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Abstract. The paper analyses the construction of roof structures, bearing steel structures covered with fire 
protection coatings or roof construction fire resistance and reaction to fire also reaction to fire of roof and 
exterior fire exposure, the effectiveness of the different testing methods. Horizontal structures are impor-
tant for critical deflections, integrity and overheating, flammability, vertical – and the integrity of over-
heating, supporting construction – integrity, insulation and the critical strain. Tested a steel bearing struc-
ture in bulk effects of temperature, in vertical position. Tested bearing structures have been fully covered 
with different fire protection coatings (gypsum board, mineral wool board, intumescent paints). Studied 
the effectiveness of fire protection coatings where there is imbalance in a fire during the test changing the 
heating regimes. Described reaction to fire parameters of roof constructions. Represented problems and 
their solutions related with roof coverings of fire-resistance and external fire exposure assessment.   
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1. Introduction 

The use of steel structures in construction works has 
many advantages, however, the buildings containing such 
structures also have certain shortcomings: in the event of 
fire the steel is subject to deflection under exposure to 
high temperatures (LST L ENV 1993-1-2 Eurocode 3). It 
has been established that subject to loading the steel 
structure elements without fire protective coating disinte-
grate when heated up to 450-550°C (Green and Allen 
2003). To solve this problem, steel structures are covered 
with various heat resistant materials that are able to pro-
vide protection against 1100°C temperature for the dura-
tion of 1-3 hours (Jimenez et al. 2006). Fire prevention 
measures used to increase the fire resistance of steel 
structures are grouped into two basic categories: passive 
(plaster, rock wool, gypsum) and active (fire protective 
paint) (Grigonis 2008). Fire protective materials used to 
protect steel structures act as a fire barrier preventing the 
spread of fire. Fire resistance is one of the main charac-
teristics of structures and is defined in construction nor-
matives and regulations (Griškevičius et al. 2007). A 
whole set of standards is available in the European Union 
for determination of fire resistance of building structures 
described in STR 2.01.04:2004. The standards define the 
conventional heating and pressure conditions, testing 
methods and criteria for determining fire resistance of 

various building structure elements. Normally, the speci-
men is subjected to heating until at least one of the below 
specifications is no longer satisfied: load resistance (R), 
insulation (I), integrity (E) (EN 1363-1:2004 2000, LST 
EN 1363-2:2000 2000). The main factor in determining 
the effectiveness of fire protective coatings is the struc-
ture’s resistance to standard fire temperature exposure 
during a certain time period (R15, R20, R30, R45, R60, 
R90, R120, R180, R240) (EN 13501-2 2008). The es-
sence of testing is to relate the product with the condi-
tions of the end use that would more adequately reflect 
the product properties (ENV 13381-4 2002). However, 
differences in the used equipment and know-how of 
member-states precondition different results of testing. 
The field of application is also different. The effective-
ness of materials may be evaluated using standard tests 
and standardised calculation methods. Yet, the question 
arises whether proper methods of evaluation are offered? 

To determine the thermal conductivity properties of 
building materials, the small-unit tests and theoretical 
calculations are performed (Lukošius and Mačiulaitis 
2002, Lukošius 2004). On the basis of the materials’ 
thermal conductivity theory and the laws of thermal phys-
ics, the researcher V.L.Strakhov has developed a mathe-
matical model used to evaluate the thermoinsulative 
properties of fire protective materials (Strakhov et al. 
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2001). Fire resistance of steel structures may be deter-
mined by calculations in accordance with LST L ENV 
1993-1-2 Eurocode 3, where the properties of materials 
are already known, otherwise fire resistance tests of steel 
structures are performed.  

 The most common types of fire retardant materials 
used in construction for protection of steel structures are 
paint, gypsum boards, and rock wool boards. Thanks to 
its layered fibre structure and fire resistance increasing 
additives (e.g., aluminium hydroxide), mineral wool can 
withstand the temperatures up to 1000°C (Bayer Akti-
engesellschat 1991, Bowman et al. 2002). Fire resistance 
properties of gypsum board are in detail discussed in the 
article of the researcher S.M. Cramer (Cramer et al. 
2003). The object of S.M. Cramer’s study is to investi-
gate the fire resistance and combustibility of building 
materials. The aims of his study are: to assess the proper-
ties of fire protective coatings in a vertical fire resistance 
furnace; to analyse the results of the test of external fire 
performance to roofs with the view to define the ex-
panded application of the results. 

