the steel framework. Inside the 

framework there is an infill thermal insulation layer in the airspaces. On the internal and 

external sides of the steel framework, additional thermal insulation layers, wind stopper 

layers, airspaces, vapour barrier foil, plating materials and different types of external 

claddings can be found. In this chapter the elements of the facade system will be introduced. 

A perspective view of a facade system can be seen in Figure 3.1.: 

 

 

Figure 3.1. Example for the facade element [Lindab Construline, 2010] 
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3.1.  Slotted C and U lightweight steel girders 

 

The load bearing elements of the lightweight facade system are the slotted steel C and U 

girders. The slots found in the web of the steel elements can be cut or punched out from the 

steel profile, when the edges of the slots are folded inwards to form edge stiffeners that can 

increase the load carrying capacity of the web [Thöyra, 2001]. 

The geometry of the girders produced in Hungary can be seen in Figure 3.2. The 

geometry of the slots are the same for the C and the U girders.  

 

 

Figure 3.2. The geometry of the slotted C and U girders [Váradi, 2007] 

The values of the basic geometry parameters shown in Figure 3.2. can be seen in details 

in Table 3.1., where v [mm] is the steel thickness:  

Table 3.1. The geometrical parameters of the slotted steel C and U girders 

C 
girders 

A 
[mm] 

v 
[mm] 

B1 

[mm]  

B2 

[mm] 
L 

[mm] 

U 
girders 

A 
[mm] 

v 

[mm] 

B1 

[mm]  

B2 

[mm] 

  120 1,0 

1,2 

1,5 

47 

47 

47 

41 

41 

41 

16,2 

16,8 

17,7 

  120 1,0 

1,2 

1,5 

56 

56 

56 

56 

56 

56 

 150 1,0 

1,2 

1,5 

47 

47 

47 

41 

41 

41 

16,2 

16,8 

17,7 

 150 1,0 

1,2 

1,5 

56 

56 

56 

56 

56 

56 

 200 1,0 

1,2 

1,5 

47 

47 

47 

41 

41 

41 

16,2 

16,8 

17,7 

 200 1,0 

1,2 

1,5 

56 

56 

56 

56 

56 

56 
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3.2.  Thermal insulation 

 

The most commonly used infill thermal insulation in the framework, between the slotted 

steel girders is mineral or glass wool with a specific density between 15 and 50 kg/m3 

[Thöyra, 2001]. An additional external thermal insulation layer outside the steel framework 

can be found, also. This insulation layer can be of expanded polystyrene foam or mineral 

wool board with plaster. The use of the expanded polystyrene, based on financial reasons, is 

much more common in Hungary. But from a building physics point of view (vapour 

conduction) it is not suitable in every case. There is a rule namely, that from the internal to the 

external side of the wall the vapour conduction resistance should decrease [Osztroluczky, 

2009].  

 

3.3.   Airspaces 

 

On the interior side of the slotted steel framework the additional internal airspace for 

different mechanical fittings and wires can be filled with mineral wool insulation, also. These 

airspaces can be 45 – 50 – 70 – 75 mm thick, depending on the web height of the horizontally 

running Z profile girders inside these spaces. 

The external additional insulation can be substituted with a ventilated airspace found on 

the external side of the slotted steel framework. This is needed when there are some types of 

metal sheet claddings and the vapour and moisture from the external environment could get to 

the external insulation. In this case there is a perforated hat profile running horizontally in the 

airspace. The thickness of this space is based on the height of the hat profile, it can be 25 or 

45 mm thick (see Figure 3.3.). 

 

                  

Figure 3.3. The hat profiles used in the external airspaces [Lindab system solutions, 2010] 

  



Development of a facade system containing slotted steel girders                   Julianna VÁRADI 

 

 

41 

 

 

3.4.  Plating materials 

 

The framework made of slotted steel C and U girders with infill insulation is covered by 

different plating materials with standardised sizes and thicknesses [Thöyra, 2001]. The choice 

of the material used to cover the framework depends on the physical constraints of the 

member. For internal partitions, plasterboard or fibreplaster plates are preferred because 

they provide good acoustic properties when they are used to cover thin-walled girders and 

also, in the event of fire, they reduce the heat that reaches the girders. At least 12,5 mm thick 

boards should be used for the steel framework [Angyal et al, 1999]. They are also easy to 

paint and to wallpaper. The plates are screwed to the flanges of the slotted studs. The plating 

materials provide lateral bracing against buckling [Thöyra, 2001]. Plasterboard can also be 

put to the internal side of the space for the mechanical fittings and wires. 

On the external side of the slotted steel framework plasterboard or minerit windstopper 

board can be used. The surface of the windstopper board is a natural cement grey. The board 

is porous and environmentally friendly, letting out any structural humidity but at the same 

time protecting the structure from outside humidity. The board is made of cement, cellulose 

fibres and mineral fillers. As an alkaline cement-based material, the board can resist mould 

and insects well. Windstopper prevents air convection into the structure effectively, ensuring 

that the building's heat insulation is optimal. The board can be fitted on the steel frame with 

wide-head screws [Minerit Windstopper, 2010]. 

 

3.5.  Foils 

 

A vapour barrier foil has to be built in on the internal side of the slotted steel framework 

to prevent interstitial condensation inside the facade. On the external side of the framework 

another foil can be built in against the environment effects, which can be e.g. a Tyvek 

windstopper membrane, a water-resistant, airtight and vapour-permeable membrane 

providing superior air and moisture management of the building  [Tyvek installation 

guidelines, 2010]. Attention has to be paid at the foils to create a continual membrane, 

otherwise moisture can get into the facade. Special attention has to be paid at the fittings and 

connections to create the continuality of the foils. The neighbouring foils has to be overlapped 

at least 150 mm, using special glue between the two layers and tape on the external side of the 

overlapping. A special tape has to be used at fittings, also. 
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3.6.  External claddings 

 

The external claddings can be traditional, external insulation with plaster, brick cover with or 

without ventilated airspace, metal cladding with ventilated airspace. An example for plastered 

and brickcladding can be seen in Figure 3.4.: 

 

 
Figure 3.4. The facade with different claddings (from top to bottom: plastered and brick cladding) 

 

 

Besides these, contemporary solutions can be used also, such as PV arrays attached to the 

basic layers. PV modules can be attached to conventional roof and facade materials, or they 

can replace conventional materials [Harvey, 2006]. 
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4. THE PROPERTIES OF THE FACADE    

 
Lightweight facade containing slotted steel girders has the advantages as the other 

lightweight steel frame walls, such as lightness, good building physics properties (acoustic 

properties, thermal behaviour, stability of shape in case of humidity, fire performance), 

possibility of prefabrication and a wide range of possible uses.  

4.1.  Stability 

 

This calculation method is very complex, an example of calculating the stability 

behaviour of the slotted girder can be seen in the Diplomastudy of the Author.  In this 

Diplomastudy building physics questions occurred also, this is the aim of this dissertation, to 

answer these hygrothermal questions. 

The main component in the lightweight facade system is the slotted steel girder, which 

has an interesting and complex stability behaviour. The slotted steel girders will bear the load 

of the dead load coming from the cladding, the additional layers and the meteorological loads. 

These girders will be loaded with excentric normal force, moment and shearing. Due to the 

slots, the stiffness and resistance of the web will be radically altered.  

The applied web slots influence not only the thermal resistance, but also the stability 

behaviour: the web rigidity – especially shear rigidity – is reduced, which is reflected not only 

in the reduction of shear strength, but also in the modification of the behaviour. The so-called 

Bernoulli-Navier hypothesis (i.e. principle of plain cross-sections), which is universally 

applied in the analysis of beams and columns, cannot be accepted, therefore, the well-known 

formulae and procedures used in case of regular (non-slotted) sections for the calculation of 

bending and normal resistance, cannot be kept [Lindab Construline, 2010]. 

The following failure modes have been observed during tests of lightweight C and U steel 

girders:  

• flexural buckling in the plane of the web,  

• lateral buckling of flanges in compression, 

•  shear failure of the slotted web,  

• failure due to the support reaction,  

• failure under concentrated force,  

• buckling of the edges of the flanges in the span and  

• buckling of the edges of the flanges at the supports.  

In all cases, resistance is affected by shear deformation of the slotted web and by the 

reduced transverse bending stiffness of the web [Höglund, 1998].   
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4.2.  Building physics properties 

 

Besides stability the building physics properties of the facade system are important. To 

protect the facade system against heat and moisture, different developments, building systems 

are made, calculations and measurements are needed. 

Slitting the web of the steel girder is one way to reduce heat flow in a facade containing 

steel girders. The calculation of the heat transmittance of the facade is a difficult numerical 

problem due to the high ratio of thermal conductivity between the insulation and the steel 

[Höglund, 1998]. Calculations and measurements will be introduced in the further chapters of 

the dissertation about this topic. 

In the facade system the thermal insulation layers can be found as an infill layer between 

the slotted steel framework and as additional layers on the exterior or interior side of the 

facade system to decrease heat bridges caused by the steel elements. The study of the effect 

of the insulation layer thicknesses can be found in the following chapters of the dissertation.  

Air and wind tightness of buildings or of their skin is a critical construction property 

with far-reaching consequences: room atmosphere, inside air quality and energy balance. An 

airtight membrane is needed to achieve air and wind tightness. For instance this can be a 

Tyvek foil on the external plane of the steel framework. 

In order to maximize energy savings as much as possible, joints and connections must be 

carefully executed. If the facade is not sufficiently tight, hot air and vapour can penetrate the 

building’s exterior members through convection.  

The resulting humidity reduces the thermal insulating power and can further cause 

damages caused by moisture such as corrosion, proliferation of fungus, frost, unsightly 

physical aspects, etc. The corrosion protection of the steel elements can be made by 

galvanisation [European lightweight steel-framed construction, 2005].   

The sound insulation and acoustic properties of the lightweight facade can be excellent 

in the case of proper form, but attention has to be paid at the planning and construction, also. 

To create a lightweight building (even facade) with good sound insulating properties is a more 

complex task, as in the case of traditional structures  [Dudás, 2003]. 

The following factors affect soundproofing the most: 

• the “stiffness” of the junction between the two plates. The way the metal supports are 

mounted and arranged as well as the way the plates are fixed on the supports, among 

other things, affect this factor; 

• the spacing between the plates (choice of section); 

• their elasticity, which depends, among other things, on their thickness, the material 

used and their composition; 
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• their weight in relation to the surface area. This is related, among others, to the 

material used and the number of layers; 

• the type, properties (best absorption of certain wavelengths, for example) and filling 

level of the insulating material [European Lightweight Steel-framed Construction]. 

In Figure 4.1. acoustic steel profiles can be seen. It is a further research question to 

compare the acoustic developments to the hygrothermal, stability, etc. behaviours to create an 

optimal girder geometry. 