2. Specimens and testing methods 

The main equipment used to test fire resistance of 
structures: the furnace capable to ensure the testing con-
ditions, load equipment (if applicable), thermocouples for 
measurement of the furnace’s internal temperature and 
the specimen’s average temperature. Chromel/alumel 
type thermocouples are used to record specimens’ surface 
temperature and plate type thermocouples are used to 
measure the temperature inside the furnace (EN 1363-
1:2004 2000). 

The rise of temperature inside the furnace should not 
exceed the allowed tolerances and must be in compliance 
with the following dependency (Lipinskas et al. 2005): 

 ( )18lg3450 +=− tTT ,     (1) 

where: t – time in minutes, T – furnace temperature (°C) 
within time t, To – initial furnace temperature (°C). 
 

Generally, to assess the thermoinsulative properties 
of fire protective coatings the tests are performed where 
fire protected structures are exposed to the heat regime. 
Different fire retardant coatings have been selected for 
testing: fire protective paint, rock wool and fire resistant 
gypsum cardboard.     

2.1. Description of specimens 

1000 mm length UPN 120 type fire protective 
coated hot rolled steel channels have been selected for 
testing from the range provided in standard DIN 1026-
1:2000 (DIN 1026-1-2009 2009) (hereinafter the speci-
mens). Other dimensions of the specimens are indicated 
in Fig 1. 

 

 
Fig 1. UPN 120 type steel channel dimensions, mm 

 
The specimens have been degreased with ‘Skiediklis 

646’ solution. After the solution residue evaporated, the 
specimens have been sprayed with anti-corrosive primer 
‘GF-021” at spread rate 150 g/m2 (dry layer thickness 40-
50 µm). After complete drying of the primer, two ther-
mocouples have been attached to the tested surface in the 
middle of the specimen. Fire protective paint has been 
applied onto three specimens (layer thickness about 
700 µm). Other three specimens have been covered with 
2 layers of 15 mm thickness fire resistant gypsum. Gyp-
sum has been attached using high temperature resistant 
glue. A third set of specimens (also three specimens) was 
covered with two layers of 25 mm thickness fire protec-
tive mineral wool. Mineral wool has been attached using 
studs and temperature resistant glue. The prepared speci-
mens are shown in Fig 2.     

 

 
Fig 2. Specimens covered with fire-resistant coatings: 
a) specimen covered with rock wool; b) specimen 
covered with fire-retardant gypsum; c) specimen cov-
ered with fire-retardant paint.    

2.2 Testing equipment  

The test has been performed in a furnace, which is 
the only furnace of such type in Lithuania used to deter-
mine fire resistance of vertical structures. The furnace 
belongs to the Fire Resistance Testing Unit of the Fire 
Safety and Rescue Department under the Ministry of the 
Interior. The test has been performed in compliance with 
all requirements of the standard LST EN 1363–1:2002 
‘Fire resistance tests. General requirements’. Combusti-
bility tests of the fragments of the roof structures have 
been performed in compliance with the requirements of 
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the first method of the standard LST L ENV 1187:2004 
‘Test methods of external fire exposure to roofs’ using 
the specified equipment (LST L ENV 1187:2004 2004). 

3. Results and their discussion  

Tests have been performed by recording specimen 
temperature. The temperature of 500ºC has been selected 
as the critical temperature. The specimens after testing are 
shown in Fig 3. The temperature of all specimens before 
testing is 18 °C. 

The temperature of specimens protected with gyp-
sum board has started to rise on the average in 5 minutes 
and at 12 minutes the temperature of 90ºC has been re-
corded. At that time the furnace has reached the tempera-
ture of 700 ºC. Chemical reactions start taking place in 
the gypsum at the temperature of 100ºC and 125ºC result-
ing in the intense water evaporation (1m2 surface area and 
15 mm thickness gypsum cardboard contains about 3 
litres of chemically linked water that upon evaporation 
consumes thermal energy and in such a way prevents the 
specimen from overheating) (Bowman et al. 2004). 

 CaSO4•2H2O � CaSO4•½H2O + 1½H2O   (2) 

For this reason, the specimen temperature remains 
stable for a certain period. In 15 minutes the temperature 
starts rising insignificantly. 