 

    
 

Figure 4.1. Acoustic profile with grooved profile flange [European Lightweight Steel-framed 
Construction, 2005] 

 
The fire protection of the facade is solved with plasterboards, which cover the steel 

frame. With this solution the frame can be protected up to 120 minutes [Höglund, 1998], 

depending on the number and type of plasterboards.  

The slotted steel studs in the facade have the same thermal properties as a corresponding 

wooden stud [Blomberg, 2001], which makes the indoor environment very comfortable. In 

the facade system there are only dry and inorganic materials, which reduces the risk of mould 

and moisture problems. Steel does not emit any Volatile Organic Compounds (VOC) that may 

cause allergic reactions and hyper sensitiveness [Höglund, 1998]. 

From an environment protection point of view the recyclable nature of steel is a big 

advantage for the construction of buildings, also. The building materials needed for the facade 

(steel girders, mineral wool, plasterboards) can be ordered in the right size to minimise the 

waste on the building site [Höglund, 1998]. Steel meets the requirements of a type of building 

that protects natural resources. It can be used to make members that are durable, separable, 

dismountable and reuseable, that on the whole use up very little of the earth’s non-renewable 

reserves [European lightweight steel-framed construction, 2005].   

Big advantage of this system is its low weight to performance ratio, and the use of dry 

building materials on building site.  
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As a comparison it can be said that an infill facade for a reinforced concrete skeleton 

building 14 floors from slotted girders using less than 2000 man hours (including gypsum and 

insulation), while 10 floor with timber framework and 5 floors with brick can be constructed 

at the same time, as it is seen in Figure 4.2.   

 

 

Figure 4.2. Comparison of construction time (from left to the right: building the facade with slotted steel 

girders, with timber framing and brick) [Lindab Con struline, 2006] 

The different properties of the facade system containing slotted steel girders are complex, 

many parameters has to be taken into account to achieve an efficient, environment friendly 

construction solution. In my dissertation the hygrothermal properties will be analysed. The 

calculations and measurements can be seen from Chapter 7. 
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5. EXAMPLES 

5.1.  Hungary 

 

As mentioned earlier, the facades can be applied in two different ways: as a new additional 

floor of existing buildings, as infills or as a curtain wall for reconstruction or newly built 

reinforced concrete skeleton buildings. In this part of the chapter these solutions and the 

differences between them will be introduced. 

The facade system can be fabricated in two ways: building the frame and the additional 

layers on site or they can be partially or totally prefabricated in a factory. With prefabrication 

the quality and accuracy of the fabrication can reach a high level and the construction time 

can be shortened and can be independent from the weather changes.  

There can be difficulties in the logistic of the prefabricated panels, so nowadays for 

example in Sweden eight out of ten constructions use on site construction instead of 

prefabrication in the factory. 

In the last two years some buildings in Hungary were newly built or enlarged with the 

facade system containing slotted steel girders. In the summer of 2008 an office building in 

Budapest, Akna street 2 – 4. was enlargened with this method. The new additional floor was 

made with this lightweight building system with on-site building method, as it is seen in 

Figure 5.1.: 

 

 

Figure 5.1. New additional floor during the building period. 

 

As another example a building next to an industrial hall was also built in Budapest. At 

this building curtain walls were made, as it can be seen in Figure 5.2. The facade is connected 

to the exterior plane of the reinforced skeleton load-bearing structure. 
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Figure 5.2. The lightweight facade system used as curtain walls 

One of the most important advantages of the curtain wall building system is that the 

interior space will be larger than in the case, when the facade is built in as infill walls. It can 

be an important property e.g. in the centre of big cities where the rent costs of the flats and 

offices are high. Compared to the infill building solution attention has to be paid to the 

acoustics during the design and building phases. Voice or noise can get through the joints, 

both vertical and horizontal directions. The dilatation is also an important thing to consider, 

because the long steel elements can move due to heat differences. Front view (without 

claddings and additional external insulation) and the cross section of the reinforced concrete 

skeleton frame and the slotted steel frame can be seen in Figure 5.3. 

 
Figure 5.3. The framework with slotted steel girders used as curtain walls on the reinforced concrete 

skeleton structure 
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Another possibility is to use the facade system as infill walls  as it is seen in Figure 5.4. 

This building is located in Szentendre, Hungary, and it is used as an office building. 

 

 

Figure 5.4. The lightweight facade system used as infill walls 

Infill walls can be built much easier than curtain walls. Further advantage is that there 

will be much less acoustic problems and movements from heat load. But this construction 

takes away space from the interior. 

 

 

Figure 5.5. The framework with slotted steel girders used as infill walls on the reinforced concrete 

skeleton structure 
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5.2.  Sweden 

 

In Scandinavia, steel for external infill walls were introduced in 1992. In 2006 15% of the 

facades constructed were made with lightweight facade containing steel girder [Lindab 

Construline, 2006]. In Sweden, many of the commercial and public buildings are made with 

the facade system containing slotted steel girders.  

For instance, as the development of the city Malmö next to the newly built City Tunnel 

connecting Copenhagen and Malmö, a new district will be built, the construction started in 

2009. The main buildings are being constructed with the facade containing slotted steel 

girders. The plans of the buildings can be seen in Figure 5.6.: 

 

 

Figure 5.6. The plans for Point Hyllie, Malmö [www.skyscrapercity.com] 

 

An opportunity occurred to visit the building construction in April, 2010. During this visit 

the middle building in the middle of Figure 5.6. was in the construction period, when the 

slotted framework was already in its place with windstopper foil on the external plane. On 

some of the floors windows were already placed, also.  

Some of the constructional details can be seen in Figure 5.7. and 5.8. These pictures were 

made from the external side of the building. The steel framework made of slotted steel girders 

can be seen on both of the pictures. 
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Figure 5.7. Construction details 1. 

 

 
Figure 5.8. Construction details 2. 

The facade on the photos is constructed as infill wall, connected to the reinforced 

concrete floors and pulled out from the external plane, so additional insulation can be placed 

at the reinforced concrete parts. 
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The layers used at these facades will be (from the internal to the external side: 2 x 13 mm 

gypsum board, 45 mm airspace containing Z girder with infill insulation, vapour barrier foil, 

195 mm slotted steel girder with infill insulation, Tyvek windstopper foil, 4,5 mm minerit 

windstopper board, 45 mm hat profile with ventilated airspace and Swiss pearl (cement 

composite) external cladding.  

 

 
Figure 5.9. The cross section of the building in Malmö 

 

It is interesting to see, that additional external thermal insulation is not added, only a 

ventilated airspace, which might lead to thermal bridge problems. In the second part of the 

dissertation the effect of the additional thermal insulation will be analysed, also. It is a 

question that the place of the thermal insulation inside the facade is an essential question or 

not. 
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6. THE THEORY OF THE HYGROTHERMAL BEHAVIOUR 
 
In the dissertation the hygrothermal behaviour of the facade containing slotted steel girders is 

examined with numerical and hand calculations, thermovision measurements. In this chapter 

there is a brief summary of the theory of hygrothermal behaviour, about heat and vapour 

transfer.  

6.1.  Heat transfer 
 

The heat is transferred in three different ways, by conduction, convection or radiation. 

Conduction refers to the energy transferred when vibrating atoms collide and free electrons 

move collectively. Heat is transferred that way between solids at different temperature in 

contact with each other and between points at different temperature within the same solid. 

Conduction always occurs from points at a higher temperature to points at a lower 

temperature (second law of thermodynamics). Convection stands for the displacement of 

molecule groups at a different temperature. Convection is by nature a consequence of 

movement (transfer of enthalpy) and occurs in a pronounced way close to the contact between 

liquids and gases at one side and solids at the other. Radiation refers to heat transfer, caused 

by the emission and absorption of electromagnetic waves. At temperatures above 0 K, each 

surface emits electromagnetic energy. Between surfaces at different temperature, that 

emission results in heat exchanges [Hens, 2007].  

During the numerical calculations the effect of the heat conduction was calculated, 

convection and radiation was taken into account where it was needed with substitution as 

conduction. Calculations were based on the standards and regulations valid in Hungary, in 

details see in Chapter 7. 

When looking in detail at the heat transfer through facades, roofs, floors, inner walls, etc., 

it must be clear that the hypothesis ‘flat’ does not apply everywhere. To study steady state 

heat transfer in these cases, the following equation has to be solved, assuming there is no 

dissipation: 

 ������ 	 ����
� 	 ������ � 0 (6.1.1.) 

 

For some very simple cases (one single material, easy geometry, simple boundary 

conditions), this partial differential equation can be solved analytically. For the majority of 

building details, however, a numerical solution is the only possibility [Hens, 2007]. These 
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places called thermal bridges. Based on the geometrical location there are three different types 

of thermal bridges.  

Geometrical thermal bridges are found where there is a change in the direction of the 

surfaces forming the building envelope or where the thickness of these surfaces is locally 

reduced. Examples are heat loss at edges and corners.  

Structural thermal bridges are due to deliberate penetrations of the building envelope. 

Examples are penetrations for services between the cold and warm sides and junctions 

between different building components.  

Systematic thermal bridges are a special type of structural thermal bridge. These are 

repeated in a specific pattern, so that the structure can be designed for purposes of heat loss as 

a structure with one dimensional heat flow. Systematic thermal bridges occur in many 

building components. They may be due to wall ties or joints in masonry, or to timbers in stud 

walls. These types of thermal bridges are normally allowed for in a simplified manner in 

calculating heat losses from buildings [Thermal bridges in residential buildings in Denmark, 

2010]. 

The slotted steel girders in the facade cause systematic thermal bridges in an average 

cross section of the facade. This effect is calculated in the dissertation. There are geometrical 

thermal bridges on the whole building, but due to the differences of the buildings, an overall 

solution cannot be given to tell the effect of the different thermal bridges caused by the joints 

of the buildings. 

 

6.2.  Vapour conduction 
 

Vapour conduction is the phenomenon, when the temperature and the moisture content 

differs between the internal and external environment, due to the vapour pressure difference, 

vapour will conduct from the medium with higher vapour pressure (pi) to the medium with 

lower pressure (pe). There are some expressions connected to vapour conduction that has to be 

mentioned: The air which cannot keep more moisture is called saturated air. The dew point 

temperature is the temperature when the air will become saturated. This is an important point 

to avoid fabric damages. If the surface temperature drops below this point, condensation will 

occur. The relative humidity is the rate between the effective and the saturation absolute 

vapour content. Warmer air can keep more moisture, than the colder. If the air temperature 

decreases, the ability to keep the moisture decreases, also. After a limit, a part of the moisture 

cannot be kept, it condensates. [Osztroluczky, 2009]  
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Two different questions have to be answered during the analyses of vapour conduction 

through facades. One task is to avoid appearance of surface vapour precipitation in the 

internal surface of the wall. Otherwise problems can occur, such as the appearance of mould, 

that can lead to further problems, for instance to unhealthy internal air and fabric damages. 

The other task is to analyse the vapour presence inside the facade through the cross section. 

The ratio between the saturation vapour pressure and the partial vapour pressure has to be 

calculated. If the partial vapour pressure exceeds the value of the saturation vapour pressure 

anywhere in the cross section, interstitial condensation can occur. 

The calculation of internal surface temperatures and the possibility of interstitial 

condensation can be seen in Chapter 9. 
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7. THE  THERMAL CONDUCTIVITY OF THE SLOTTED STEEL 
GIRDERS  
 

In this chapter the slotted web of the steel C and U shaped girders will be examined. In this 

case the variations of the basic perforation geometry (straight slots) can be seen. The first 

question is how the change in the perforation geometry does effect the rate of the heat flow 

through the steel web. The second question is if the slotted part of the web could be taken into 

account in heat transfer calculations by using these equivalent thermal conductivities.  

As a different approach, in the first stepsequivalent thicknesses were also calculated. 

However, the difference between the equivalent thicknesses connected to the slot geometries 

differed so less from each other, that they cannot be used in calculations when the question is 

the effect of the different slot geometries. 

 

7.1.  The basic modell  

 

The basic web plate parameters, which will be varied in the following calculations, can be 

seen in Figure 7.1. and Table 7.1. The simulations were carried out by varying one parameter 

at one time and keeping others constant at the basic values [Salhab, 2008]. The web plate 

thickness was taken to 1 mm in each simulation. 

The basic web plate parameters used in the numerical calculations can be seen in Figure 7.1. 

 
 Figure 7.1. The basic parameters of the slotted web  
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Table 7.1. Parameter ranges used in the simulations 

web plate parameters  parameter ranges 
[mm] 

basic value 
[mm] 

web plate width b 100 -300 100 

number of slot lines within the slotted region n 2 - 6 6 

solid length between every two adjacent slots 
(longitudinal direction) 

l 10 – 60 25 

width of single slot p 1 - 9 3 

length of a single slot d 65 – 85 75 

solid length between every two adjacent slots 
(vertical direction) 

s 0,8 – 10,4 8 

7.2.  The finite element modell 

 

The simulations of the heat conduction behaviour of the slotted web were carried out with the 

finite element programme ANSYS (version 11.0). The ANSYS 11.0 is a general purpose 

finite element modelling program for numerically solving a wide variety of engineering 

problems, such as static or dynamic structural analysis, heat transfer and fluid problems, as 

well as acoustic and electro-magnetic problems [ANSYS 11.0 tutorial, 2010]. 

The basis for thermal analysis in ANSYS 11.0 is a heat balance equation obtained from 

the principle of conservation of energy. The finite element solution calculates nodal 

temperatures, then uses the nodal temperatures to obtain other thermal quantities. 

The heat conductional property of the steel was taken to λ=60,4 W/mK to be comparable 

with the previous calculations found in the literature. The film coefficients were hi=8 W/m²K 

and he=24 W/m²K. The calculations were made with 1 K temperature difference on the two 

flange sides of the slotted webs. The size of the modells and the necessary finite element 

numbers were calibrated in the first step. The finite elements were taken to 0,5 mm, the length 

of the steel element was put to 200 mm (see Figure 7.2.): 
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Figure 7.2. The modell of the slotted web and a part of the finite element mesh around the slots 

7.3.  The heat flow inside the slots 

 

The cavities formed by the slots will probably be filled with air instead of insulation. The 

equivalent thermal conductivity for the airgap is λeq,airgap, = 0,026 W/mK, if the width of the 

slot is p = 3 mm, according to Blomberg [Blomberg, 2001]. The heat transferred by radiation 

and convection inside the gaps is about the same as that transferred by pure conduction in the 

insulation. Thus, the heat flow between the gaps is negligible compared to the flow along the 

steel [Blomberg, 2001]. To proof this statement, the differences between the different models 

with four calculations can be seen in Table 7.2. The first result occurs when the slots are 

empty and not filled with material. In the second, third and fourth steps there is: 1. insulation 

material with extremely low thermal conductivity value, 2. slots filled with air, 3. slots filled 

with usually used insulations material. The differences between the modells can be seen in 

Table 7.2. 

Table 7.2. The difference between the modells 

material in the 
perforations 

λperforation 

[W/mK] 

λsteel 

[W/mK]  

q 
[W/m 2] 

difference in heat flow compared to 
the modell containing air gap 

empty -  60,4 5,2825  0,45 %  

extra insulation 0,0005 60,4 5,2830  0,44 %  

airgap 0,026 60,4 5,3064 - 

insulation 0,035 60,4 5,3143  0,15 %  
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The conclusion is that the secondary impact in the slots can be neglected because of the 

small difference occurred in the results, so in the simulations the material ‘air gap’ can be 

used.  Heat transfer in the web can be assumed to be pure heat conduction [Salonvaara, 1998]. 

7.4.  The equivalent thermal conductivities 

 

The equivalent thermal conductivities of the slotted webs can be calculated according to the 

following equation: 

 λ�� � λ���� � ���� ���� ���         (7.4.1.) 

 

where 

 
λperf is the thermal conductivity of the slotted web calculated from the computational 

simulation results [W/mK] 

hi  is the internal surface heat transfer coefficient [W/m2K] 

he  is the external surface heat transfer coefficient [W/m2K] 

d is the width of the slotted web [m] 

U  is the thermal transmittance value [W/m2K] 

  

The thermal transmittance value found in the equation comes from the computational 

simulations. The internal and external surface heat transfer coefficients are fixed values 

according to the Hungarian building physics standards and regulations. The values of them 

can be found in the beginning of section 7.3.  

In Figure 7.3. the effect of changing the single slot width can be seen for two different 

web heights, 100 and 200 mm. As the slot width increases, the equivalent thermal 

conductivity decreases. This decrease is more efficient in the case of using 200 mm web 

height. At 9 mm slot width there is a negligible difference between the equivalent thermal 

conductivity values of the webs with different heights. 
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Figure 7.3. The effect of changing the single slot width 

 

In Figure 7.4. the effect of changing the single slot length and the effect of the number of 

rows of slots can be seen. The increase in the number of rows of slots and the increase of the 

single slot length decrease the thermal conductivity. 

 

 

Figure 7.4. The effect of changing the single slot length (6 rows of slots) 
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The effect of changing the solid length between the slots in vertical direction can be seen 

in Figure 7.5. As the solid length increases the thermal conductivity increases, also. 

 

Figure 7.5. The effect of changing the single slot length (2 rows of slots) 

Figure 7.6. shows the effect of changing the solid length between the slots in vertical 

directions. As the solid length increases, the value of the equivalent thermal conductivity 

increases, also.  

 

Figure 7.6. The effect of solid length 
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Based on Figure 7.5 and 7.6. it can be said that from a thermal behaviour point of view it 

is preferable to keep the slots as close to each other as possible in both vertical and horizontal 

direction. 

The effect of changing the web height and using the same perforation geometry can be 

seen in Figure 7.7. As the web height increases, the equivalent thermal conductivity value 

increases, also. 

 

 

Figure 7.7. The effect of web plate width/thickness ratio 

Based on these calculations it can be said that the increase in the thickness of the slots, 

the increase in the number of rows of slots decrease the equivalent thermal conductivity value. 

The increase of the solid length between the slots both in vertical and horizontal direction and 

the increase in web height increase the thermal conductivity value. 
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7.5.  The use of the equivalent thermal conductivity 

 
As a next step it was a question if the previously calculated equivalent thermal conductivity 

values can be used in the complex modells of wall sections. Sections with the perforated web 

and the same wall sections containing solid webs with equivalent thermal conductivity values 

were compared to each other. 27 different types of slotted girders were used in the wall 

sections. The modell used in the simulations can be seen in Figure 7.8. The layers of the 

calculated section are: 12,5 mm gypsum board, 100, 110, 120, 150, 200, 300 mm insulation 

with the steel girder, 12,5 mm gypsum board, 50 mm external insulation.  

 
During the thermal analyses of facades and different thermal bridges, in many cases it is a 

problem, that multidimensional numerical modell and a high number of finite elements are 

needed, so the calculation time and the expenses increase, also. To solve this problem it is 

recommended to use an equivalent thermal conductivity for the slotted webs in the complex 

numerical modells. 

 
Thesis 1.   
Based on numerical calculation I proved, that it is possible to give an equivalent thermal 
conductivity for the slotted web and to use it in further, complex modells. The 
simulations led to the same results in the case of using the slotted web or a solid web 
with the equivalent thermal conductivity, also. 
 

 

Figure 7.8. Cross section of the calculated wall sections 

Calculations of comparing the wall section containing once slotted web then the solid 

web with the equivalent thermal conductivity values showed good agreement (the results can 

be seen in Appendix 1.), a few of the results can be seen in Table 7.3.: 
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Table 7.3. Some comparison for using the equivalent thermal conductivity of the slotted web 

 λeq 

[W/mK] 

qslotted 

[W/m 2] 
qeq 

[W/m 2] 
difference (between 

qslotted and qeq) 

200 mm web height,  
perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=9 

11,00 0,1726 0,1726 0,00 % 

150 mm web height,  
perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=9 

8,20 0,1996 0,1996 0,00 % 

100 mm web height,  
perforation pattern geometry: n=2, 

l=25, p=3, d=85, s=8 

9,77 0,2641 0,2628 0,50 % 

 

 

There were results when the two calculations gave the same results. The highest 

difference was 0,5 %. So it can be said that in complex modells the solid web with equivalent 

thermal conductivity values can be used instead of the slotted webs. This has many 

advantages such as simplier modelll generation in the finite element analysis and this simplier 

modelll can speed up the numerical solution, also.  