It can be asserted that evaporating water suspends 
the increase in temperature for 30 minutes. 

 

 
Fig 3. Specimens with fire protective coatings after 
test: a) specimen covered with fire retardant gypsum; 
b) specimen covered with rock wool; c) specimen 
covered with fire-retardant paint.  

 
In approximately 40 minutes after the beginning of 

testing, a more rapid increase in the temperature is ob-
served. That means that a major portion of the water has 
evaporated. Further a constant rise in the temperature is 
observed until the temperature of 500 ºC is reached. That 
is a critical temperature set for the specimen at which the 
steel fluidity and strength limitations start decreasing 
significantly. The said specimen has reached such tem-
perature within 75 minutes after the beginning of testing, 
whereas according to the manufacturer’s instructions, a 
two-ply 15 mm thickness gypsum cardboard must with-
stand such temperature for the period of 60 minutes. 
Hence, the test results have demonstrated that the tested 

coating has met and even exceeded the set requirements. 
The average temperature of specimens is shown in Fig 4. 

    

 
Fig 4. Temperature and time dependency of the 
specimens covered with fire-retardant gypsum  

 
The temperature of specimens covered with fire-

retardant paint has started increasing immediately after 
igniting the burners. Already in two minutes the average 
temperature of specimens has been recorded 100 ºC 
(Fig 5). At that moment a break is observed in the de-
pendency curve at which point the paint starts intumes-
cing to form a thermoinsulative layer what has resulted in 
retarding the temperature increase. Afterwards a steady 
increase in the temperature is observed until the point of 
10 minutes up to 300 °C. This insignificant change in the 
curve has been influenced by the intumescence of the 
second layer of paint. Further a steady rise of the curve 
has been observed up to the 20th minute. According to 
the manufacturer’s instruction, the paint must withstand 
the critical temperature up to 20 minutes; however, the 
critical temperature of 500 ºC has been reached already at 
the 18th minute. Such behaviour might be influenced by 
the quality of paint coating or tested paint. From the 20th 
minute the curve is similar to the standard fire tempera-
ture curve.    

 

 
Fig 5. Temperature and time dependency curve of the 
specimens covered with fire-retardant paint 

 
The temperature of specimens covered with rock 

wool has not been changing for the first 4 minutes. In 5–
23 minute period the temperature has increased by 82 ºC 
and reached 100 ºC. From that moment a steady rise in 
the curve is recorded until the temperature of 600 ºC. 
From minute 65 a slower increase in the temperature is 
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observed. A critical temperature of 500 ºC has been 
reached before minute 56. According to the manufac-
turer’s instruction, the fire resistance time of rock wool is 
50 minutes. In our case the resistance time of the rock 
wool is six minutes longer. At 734 °C the rise in tempera-
ture again decreased and the limit temperature of 750 °C 
has been reached at minute 93. It is obvious that the tem-
perature-time dependency curve of the specimen covered 
with rock wool is not identical to the standard tempera-
ture-time curve (Fig 6).  

 

 
Fig 6. Time and temperature dependency of the 
specimens covered with fire-protective rock wool  

 
It has been noticed that rock wool is the only mate-

rial remaining on the specimen after testing, whereas 
plasterboards have disintegrated and the paint has sepa-
rated after intumescenting.  

Rock wool fibre may remain non-melted at the tem-
perature of 1000 ºC, however the binding materials start 
pirolysing at the temperature of 250 ºC. Over 250 ºC the 
binder is subjected to gradual destruction, but the rock 
wool itself remains integrated due to its natural fibre ad-
hesion and the layered structure, therefore, unlike other 
protected elements, the temperature of 1000 ºC has not 
been reached.   