 

7.6.  Development of special slot geometries 

 

After changing the straight slot geometries, special slot geometries were developed by the 

author, also. The results were compared to the slotted steel girder used in Hungary, with the 

slot parameters: d = 75 mm, l = 25 mm, p = 3 mm, s = 9 mm. The thickness of the web was 

taken to 1 mm again. The absolute longitudinal length of the slots was kept at the basic value 

75 mm. In the cases 2-4. the vertical amplitude of the wave patterns were increased. In the 

variations 5. and 6. the basic idea was to put slots perpendicular to the way of the heat flow to 

achieve a longer way for the heat flow to cross the web. The basic and the special, developed 

geometries can be seen in Figure 7.9.: 
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Figure 7.9. Special slot geometries compared to the basic geometry (from left to the right: 1. basic 

geometry, 2-6. special geometries) 

The results of calculations can be seen in Table 7.4.: 

 

Table 7.4. The equivalent thermal conductivity values for the developed slotted webs 

  q 
[W/m 2] 

λeq 

[W/mK]  

ratio of  λeq compared to 

the basic geometry 

ratio of  λeq compared to solid 
web with λ=60.4 W/mK 

1.  Basic 

geometry 

5,38 5,22 100 % 8,6 % 

2. Variation 1 5,28 4,40 84 % 7,3 % 

3. Variation 2 5,10 3,38 65 % 5,6 % 

4. Variation 3 4,82 2,44 47 % 4,1% 

5. Variation 4 5,06 3,21 62 % 5,3 % 

6. Variation 5 5,07 3,28 63 % 5,4 % 

 

Compared to the basic geometry there is a major decrease in heat flow and the equivalent 

thermal conductivity value due to the special, developed slot geometries in the web. However, 

further researches are needed how does the slot geometry affect the stability behaviour of the 

steel element. After these researches and experiments an optimum perforation geometry can 

be offered which has favourable thermal conductivity and stability behaviour, also.  
So as conclusion it can be said, that there is correlation between the geometry of the slots 

found in the web of the steel girders, and the amount of heat flow going through the web. The 

slots affect the thermal conductance of the facade in a high degree.  
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The different types of slotted steel girders used around the world and in Hungary were 

collected, and the thermal behaviour of the webs with different slot geometries were analysed. 

Development directions were suggested and different slot geometries were developed by the 

Author to achieve notable decrease in the equivalent thermal conductance of the web.  

During the thermal analyses of facades and different thermal bridges, in many cases it is a 

problem, that multidimensional numerical modelll and a high number of finite elements are 

needed, so the calculation time and the expenses increase, also. To solve this problem it is 

recommended to use an equivalent thermal conductivity for the slotted webs in the complex 

numerical modells. The simulations led to the same results in the case of using the slotted web 

or a solid web with the equivalent thermal conductivity, also. Based on computational 

simulations it was proved, that it is possible to give an equivalent thermal conductivity for the 

slotted web and to use it in further, complex modells. 
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8. THE HYGROTHERMAL BEHAVIOUR OF THE FACADE  
 

During the calculation of the facade layers the question was to choose the applicable method 

for the calculations of the average thermal conductivities of the different layer types and of 

the internal surface temperatures. Besides the numerical simulations the internal and external 

surface temperatures of newly built facades in Hungary were measured with thermovision 

camera to check whether the calculations produce realistic results [Váradi and Tóth 3, 2009].  

Calculations were based on the methods given in the standards MSZ EN ISO 6946 

Building components and building elements. Thermal resistance and thermal transmittance. 

Calculation method; MSZ EN ISO 10211 Thermal bridges in building construction. Heat 

flows and surface temperatures. Detailed calculations and MSZ EN ISO 14683 Thermal 

bridges in building construction. Linear thermal transmittance. Simplified methods and 

default values. 

The standard MSZ EN ISO 6946 introduces the calculation method for the thermal 

resistance and the thermal transmittance of the facade. This method has some restrictions for 

the applicability area of this standard. The method is not valid in cases where the ratio of the 

upper limit to the lower limit of thermal resistance exceeds 1,5. The method is not applicable 

to cases where insulation is bridged by metal.  

The simplified method introduced in this standard supposes inhomogeneous layers, and 

parallel heat flows. Thus, there are some corrective formulas in the literature, with them this 

simplified method can be used in the case of lightweight facades containing steel girders. It 

has to be analysed if these formulas are applicable for facades containing slotted steel girders, 

also, or if the correction has to be modified. If not, then MSZ EN ISO 10211 is applicable, so 

the slotted steel girders in the facade has to be taken into account as a thermal bridge, where 

the heat flows are not parallel, but there is a multidimensional heat flow around the steel 

elements. There are simplified methods and default values in MSZ EN ISO 14683, but the 

given linear thermal transmittances for lightweight building elements are only applicable for 

buildings containing wood, not steel framework.  

The slotted steel girders in the facade increase the heat transmittance of the wall 

measured in an average cross section. Based on the simplified calculation method this 

increase is because of the material inhomogenity, the detailed calculation say it is because of 

the effect of the heat flow density change. The detailed calculation presumably will give 

higher results, the question is if this excess can be neglected or not [Hantos, 2008]. In this 

chapter the calculation of the facade will be introduced.  
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8.1.  The geometric and material properties of the analysed facade 
constructions 

 

The numerical calculations described in this chapter were made with the help of the 

computational programme called HEAT3. This is a program for the calculation of three-

dimensional transient and steady-state heat conduction. The heat equation is solved with 

explicit forward finite differences. The program can be used for analyses of thermal bridges, 

heat transfer through corners of a window, heat loss from a house to the ground, to mention a 

few applications. One important restriction is that the problem has to be described in a 

parallelepipedical mesh, i.e. all boundary surfaces are parallel to one of the Cartesian 

coordinate planes [Blomberg, 2001].  

In a facade containing light steel frame insulation can be between the metal studs only 

(cold frame), between the metal studs and on the outside of the studs (hybrid) or outside the 

metal studs only (warm frame). 

The parameter ranges for the facade used in the numerical calculations can be seen in 

Table 8.1.: 

 
Table 8.1. Parameter ranges used in the numerical calculations  

parameters parameter ranges [mm] 

web plate width 120-200 

infill insulation thickness 0-200 

additional insulation thickness 0-160 

gypsum board thickness 12,5 

 

The thermal conductivity values (based on the valid standards) used in the numerical 

calculations: 

Table 8.2. The thermal conductivity values used in the numerical calculations 

material thermal conductivity [W/mK] 

steel 50 

gypsum 0,25 

insulation 0,035 

airgap between the gypsum boards varies 
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8.2.  The thermal behaviour of the airspaces inside the facade 

 

Values for the thermal resistances of the airspaces are given in the standards MSZ-04-140-

2:1991 and MSZ EN ISO 6946, but only applies for limited conditions (when the airspace is 

bounded by two faces that are effectively parallel and perpendicular to the direction of heat 

flow and that have emissivities not less than 0,8; has a thickness in the direction of heat flow 

of less than 0,1 times each one of the other two dimensions, and not greater than 0,3 m, and 

has no air interchange with the internal environment). When these given values cannot be 

used, the calculation method of the thermal conductivity of the airspace according to MSZ EN 

ISO 6946 will apply. At the utilization of the facade this calculation method will be used, 

which method is introduced in the following: 

The thermal resistance of unventilated airspaces, Rg is given by: 

 Rg� 1ha	hr                                                                                                                               !8.3.1.% 
 

where 

ha  is the conduction/convection coefficient  

hr  is the radiative coefficient, calculated as:  

 

hr=
hro

1
ε1

+
1
ε2

-2+
2

&1+'1+ d2

b2( ) -
d
b

                                                                                     !8.3.2. % 

  

where 

d  is the thickness of the airspace [m] 

b  is the width of the airspace [m] 

ε1, ε2   are the hemispherical emissivities of the surfaces on the warm and cold faces of 

the airspace  

hro  is the radiation coefficient of a black body surface [W/m2K] 

 h+, � 1,25  or 0,025/d if it is larger     in the case of ∆T ≤ 5 K   

 h+/ � 0,73 · !∆T%�4  or 0,025/d if it is larger     in the case of ∆T > 5 K 
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In the calculations the width of the airspaces were taken to b = 600 mm and the 

thicknesses varied between d = 20 –  200 mm. 

 

An example for calculating thermal resistance and thermal conductivity of an airspace: 
 

The example was calculated for the airspace with the geometry b = 600 mm and d = 100 mm. 

The emissivities of the two boundary layers were taken to ε1 = ε2 = 0,9. The calculation of the 

airspace: 

 h�5 � 5,7 67�8  (mean temperature is 20 °C) 

 

hr=
5,7

10,9+
10,9 -2+

2

:1+'1+ 0,12

0,62( ; -
0,10,6

=4,38 W/m²K 

h+ � 0,25 W/m2K 

 RB, � ,5,/CDE,FG � 0,216 m²K/W  

 

From the equation I � JK  the thermal conductivity can be calculated: λ � �L   

 

λairspace = 0,462 W/mK 

 

Based on this calculation method the thermal conductivity values of the airspaces can 

occur in the different forms of facades used in the simulations can be seen in Appendix 2. 

The thermal resistance of an external well–ventilated air layer assuming that the 

openings between the air layer and the external environment are equal or exceed 1500 m2 

according to MSZ EN ISO 6946, which is equal to Rsi = 0,04 m2K/W, and all the other layers 

between the air layer and external environment should be neglected in the calculations. This 

can be assumed, because there are big openings on the horizontal hatprofiles holding the 

external cladding, see Figure 3.3. in Chapter 3.  
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8.3.  The numerical calculations 

 

The research background of the following thesis will be described in this section: 

 

Thesis 2.   
Based on numerical thermal simulations and thermovision measurements I proved, that 
the facades containing slotted steel girders with the web height 120, 150 and 200 mm 
produced in Hungary, the thermal performance regulations given in Hungary can be 
satisfied. The results of the numerical simulations were proved with the thermovision 
measurements.  
 

The external continual insulation decreases the heat loss of the thermal bridges caused by the 

steel elements in a high degree.  

Thesis 3.   
Maximum 120 mm additional external insulation thickness shall be used at a facade 
containing slotted steel girders with the web height 120, 150 or 200 mm, with the 
distance 600 mm between them. Thicker insulation layer does not decrease notably the 
thermal transmittance value of the facade with slotted steel girders. In the case of using 

steel girder with solid web, up to further 50 mm additional insulation is needed to achieve the 

same result as with slotted steel girders.  
 

The increase of running meter per square meter slotted steel girder in the facade, the thermal 

transmittance value of the facade becomes worse. 

Thesis 4.   
Based on computational simulations I proved that an average of 20 mm external 
insulation thickness is needed to compensate the duplication in the running meter length 
of the slotted steel girders. The increase of the thermal transmittance as the running meter of 

the steel girders per square meter the intensity of the increase will be higher, when using 

solid, than in the case of using slotted webs. The change is linear, between the limits of the 

amount of running meters used in a square meter, for both the solid and the slotted 
webs. The gradient fractions of the regression lines change with the function of the 
additional external insulation thickness. The highest difference is in the case when the 
external insulation thickness is zero. In this case the gradient of the line for solid webs 
will be the double of the gradient for the slotted webs.  
 

During the numerical calculations the C girders were calculated as being U girders. The 

difference between the results were around 0,05 % (it will decrease heat flow), this can be 
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neglected. The difference between the two flanges (41 and 47 mm) can also be neglected, as 

using two 47 mm for both flanges. This will increase heat flow also about 0,05 %, so the two 

simplifications will cancel each other. 