As it can be seen from the provided research results, 
the effectiveness of coating can be easily determined by 
way of experimenting. The effectiveness of coating, es-
pecially in economical terms, is revealed subject to 
proper selection of specific testing or calculation peculi-
arities. The problem becomes apparent when the effec-
tiveness of coating (paint in the given case) is determined 
using four standardised calculation methods provided in 
ENV 13381-4 with selection of different initial data. Four 
methods have been adopted taking into account the spe-
cific national requirements and experience of the mem-
ber-states that had contributed to the development of this 
standard. A thickness value of fire-retardant coating nec-
essary to ensure fire-resistance of the structure obtained 
after performance of tests in accordance with standard BS 
476:1987 (ISO 834:1975 1975, BS 476: Part 20: 1987 
1987) is less than compared to that obtained after testing 
according to the effective standard ENV 13381-4. The 
essential discrepancies between the test results are condi-
tioned by different heat regimes and different measure-
ment equipment used in the testing furnaces. Discrepan-

cies in temperature recording results, especially at the 
beginning of the standard fire curve, are apparent when 
performing tests using a wire thermocouple according to 
the BS and when testing according to the EN with the 
same type thermocouple. That has also been confirmed 
by the results of comparative fire resistance testing per-
formed at the summer of year 2009 with participation of 
28 European laboratories (RR TC2 09-1 2009). 

For the purpose of this study, a numerical regressive 
analysis method taken from the standard ENV 13381-4 is 
used. ‘STATISTICA 6.0’ software is employed to proc-
ess the obtained data. Different test results precondition 
different fire-retardant coating thickness values necessary 
to ensure fire resistance of steel structures. As it can be 
seen from the calculations given in Fig 7, differences of 
the results are rather distinct and vary within the limits of 
15–25 per cent.     

 

 

Fig 7. Coating thickness values necessary to ensure 
R30 

 
Selection of experimental methods in evaluating the 

effectiveness of fire resistance of structural elements is 
relevant not only for fire resistance tests of steel struc-
tures or performance of fire protective coatings on fire 
resistance of such structures but also for testing the exter-
nal fire exposure to roof structures traditionally made of 
several layers: hydroinsulation, thermoinsulation, and 
vapour insulation. Normally, the roof is installed on a 
bearing structure called the basis. Test methods for exter-
nal fire exposure to roofs are given in standard LST ENV 
1187 where four correlatively not related experimental 
methods are described. The said methods reflect the 
know-how of certain regions of the European Union. The 
first method is originally linked to Germany (Fig 8 shows 
the performance of the burning wood shavings on the 
combustibility of roof structure fragment); the second 
method is linked to the Scandinavian countries, the third 
one to France and the fourth one to Great Britain.  

The use of various methods result in different test 
conditions and field of application what in turn creates 
certain problems for manufacturers of building products 
or structural elements in a single economic area of the 
European Union in terms of free movement of goods.  
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Fig 8. Test of external fire exposure to roof structure 
fragment. Method 1. 

 
At the beginning of year 2009, the manufacturers of 

coating products have addressed this problem by charging 
the competent institutions of the European Union (CEN, 
Permanent Building Committee at the European Com-
mission, etc.) to develop a single method for testing ex-
ternal fire exposure to roofs, however, the bureaucratic 
machine and big ambitions of certain member-states 
stand in the way of productive work. During such period 
of uncertainty in Lithuania it is important to have instru-
ments to promote the entrepreneurship of the manufactur-
ers working in our market. In such a case, it is necessary 
to evaluate the combustibility of roofs under external fire 
performance. Of course, such evaluation should be car-
ried out by reducing the costs of testing and expanding 
the area for the application of results. 

In this aspect, another object of this study becomes 
clearly apparent, i.e., to investigate the results of tests of 
external fire performance on roofs in accordance with the 
first method of testing according to LST ENV 1187 stan-
dard (this method is also used in Lithuania) with the view 
to define the expanded application of results on the basis 
of the know-how to the extent that is not covered or suffi-
ciently detalised in the testing standard and the classifica-
tion procedure prepared according to LST EN 13501-5 
standard (EN 13501-5:2006/P:2008 2008). It is espe-
cially important to evaluate the changes in thermoinsula-
tion, hydroinsulation and vapour insulation film layers 
during fire testing. On the basis of test results it is neces-
sary to identify the layers that could be replaced with 
similar type materials without testing and to evaluate the 
necessity of additional control in connection with roof 
testing in Lithuania. The roof structure fragments (Fig 9) 
and testing procedure used to investigate this problem are 
elaborately described in M. Bakša’s master thesis ‘Analy-

sis of the external fire performance on roofs and roof 
components’ (Bakša 2010).  
 