                  

Figure 8.3. The heat flow in the cross section of the facade around the slotted steel girder (bigger heat flow 

due to the steel girder) [Váradi and Tóth 3, 2009] 

As a first step the effect of insulation layer thickness in the airspace for the three 

different web thicknesses, 120, 150 and 200 mm were calculated. The calculation steps were 

taken to 10 mm, from the empty airspace until the situation when the whole airspace is filled 

with insulation, as it is seen in Figure 8.4.:  

 

 

Figure 8.4. The thickness of the infill insulation (from 0 mm to 120 – 150 -200 mm, steps in the 

calculations 10 mm)  
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To see the effect of the slots in the web, there is the result with slotted and also with solid web 

on each graph (with dashed and continous lines).  

 

Figure 8.5. The effect of the thickness of the infill insulation on the thermal transmittance (from 0 mm to 

120 – 150 -200 mm, steps in the calculations 10 mm) 

 

As a second step the effect of the additional external insulation was calculated. The 

calculation steps were taken to 10 mm, from the case when there is no external insulation until 

the thickness of 160 mm as it is seen in Figure 8.6.:  

 

Figure 8.6. The thickness of the additional insulation (from 0 mm to 160 mm) 

The results of the calculations can be seen in Figure 8.7. and 8.8. for webheights 120, 150 

and 200 mm. In all the three cases (for the web heights 120, 150 and 200 mm) it is seen that 
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the increase of the external insulation thickness over 120 mm thickness does not have further 

positive effect on the thermal transmittance, so it is enough to use 120 mm external insulation 

in every case from when there is no infill insulation in the airspaces between the steel girders 

to the totally filled airspaces.  

 

 

Figure 8.7. The effect of the thickness of the additional insulation on the thermal transmittance in the case 

of 120 mm web height (from 0 mm to 160 mm) 1. 

To see the difference, the part of Figure 8.7. is enlargened in Figure 8.8.: 

 

 

Figure 8.8. The effect of the thickness of the additional insulation on the thermal transmittance in the case 

of 120 mm web height (from 0 mm to 160 mm) 2. 
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Another interesting question is to test the effect of the insulation location. In this case a 

100 mm thick insulation layer was placed as follows: first it was used as totally external 

insulation, and then at each step it was pushed into the airspace 10 mm in each step until the 

whole insulation was in the airspace, as it is seen in Figure 8.9.: 

 

 

Figure 8.9. The location of the 100 mm insulation layer  

The results can be seen in Figure 8.10. The most effective situation was when the total 

100 mm insulation was placed as external insulation, and the thermal transmittances increased 

as the insulation layer became more infill than external. The increase in thermal transmittance 

was less in the case when using slotted steel girders. This is an important information 

considering that there are cases when external inslations is not applicable. 

 

Figure 8.10. The effect of the location of the 100 mm insulation layer (in the cases for 120, 150 and 200 mm 

web height)  
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There are cases when the amount of steel girders in the facade increases, e.g. around 

windows, doors, corners. To measure this effect, the increasing running meter steel/m2 

facade were calculated, as it can be seen in Figure 8.11 and 8.12.: 

 

 

Figure 8.11. The increasing running meter/m2 facade  

As the running meter/m2 facade increases, the thermal transmittance will increase, but it 

can be seen, the increase will be again less in the case of slotted steel girders, than in the case 

of girders with solid webs. 

 

 
Figure 8.12. The effect of the increasing running meter/m2 facade (in the case for 120 mm webheight)  
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It can be seen that the thermal transmittance with the increase square meter of the running 

meter length of the slotted steel girder increases, but this effect lessens as the external 

insulation thickness increases. About 20 mm additional external insulation is needed to 

achieve the same thermal transmittance value as of it is in the case when there is the half of 

the slotted steel girders inside the facade.  

In the case of using solid steel girders the increase in thermal transmittance will be 

greater. One square meter facade containing one running meter solid steel girder will have the 

same thermal conductance as of a facade with four running meters of slotted steel girders. 

The effect of the slotted steel C and U girder thickness (1 – 1,2 – 1,5 mm) can be seen in 

Figure 8.13.: 

  

Figure 8.13. The effect of the steel thickness (in the case for 120 mm webheight)  

 

As the thickness of the slotted steel girder increases, the thermal transmittance value 

increases, also. However, this increase is much less in the case when using slotted steel 

girders compared to the solid ones.  

Connected to Thesis 3., the table containing some results of the computational 

simulations used in this chapter can be seen in Appendix 2.   
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8.4.  The simplified calculation method 

 

The research background of the following thesis will be described in this section: 

 

Thesis 5.   
Based on hand calculations and computational simulations I analysed the applicability 
of the simplified method for calculating thermal resistance and thermal transmittance 
value given in the standards and in the literature.  
These calculation methods give satisfying results in some cases, when the weighting 
factor given in the standard MSZ-04-140-2:1985 is used. However, my proposal is that 
with the weighting factor p=0,2, and as the running meter per square meter slotted steel 
length exceeds three meters, at the use of the weighting factor p=0,1 more accurate 
results occur.  
 

 

The standard MSZ EN ISO 6946 provides a simplified method for calculating the thermal 

resistance and the thermal transmittance of the facades. The calculation of the total resistance 

of a component according to MSZ EN ISO 6946 is the following: the total thermal resistance, 

RT, of a component consisting of thermally homogeneous and thermally inhomogeneous 

layers parallel to the surface is calculated as the arithmetic mean of the upper and lower limits 

of the resistance: 
 RM � pROM 	 !1 P p%R"M   (8.4.1.) 
 

where 

 
R′T is the upper limit of the total thermal resistance, 

R”T is the lower limit of the total thermal resistance, 

p is the weighting factor between the upper and lower limit. 

 

Calculation of the upper and lower limits shall be carried out by considering the 

component split into sections and layers, in such a way that the component is divided into 

parts, which are themselves thermally homogeneous. The upper limit of the total thermal 

resistance, R′T, is determined by assuming one-dimensional heat flow perpendicular to the 

surfaces of the component. It is given by the following expression: 
 

  



Development of a facade system containing slotted steel girders                   Julianna VÁRADI 

 

 

79 

 

 

,LRS � �TLST 	 �ULSU 	 V	 �WLSW    (8.4.2.) 

 

where 
 

RTa, RTb, ..., RTq are the total thermal resistances from environment to environment for 

each section;  

fa, fb, ..., fq are the fractional areas of each section. 

 

The lower limit of the total thermal resistance, R”T , is determined by assuming that all 

planes parallel to the surfaces of the component are isothermal surfaces. Calculate an 

equivalent thermal resistance, Rj, for each thermally inhomogeneous layer the following 

equation can be used: 

 ,LX � �TLTX 	 �ULUX 	 V	 �WLWX    (8.4.3.) 

 

The lower limit is then determined as: 

 R"M � RYZ 	 R, 	 R/ 	 V	 R[ 	 RY�   (8.4.4.) 

 

 

An example for calculating a facade element containing slotted steel girder: 
 

 

Figuer 8.14. The geometry of the facade in the example for calculating the thermal resistance with 

simplified method 
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Table 8.4. The layers and materials in the example facade for the simplified method 

Layer Material Thickness 
[mm] 

Thermal conductivity 
[W/mK] 

1. gypsum board 12,5 0,25 

2. steel flanges with infill insulation 1,0 50 (flanges) 

0,035 (insulation) 

3. the slotted web with infill 

insulation 

150 5,22 (slotted web) 

0,035 (insulation) 

4. external insulation 50 0,035 

 

When calculating the upper limit of the thermal resistance, the building element is 

considered to consist of three thermal paths (or sections). The upper limit of resistance, based 

on equation (8.4.5.) is: 

 
1

R'
T
=2

fa
RTa

+
fb

RTb
+

fc
RTc

   (8.4.5.) 

 

 

Resistance through section ’a’ containing infill insulation 

External surface resistance = 0,040 

Resistance of external insulation = 1,429 

Resistance of gypsum board (2x) = 0,05 (x2) = 0,1 

Resistance of infill insulation  = 4,286 

Internal surface resistance  = 0,130 

Total (RTa)  = 5,985 m²K/W 

Fractional area fa  = 0,4608 (46.1%) 

 

Resistance through section ’b’ containing slotted web 

External surface resistance = 0,040 

Resistance of external insulation = 1,429 

Resistance of gypsum board (2x) = 0,05 (x2) = 0,1 

Resistance of the slotted web  = 0,029 

Internal surface resistance  = 0,130 

Total (RTa)  = 1,728 m²K/W 

Fractional area fb  = 0,00167 (0,17%) 
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Resistance through section ’c’ containing flanges + infill insulation 

External surface resistance = 0,040 

Resistance of external insulation = 1,429  

Resistance of gypsum board (2x)  = 0,05 (x2) = 0,1 

Resistance of infill insulation  = 4,229 

Resistance of flanges (2x) = 0,00002 (x2) = 0,00004 

Internal surface resistance  = 0,130 

Total (RTa)  = 5,928 m²K/W 

Fractional area fc  = 0,0767 (7,67%)  

 

The upper limit is: 

 
1

R'
T

=2
0,4608

5,985
+

0,00167

1,728
+

0,0767

5,928
=0,168 

 

R’T = 5,95 m2K/W  
 

The lower limit of the thermal resistance of the bridged layer is calculated using Equation 

(8.4.6.): 

 
R"

T=Rsi+R1+R2+R3+Rse   (8.4.6.) 

  

External surface resistance  = 0,040 

Resistance of external insulation = 1,429 

Resistance of gypsum board (2x)  = 0,05 (x2) = 0,1 

Resistance of layer containing flange (2x)  

 

=
1

2
0,4608
0,001
0,035

+
0,00167+0,0767

0,001
50

 

 = 0,00025 

Resistance of layer containing the slotted web  

 

=
1

2
0,4608
0,148
0,035

+
0,00167
0,148
5,22

+
0,0767
0,148
0,035

 

 = 3,395 
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Internal surface resistance  = 0,130 

Total (R”T)  = 5,089 m²K/W 
 

The total thermal resistance based on equation (8.4.1.) will be: 

 

RT=pR'T+(1-p)R"T 

 

The weighting factor in the equation can be calculated in different ways: 

 

1. In the standard MSZ EN ISO 6946 p = 0,5 
2. A method given by Gorgolewski p =  0,8(R”T/R’ T) + 0,44 – 0,1(w/40 mm) – 0,2(600 

mm/s) – 0,04(d/100 mm) 
where 

w is the flange length 

s is the distance between the steel girders 

d is the web height 

3. In the standard MSZ – 04 – 140 – 2:1985 p = 0,333 
 

The value of the thermal resistance will be: 

 

RT,1=5,5 m2K/W 

RT,2=5,75 m2K/W 

RT,1=5,38 m2K/W 

 

Based on numerical calculations the thermal transmittance of the facade will be: 

 

Unumerical = 0,196 W/m2K 
 

The thermal transmittances will be calculated from the simplified method: 

 

U1=
1

RT,1
=0,181 W/m2K 

U2= 1

RT,2
=0,174 W/m2K 

U3=
1

RT,3
=0,186 W/m2K 
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The differences between the results of the simplified method and the numerical 

calculations can be seen in the following figures. This comparison was made for fifteen 

different facades, the differences of the results can be seen in Figure 8.15. – 8.17.:  

 

 

Figure 8.15. The difference between the results coming from numerical calculations and the simplified 

method given in the standards (p = 0,5) 

  

Figure 8.16. The difference between the results coming from numerical calculations and the simplified 

method given in the standards (p = according to Gorgolewski) 
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Figure 8.17. The difference between the results coming from numerical calculations and the simplified 

method given in the standards (p = 0,333) 

 

The correlation results can be seen in Figure 8.18.:  

 

 

Figure 8.18. The difference between the results coming from numerical calculations and the simplified 

method given in the standards (p = 0,2 between 0 and 3 running meter per square meter slotted girder,     

p = 0,1 otherwise) 
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As it was previously predicted, the results from the detailed numerical calculations give 

highter results, than the simplified calculation. There were the best correlations when p was 

taken to 0,333, according to MSZ-04-140-2:1985. In all three cases the correlation became 

worse as the thermal transmittance increased. Though, this area can be neglected, the facade 

layers with the thermal thransmittance less than p=0,3 should be taken into account because 

of the Hungarian regulations. At this area the correlation was rather good.  

It was a question, if the correlation becomes better with the changing of the weighting 

factor, p. Some values were tested, but the best results occured in the case when using p=0,2, 

and as the running meter per square meter value increased, p has to be modified to p=0,1.  
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8.5.  Internal surface and interstitial condensation 

 

Thesis 6. 
With computational simulations together with hand calculations based on thermovision 
measurements I determined that at an average cross section the temperature of the 
internal surface of the facade will be fRsi = 0,98, at  joints (windows, corners) it will be 

fRsi�����0,76, …, 0,90�. I proved that at a functional internal air status, there won’t be 
surface condensation even at the surroundings of the joints. Because of the use of vapour 
barrier foil in the internal parts of the facade layers, there won’t be interstitial 
condensation inside the facade. 

 

The knowledge of the internal surface temperature is necessary because of many reasons: 

because of the comfort and the conservation, also. The surface temperature is usually given in 

temperature factor (in the rate of the internal and external temperature difference) and from it 

the actual surface temperature can be determined. The slotted steel girders act like thermal 

bridges in the facade, so in their cross section the internal surface temperatures will be less, 

than in the other parts of the facade.  

To the appearance of mould, the relative humidity has to be over φsi = 0,8 for five 

consecutive days. To calculate the referring internal surface temperatures, the average 

monthly minimum temperature is needed as external temperature. This data in Hungary is     

(– 2) °C. To the appearance of surface vapour precipitation φsi = 1,0 is needed.  

For the calculation method to calculate the referring internal surface temperatures given 

in standard MSZ EN ISO 13788, the yearly minimum daily average temperature is needed. 

Based on the temperature data given by the Hungarian Meteoroligical Service, this value is   

(– 9) °C calculated for the average of years between 1990 and 2000. The relative surface 

humidities φsi = 0,8 and φsi = 1,0 can develop at a certain internal temperature and relative 

humidity [Hantos, 2008]. During the numerical calcuations the internal surface temperature 

was taken to 20 °C, the external relative humidity was taken to φe = 0,95. The  partial vapour 

pressure based on Equation (8.5.1.):  

 

p\e=φ]epsat^θ\e_=0,95·psat^-9 °C_=0,95·283=269 Pa   (8.5.1.) 

 

where psat according to the standard is 

 

psat=610,5e
21,875θ
265,5+θ=610,5e

21,875!-9%
265,5+!-9%=283 Pa                                  if θ < 0 °C                    (8.5.2.)  
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During the calculation of the internal relative humidity the minimum yearly average 

value of the daily average temperature shall be use and the corresponding humidity shall be 

used: 

 

pi=pe+∆p= 269 + 1080 = 1031 Pa   (8.5.3.) 

 

where ∆p=1080 Pa  

 

Assuming φsi = 1,0 maximum surface relative humidity, the design minimum saturation 

pressure (psat) will be: 

 

psat
!θsi%=psat

!20 °C%=pi=1349 Pa                                                                                         (8.5.4.) 

  

Based on the design minimum saturation humidity the minimum design surface temperature 

will be: 

 

θsi,min=
237,3loge a psat

610,5b
17,269-loge a psat

610,5b =
237,3loge a1349

610,5b
17,269-loge a1349

610,5b =11,4 °C    if psat e 610,5 Pa   !8.5.5. % 
  

Based on the standard MSZ EN ISO 10211 if there are only two environments involved 

and the subsoil is not part of the geometrical modell, the surface temperatures can be 

expressed in a dimensionless form in accordance with equation 8.5.6: 

fRsi=
θsi-θe

θi-θe
                                                                                                                                  !8.5.6% 

 

where 

 

fRsi is the temperature factor for the internal surface 

θe,i is the external and internal temperatures [°C] 

θsi is the temperature at the internal surface [°C] 

 

θsi can be defined with computational simulations, hand calculation or thermovision 

measurements. It is necessary to define θsi,min, the design internal surface temperature, when 

there is no capillary condensation yet, to avoid critical surface humidity, fabric damages or 

mould growth. The calculation method to count the critical surface temperature to avoid 
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critical surface humidity for building elements with small thermal inertia is given in MSZ EN 

ISO 13788.  

The results of the numerical simulations with the internal surface resistance taken to Rsi = 

0,25 m2K/W and the external surface resistance taken to Rse = 0,04 m2K/W can be seen in 

Table 8.5.:  

Table 8.5. The internal temperature factors 

the layers in the facade  fRsi,min 

100 mm external insulation, gypsum board, 120 mm airspace 

with steel girders (1 mm 

material thickness), gypsum board  

0,98 

100 mm external insulation, gypsum board, 150 mm airspace 

with steel girders (1 mm 

material thickness), gypsum board  
0,98 

100 mm external insulation, gypsum board, 200 mm airspace 

with steel girders (1 mm 

material thickness), gypsum board  

0,98 

gypsum board, 120 mm airspace with steel girders (1 mm 

material thickness), 120 mm infill insulation, gypsum board  
0,96 

gypsum board, 150 mm airspace with steel girders (1 mm 

material thickness), 120 mm infill insulation, gypsum board 
 

0,97 

gypsum board, 200 mm airspace with steel girders (1 mm 

material thickness), 120 mm infill insulation, gypsum board 
 

0,98 

100 mm external insulation, gypsum board, 120 mm airspace 

with steel girders (1 mm 

material thickness), 120 mm infill insulation, gypsum board  

0,98 

100 mm external insulation, gypsum board, 150 mm airspace 

with steel girders (1 mm 

material thickness), 150 mm infill insulation, gypsum board  

0,98 

100 mm external insulation, gypsum board, 200 mm airspace 

with steel girders (1 mm 

material thickness), 200 mm infill insulation, gypsum board  

0,98 

 

Examples for the calculation of the interstitial condensation can be found in Appendix 4. 

in the case of two representative cross sections. Because of the construction order of the 

layers, interstitial condensation will not occur.  
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8.6.  Calculations with Lindab WALLAnalyzer 
 

As another approach simulations were made with different facade layer orders and sizes with 

the program WallAnalyzer to see the internal parts of the facade, also. An example of these 

calculations can be found in this part. Lindab Ltd. has an own finite element programme, this 

is WALLAnalyzer. Parts of a facade can be drawn and the hygrothermal properties can be 

calculated.  

The problem is solved using a Finite Element Modell with five node two dimensional 

elements. The basic geometry is built up with ten rows of elements, each row has sixteen 

elements. This is a description of a wall without any board material attached to it. For each 

board that is applied to either the inner or outer surface a new row of elements is introduced. 

When the dimension of the stud or its center to center distance is changed all the elements are 

scaled according to the new dimension. The relative size of each element is constant. The 

element properties are changed depending on the choices that are made in the user interface. 

To be able to solve the problem we need to introduce some boundary conditions. 

For heat flow calculations there are some elements whose properties are out of reach for 

the user, it is fixed in the programme (that is why the use is limited), such as the surface 

resistances, the thermal conductivities of the materials and airspaces, according to EN ISO 

6946. The thermal properties for steel is a fixed value according to EN ISO 12524. For slotted 

steel the properties are derived from a two dimensional analysis of the slot pattern.  

There are two different pattern that can be used, one web with six and one web with eight 

slots: 

 

λ6-slots(fictive) = 3,99 W/mK,  

λ8-slots(fictive) = 3,73 W/mK,  

 

The results come from a test series in Lund, Sweden with computational simulations and 

hot box testing. All other elements can have user defined properties.  
For moisture calculations there are also some elements whose properties are out of reach 

for the user, such as:  

 

δair = 1 m2/s for the airspaces,  

δsteel = 2,5e-10 m2/s for the steel part and  

δslotted steel = 3e-6 m2/s for the slotted part.  

Once the modelll has been analysed for temperatures and vapour concentrations and these 

are known at all the nodes in the modell, the relative humidity can be calculated at all the 

nodes using the equations below to find the vapour concentration at saturation point.  
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There are three types of results available in the software, temperature, moisture content 

and relative humidity. The results are presented in a three dimensional graph in the user 

interface, where the third dimension is represented in colors. In the printout this three 

dimensional result is transformed into two dimensions as a simple plot of maximum and 

minimum values in the wall [WallAnalyzer, 2008]. 

48 calculations were made, as an example the geometry, the temperature, the relative 

humidity and the absolute humidity of one of analysed types, a facade with plastered cladding 

(150 mm webheight, 1 mm steel thickness, three layers of gypsum boards – on Figure 8.19. 

with green colour, vapour barrier foil, 50 mm external insulation, internal airspace filled with 

insulation – on Figure 8.19. with yellow colour) can be seen in Figure 8.19.:  

 

 

Figure 8.19. The geometry in the numerical calculation in WALLAnalyzer 

The temperature distribution is shown in Figure 9.20.: 

 

 

Figure 8.20. The temperature distribution in the numerical calculation in WALLAnalyzer 
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The relative humidity and moisture content is shown in Figure 8.21.: 

 

   
 

 

Figure 8.21. The simulation in the case of plastered cladding (from top to bottom: relative humidity and 

moisture content) 

The cross sections of the facade can be seen in Figure 8.22.: 

 

Figure 8.22. Vapour pressure and relative humidity inside the layers of the facade with plastered cladding 
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9. THERMOVISION MEASUREMENTS 
 

The thermovision analysis of one of the previously introduced Hungarian buildings built with 

slotted steel girders will be introduced in this chapter. Measurements were made on one hand 

to check the results of the computational simulations and on the other hand the construction 

quality of the buildings. The external and internal surface temperatures of the building were 

measured. At the time of the monitoring the office building was in use already. The 

thermovision photos were made with a ThermaCAM B2 type camera made by FlirSystem. 

Thermovision pictures show the surface temperatures of buildings. The camera measures the 

electromagnetic radiation of the building, the infrared spectrumband, around 20 µ 

[ThermaCAM, 2005]. 

Thermography is based on three basic laws of radiation, the Wien’s law, Planck’s law 

and Stefan-Boltzmann law. Besides these Kirchhoff’s law is also used. The radiation arriving 

to the surface can be absorbed, reflected or transmitted. At the measurements the reflective 

and diffuse properties of the different materials have to be taken into account, for instance a 

reflected picture from a balcony with glass balustrade cannot be taken into account as a 

reflective picture from the facade (see at the picture of the measured building). During the 

monitoring of a building attention has to be paid to the different circumstances, such as the 

difference between the internal and external temperature, which should be at least ∆T = 10 – 

15 °C [ThermaCAM, 2005]. In the time of the monitoring of the building this was ∆T = 19°C. 

The sunshine did not have an effect to the measurements, because at the time of the 

monitoring the weather was cloudy. The construction of the building was known, because the 

plans were available. There are two different types of claddings on the building, plastered 

(with light and dark grey colour) and metal cladding (dark green surfaces), see Figure 10.1.). 

 
9.1.  The measurements 
 

The enlargement of the office building was in the summer of 2008, in Budapest. Next to the 

existing building a ground floor made of brick and an additional floor made of the facade 

system containing slotted steel girders were constructed.  During the thermovision monitoring 

the external temperature was 3,9 °C and the internal was 23 °C.  

The results of the monitoring can be seen in the following part of this chapter. There are 

results for whole facade parts and to local parts, also. There are two horizontal lines, Li1 and 

Li2 on all of the thermovision pictures, the surface temperature along them can be seen on the 

following graph after each photo. To compare to internal surface temperatures to the previous 

calculations and vapour precipitation, the internal surface temperatures are given as 

temperature factors.  
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Figure 9.1. The building from the main entrance 

The thermovision picture of the upper part of the facade at the main entrance can be seen 

in Figure 9.1. The surface temperatures along the vertical lines on Figure 9.1., Li1 and Li2 can 

be seen in Figure 9.2.: 

 

 

Figure 9.2. The exterior surface temperatures along Li1 and Li2 1. 

 

Based on the surface temperatures it can be seen that there are approximately the same 

temperatures on the plastered and metal cladding (Li2), there is only a little fluctuation. There 

is bigger difference at the line Li1, the temperature is higher at the window, which means that 

heat escapes from the building through the window. Another part of the facade with the main 

entrance can be seen in Figure 9.3. The light grey part is made with slotted steel girders, the 

dark grey part is with brick.  
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Figure 9.3. The facade of the building next to the main entrance 

The surface temperatures along the vertical lines on Figure 9.3., Li1 and Li2 can be seen in 

Figure 9.4.: 

 

Figure 9.4. The exterior surface temperatures along Li1 and Li2 2. 

 
Based on Figure 9.3. and 9.4. the followings can be said: the upper floor made with 

lightweight building method gives lower external temperatures (Li2) than the lower floor built 

with brick (Li1). This means that there is less heat flow through the lightweight facade, than 

the brick wall. The left part of Li2 (with purple colour on Figure 10.3. does not show the real 

surface temperature of the facade, but the reflection of a glass balcony, so this could not be 

taken into account.  

The effect of the slotted steel girders can be seen in the internal picture seen in Figure 9.5. 
An internal corner of an office room can be seen in the picture. The location of the girders is 

where there are greenish – blueish colours on the facade.  
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Besides thermovision measurements this part of the facade was simulated with real initial 

and boundary conditions with numerical simulations. Thermovision photos were made from 

this part of the facade. The results of the computer simulation and the thermophoto can be 

compared. The computer simulation is made the same way as previously. The data for the 

simulation: 600 mm girder distance, the web depth of the girders in the analysed layers were 

150 mm, the wall thickness of the slotted steel was 1 mm, as it is in the real facade. The heat 

conductional properties of the materials: λsteel= 50 W/mK, λgypsum= 0,25 W/mK, 

λinsulation=0,035 W/mK, λplaster=0,1 W/mK. The film coefficients were: hi=8 W/m²K, he=24 

W/m²K. The calculations are made with Te= 3,9 K, Ti= 22,9 K  initial temperatures.  

  

 

Figure 9.5. The thermovision picture of the internal surface of the facade 

 

Figure 9.6. The internal surface temperatures along Li1 and Li2  

In this case the interior surface temperatures are compared to each other. Along Line 1 

Ti,min= 21,8 K will occur. The same result, Ti,min= 21,8 K occurred from the numerical 

simulation, also. So it can be said that the validation of the simulations are correct. On both 

lines Li1 and Li2 the location of the steel girders can be seen, there is about 1 °C difference in 
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surface temperatures in the middle of the wall, and about 2,5 °C temperature difference at the 

corner of the room. The effect of one slotted steel girder is:  

 

fRsi=
θsi-θe

θi-θe
=

21,8-3,9

23-3,9
= 0,94 ≥ 0,70 

 

The effect of the slotted steel girders together with the geometrical thermal bridge of the 

corner:  

fRsi=
θsi-θe

θi-θe
=

21,1-3,9

23-3,9
= 0,90 ≥ 0,70 

The effect of the window and the surrounding parts:  

 

fRsi=
θsi-θe

θi-θe
=

18,5-3,9

23-3,9
=0,76 ≥ 0,70 

 

As it can be seen there won’t be vapour condensation on the internal wall surface. Based 

on the numerical simulations together with the thermovision measurements it can be said that 

the girders do have an effect on heat flow, but this effect is small. This lightweight facade has 

better thermal properties than the measured brick wall.  
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10. SUMMARY AND PRINCIPAL RESULTS 
 

10.1.  Summary 
 

The aim of this study was to analyse the hygrothermal behaviour of a facade containing 

slotted steel girders. Based on literature review of existing system, calculation methods and 

previous results the problems that this study has to address were identified. 

As first step the thermal behaviour of the slotted web of the steel girder was analysed. 

Based on numerical calculations different slot geometries were tested and development 

directions were recommended. The equivalent thermal conductivities of these slotted webs 

were calculated and used in the calculations of whole facade elements. 

The slots in the web cause better thermal properties than the solid webs. The difference 

were calculated and different layer types were analysed and compared to the actual Hungarian 

building physics regulations. 

There is a simplified calculation method for the thermal resistance of the facades, but it is 

not valid for facades containing steel girders. Calculations were made to find out the 

justification limits of the use of this method in the case of facade with slotted steel girders. 

Based on standards and previous calculations found in the literature, a modification of the 

weighting factor, p and the limits of the use were recommended. 

The vapour conductance of the facade and the opportunity for internal surface and 

interstitial condendation was calculated. 

The numerical calculation results were checked with on-site thermovision measurements. 

The detailed results can be seen in the next pages.   
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10.2.  Principal results 
 

The new scientific results are written in bold, the short explanations are written with normal 

characters.  The numbers of the referring publications can be seen in square brackets. 

 

During the thermal analyses of facades and different thermal bridges, in many cases it is a 

problem, that multidimensional numerical modell and a high number of finite elements are 

needed, so the calculation time and the expenses increase, also. To solve this problem it is 

recommended to use an equivalent thermal conductivity for the slotted webs in the complex 

numerical modells. 

Thesis 1.   
Based on numerical calculation I proved, that it is possible to give an equivalent thermal 
conductivity for the slotted web and to use it in further, complex modells. The 
simulations led to the same results in the case of using the slotted web or a solid web 
with the equivalent thermal conductivity, also. [3] 

 

Thesis 2.   
Based on numerical thermal simulations and thermovision measurements I proved, that 
the facades containing slotted steel girders with the web height 120, 150 and 200 mm 
produced in Hungary, the thermal performance regulations given in Hungary can be 
satisfied. The results of the numerical simulations were proved with the thermovision 
measurements. [2], [6], [8], [10] 

 

 

The external continual insulation decreases the heat loss of the thermal bridges caused by the 

steel elements in a high degree.  

Thesis 3.   
Maximum 120 mm additional external insulation thickness shall be used at a facade 
containing slotted steel girders with the web height 120, 150 or 200 mm, with the 
distance 600 mm between them. Thicker insulation layer does not decrease notably the 
thermal transmittance value of the facade with slotted steel girders. In the case of using 

steel girder with solid web, up to further 50 mm additional insulation is needed to achieve the 

same result as with slotted steel girders. [6] 
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The increase of running meter per square meter slotted steel girder in the facade, the thermal 

transmittance value of the facade becomes worse. 

Thesis 4.   
Based on computational simulations I proved that an average of 20 mm external 
insulation thickness is needed to compensate the duplication in the running meter length 
of the slotted steel girders. The increase of the thermal transmittance as the running meter of 

the steel girders per square meter the intensity of the increase will be higher, when using 

solid, than in the case of using slotted webs. The change is linear, between the limits of the 

amount of running meters used in a square meter, for both the solid and the slotted 
webs. The gradient fractions of the regression lines change with the function of the 
additional external insulation thickness. The highest difference is in the case when the 
external insulation thickness is zero. In this case the gradient of the line for solid webs 
will be the double of the gradient for the slotted webs. [6] 

 

Thesis 5.   
Based on hand calculations and computational simulations I analysed the applicability 
of the simplified method for calculating thermal resistance and thermal transmittance 
value given in the standards and in the literature.  
These calculation methods give satisfying results in some cases, when the weighting 
factor given in the standard MSZ-04-140-2:1985 is used. However, my proposal is that 
with the weighting factor p=0,2, and as the running meter per square meter slotted steel 
length exceeds three meters, at the use of the weighting factor p=0,1 more accurate 
results occur. [7] 

 
Thesis 6.   
With computational simulations together with hand calculations based on thermovision 
measurements I determined that at an average cross section the temperature of the 
internal surface of the facade will be fRsi = 0,98, at  joints (windows, corners) it will be 

fRsi�����0,76, …, 0,90�. I proved that at a functional internal air status, there won’t be 
surface condensation even at the surroundings of the joints. Because of the use of vapour 
barrier foil in the internal parts of the facade layers, there won’t be interstitial 
condensation inside the facade. [1], [6], [8], [11]  
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10.3.  Utilization of results and further research questions 
 

The results of the dissertation can be used as the supplements of the previous results found in 

the literature, to the development of the slotted steel girder from a thermal performance point 

of view, and to increase the quality of the Hungarian buildings. The results coming from the 

optimalization of the facade layers and the recommendations can be used in the future 

planning of new buildings and at reconstructions, also.  

As one of the further research questions, the development of the slotted steel element has 

to be mentioned. It has to be analysed, how does the better thermal performance effect the 

stability of the girders.  It is possible, that the improvement in thermal properties will decrease 

the stability of the slotted steel element, so further researches are needed, where these two 

properties are measured together, in the same time, and with this method and optimum 

solution can be constructed. After this, the new perforation geometry and the properties have 

to be built in the softwares used by the constructors, so it would be available for the designers. 

The already existing Hungarian buildings have to be monitored onwards, so further 

conclusion could be made with their help.   
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Appendix 1. 
Calculation results for Thesis 1.  
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 Figure A1.1. The basic parameters of the slotted web  

Table A1.1. Parameter ranges used in the simulations 

web plate parameters  

web plate width [mm] b 

number of slot lines within the slotted region [mm] n 

solid length between every two adjacent slots (longitudinal direction) [mm] l 

width of single slot [mm] p 

length of a single slot [mm] d 

solid length between every two adjacent slots (vertical direction) [mm] s 

 
 
 

Table A1.2. Results of the simulations connected to Thesis 1. 

  λeq 

[W/mK] 

qslotted 

[W/m 2] 
qeq 

[W/m 2] 
difference (between 

qslotted and qeq) 

1. 

 
 

100 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=65, s=8 

5,22 0,2469 0,2466 0,10 % 

2. 
 

100 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=8 

4,59 0,2417 0,2426 0,40 % 

3. 

 
100 mm web height,  

perforation pattern geometry: n=6, 
3,04 0,2408 0,2404 0,17 % 
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 l=25, p=3, d=85, s=8 

4. 200 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=65, s=8 

10,86 0,177 0,1753 0,20 % 

5. 200 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=8 

9,54 0,172 0,171 0,35 % 

6. 200 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=85, s=8 

6,53 0,169 0,1688 0,10 % 

7. 100 mm web height,  

perforation pattern geometry: n=2, 

l=25, p=3, d=65, s=8 

16,21 0,2698 0,2698 0,10 % 

8. 100 mm web height,  

perforation pattern geometry: n=2, 

l=25, p=3, d=75, s=8 

14,64 0,2668 0,2669 0,04 % 

9. 100 mm web height,  

perforation pattern geometry: n=2, 

l=25, p=3, d=85, s=8 

9,77 0,2641 0,2628 0,50 % 

10. 200 mm web height,  

perforation pattern geometry: n=2, 

l=25, p=3, d=65, s=8 

27,53 0,2006 0,2001 0,25 % 

11. 200 mm web height,  

perforation pattern geometry: n=2, 

l=25, p=3, d=75, s=8 

25,53 0,1975 0,1978 0,15 % 

12. 200 mm web height,  

perforation pattern geometry: n=2 

l=25, p=3, d=85, s=8 

19,02 0,1946 0,194 0,30 % 

13. 100 mm web height,  

perforation pattern geometry: n=6, 

l=10, p=3, d=75, s=8 

3,67 0,2406 0,2396 0,40 % 

14. 100 mm web height,  

perforation pattern geometry: n=6, 

l=60, p=3, d=75, s=8 

6,03 0,2488 0,248 0,3 % 

15. 200 mm web height,  

perforation pattern geometry: n=6, 

l=10, p=3, d=75, s=8 

7,58 0,1688 0,1688 0,00 % 

16. 200 mm web height,  

perforation pattern geometry: n=6, 

l=60, p=3, d=75, s=8 

13,05 0,1778 0,1773 0,30 % 
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17. 110 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=8 

5,50 0,2323 0,2319 0,20 % 

18. 120 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=8 

6,00 0,2225 0,2219 0,30 % 

19. 300 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=8 

16,00 0,1402 0,1405 0,20 % 

20. 100 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=1 

3,00 0,236 0,2355 0,20 % 

21. 100 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=12 

6,20 0,2476 0,2472 0,15 % 

22. 200 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=1 

7,70 0,1645 0,1639 0,35 % 

23. 200 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=12 

12,40 0,1758 0,1758 0,00 % 

24. 100 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=9 

5,20 0,2442 0,2440 0,08 % 

25. 12 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=9 

 

6,50 0,2232 0,2271 0,10 % 

26. 150 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=9 

8,20 0,1996 0,1996 0,00 % 

27. 200 mm web height,  

perforation pattern geometry: n=6, 

l=25, p=3, d=75, s=9 

11,00 0,1726 0,1726 0,00 % 
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Appendix 2. 
Calculation results for Thesis 2.  
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Table A2.1. Some results of the simulations connected to Thesis 2. 

  Uslotted 
[W/m2K]  

Usolid 
[W/m2K]  

1. 120 mm webheight, 1 mm steel thickness, 120 mm infill 
insulation,  
0 mm external additional insulation  

0,33 0,50 

2. 150 mm webheight, 1 mm steel thickness, 150 mm infill 
insulation,  
0 mm external additional insulation 

0,28 0,44 

3. 200 mm webheight, 1 mm steel thickness,200 mm infill insulation,  
0 mm external additional insulation 

0,24 0,36 

4. 120 mm webheight, 1 mm steel thickness, 120 mm infill 
insulation,  
50 mm external additional insulation  

0,22 0,27 

5. 150 mm webheight, 1 mm steel thickness, 150 mm infill 
insulation,  
50 mm external additional insulation 

0,20 0,25 

6. 200 mm webheight, 1 mm steel thickness,200 mm infill insulation,  
50 mm external additional insulation 

0,17 0,22 

7. 120 mm webheight, 1 mm steel thickness, 120 mm infill 
insulation,  
100 mm external additional insulation  

0,17 0,19 

8. 150 mm webheight, 1 mm steel thickness, 150 mm infill 
insulation,  
100 mm external additional insulation 

0,15 0,18 

9. 200 mm webheight, 1 mm steel thickness,200 mm infill insulation,  
100 mm external additional insulation 

0,14 0,16 

10. 120 mm webheight, 1 mm steel thickness, 120 mm infill 
insulation,  
120 mm external additional insulation  

0,15 0,17 

11. 150 mm webheight, 1 mm steel thickness, 150 mm infill 
insulation,  
120 mm external additional insulation 

0,14 0,16 

12. 200 mm webheight, 1 mm steel thickness,200 mm infill insulation,  
120 mm external additional insulation 

0,13 0,15 

13. 120 mm webheight, 1 mm steel thickness, 120 mm infill 
insulation,  
160 mm external additional insulation  

0,13 0,14 

14. 150 mm webheight, 1 mm steel thickness, 150 mm infill 
insulation,  
160 mm external additional insulation 

0,12 0,14 

15. 200 mm webheight, 1 mm steel thickness,200 mm infill insulation,  
160 mm external additional insulation 

0,11 0,13 
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Appendix 3. 
The thermal conductivities of the airspaces (connected to Chapter 9) 

 
 
 
 



Table A3.1. The thermal conductivities of the airspaces 

d  
airspace width 

     ∆T [K] (between the two surfaces of the airspace) 

1 K 6 K 7 K 8 K 9 K 10 K 15 K 20 K 25 K 30 K 35 K 

10 mm 0,038 0,039 0,04 0,04 0,041 0,042 0,044 0,046 0,047 0,049 0,050 

20 mm 0,77 0,079 0,08 0,081 0,082 0,084 0,088 0,092 0,095 0,097 0,100 

30 mm 0,116 0,118 0,121 0,122 0,124 0,126 0,131 0,136 0,140 0,145 0,150 

40 mm 0,156 0,159 0,162 0,164 0,166 0,169 0,175 0,181 0,188 0,194 0,201 

50 mm 0,196 0,199 0,203 0,206 0,209 0,212 0,220 0,228 0,236 0,244 0,252 

60 mm 0,236 0,240 0,245 0,248 0,252 0,255 0,265 0,275 0,284 0,294 0,304 

70 mm 0,276 0,282 0,287 0,291 0,295 0,299 0,310 0,321 0,332 0,343 0,356 

80 mm 0,317 0,323 0,329 0,334 0,339 0,343 0,356 0,369 0,382 0,395 0,408 

90 mm 0,359 0,366 0,372 0,378 0,383 0,388 0,403 0,417 0,432 0,447 0,461 

100 mm 0,400 0,408 0,415 0,421 0,427 0,433 0,449 0,462 0,481 0,497 0,514 

110 mm 0,443 0,451 0,459 0,466 0,472 0,478 0,496 0,514 0,532 0,550 0,568 

120 mm 0,485 0,494 0,503 0,510 0,517 0,524 0,544 0,563 0,583 0,602 0,622 

130 mm 0,528 0,538 0,547 0,555 0,563 0,570 0,591 0,612 0,634 0,655 0,676 

140 mm 0,571 0,582 0,591 0,600 0,608 0,616 0,639 0,662 0,685 0,708 0,730 

150 mm 0,614 0,626 0,636 0,646 0,655 0,663 0,687 0,711 0,736 0,759 0,785 

160 mm 0,658 0,670 0,682 0,692 0,701 0,710 0,736 0,762 0,788 0,814 0,840 

170 mm 0,702 0,715 0,727 0,738 0,748 0,757 0,785 0,813 0,840 0,869 0,896 

180 mm 0,747 0,761 0,773 0,785 0,795 0,805 0,834 0,864 0,894 0,922 0,952 

190 mm 0,792 0,806 0,819 0,832 0,843 0,853 0,884 0,915 0,946 0,977 1,008 

200 mm 0,837 0,852 0,866 0,879 0,890 0,901 0,947 0,983 1,01 1,04 1,064 



 

 
 
 
 
 
 
 

Appendix 4. 
Example for the calculation of the possibility of interstitial condensation 
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The steps of the calculations: 
 

-  the temperatures at the boundaries of the layers at cross sections A-A (in the middle 

of the facade, without thermal bridge effects) and B-B (next to the reinforced concrete 

floor) 

- calculation of saturation vapour pressure values at the boundaries of the layers 

- calculation of partial vapour pressure values at the boundaries of the layers 

- representation of values on the cross section of the facade construction 

- check if there is intersection between the saturation and partial vapour pressure values 

on the chart 

 
Initial data:  

 
The layers of the facade section: 
- 25 mm gypsum boards 

- 50 mm airspace 

- 12,5 mm gypsum board 

- 150 mm insulation with slotted steel girders 

- 12,5 mm gypsum board 

- 120 mm additional insulation 

- 5 mm plastered cladding  

 
Temperature and relative humidity values: 

      te=-2°C  φe=90% 

      ti=+20°C φi=65% 
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Table A4.1. Temperature values at the layer boundaries 

 

Table A4.2. Calculation results for saturation vapour pressure values 
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Table A4.3. Calculation results for partial vapour pressure values 
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Figure A4.1. Vapour pressure and temperature values at A-A cross section  
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Figure A4.2. Vapour pressure and temperature values at B-B cross section 
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Appendix 5. 
Examples for building construction details 

 

(Based on the hygrothermal calculation results found in the dissertation and the other building 

physics aspects some suggested constructional details of the facade construction) 

 


