 
(a)                     (b)                      (c)                     (d) 

 

Fig 9. Roof structure fragments and layers selected for 
testing: 1, 2 – hydroinsulation coating, 3 – first ther-
moinsulation layer (20 mm thickness rock wool), 4 – 
second thermoinsulation layer (polystyrene foam of ei-
ther minimum (50 mm) or maximum (200 mm) thick-
ness), 5 – vapour insulation film, 6 – Fig (a) wood 
shavings board basis, Fig (b) levelling thermoinsula-
tion layer (20 mm thickness rock wool), Fig (c) metal 
profiled sheet basis, Fig (d) bitumen hydroinsulation 
coating basis; 7 – metal profiled sheet basis  

 
Analysis of the obtained experimental data (Table 1) 

has revealed that standard bases and specimen mounting 
types described in the test standard (LST L ENV 
1187:2004 2004) have no effect on the final classified 
results according to the standard (EN 13501-
5:2006/P:2008 2008), since the combustibility properties 
of the tested roof structure fragments in all cases have 
satisfied the combustibility class Broof(t1). 

 
Table 1. Summary of damages made to roof structure fragment 
layers  

Roof struc-
ture frag-

ment 
Type No. 

Damaged 
layer, No. 

Undamaged 
layer, No. 

1 1,2,3,4 5,6 

2 1,2,3,4 5,6 

3 1,2,3,4 5,6 
amin

* 

4 1,2,3,4 5,6 

1 1,2,3,4 5,6 

2 1,2,3,4 5,6 

3 1,2,3,4 5,6 
amax

** 

4 1,2,3,4 5,6 

1 1,2,3,4,5 6,7 
bmin 2 1,2,3,4,5 6,7 

1 1,2,3,4 5,6,7 
bmax 2 1,2,3,4 5,6,7 

3 1,2,3,4 5,6 
cmin 4 1,2,3,4 5,6 

3 1,2,3,4 5,6 
cmax 4 1,2,3,4 5,6 

2 1,2,3,4 5,6 
dmin 3 1,2,3,4 5,6 

2 1,2,3,4 5,6 
dmax 3 1,2,3,4 5,6 

* – 50 mm thickness polystyrene foam layer; 

** – 200 mm thickness polystyrene foam layer. 
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After evaluating the damage made to the layers it 
has been established that in all cases the base has re-
mained free of damage and the depth of damage to the 
layers of the tested roof structure fragment is identical 
almost in all cases and has not penetrated further the 4th 
layer. Vapour film damage has been observed only in one 
case (see Table 1, bmin) for the roof structure fragment 
with a minimum polystyrene layer and additional level-
ling rock wool layer. Moreover, the analysis of the dam-
age spread area of the affected layers has again demon-
strated that the greatest damage has been identified for 
the roof structure fragment marked as (b) in Fig 9 irre-
spectively of the polystyrene foam thickness. It means 
that an additional levelling thermoinsulation (rock wool) 
layer, installed in the roof structure on the metal profiled 
sheet base as per construction regulation 2.05.02:2008 
Building structures. Roofs (STR 2.05.02:2008 2008), has 
little or no effect on the external fire performance and 
provides conditions for major damage of roof layers. The 
reasons that condition such results should be investigated 
additionally. However, it can already now be asserted that 
rock wool layer creates favourable conditions for heat 
accumulation on the structure’s surface what is associated 
not only with the given testing method but also with fire 
resistance testing where the roof structure is exposed to 
fire from underneath and the used roof base is metal pro-
filed sheet (Test report No 103011.06. 2008). 

Taking into account the results of testing it can be 
presumed that only the roof structure fragment mostly 
prone to damage should be investigated. Subject to the 
absence of deep damages, a field of the application of 
results could be significantly expanded by replacing the 
bases and other undamaged layers with other materials of 
similar combustibility properties. For instance, conditions 
could be provided to replace, without additional restric-
tions, the tested and undamaged vapour insulation film 
with other manufacturer’s film, or the tested bitumen 
hydroinsulation coating could be replaced with another 
bitumen coating. In such a way, the conditions would be 
provided to use the tested roof structure for roof renova-
tion (TA-1/2008. 2008) what is of great relevance in 
Lithuania today.  

In summarising the results of tests discussed in this 
study, we can only approve of the proposals of the con-
struction business participants to develop the methods for 
the extended application of results and hope that the data 
presented in this study will serve for this purpose. 

Conclusions 

1.  The tests have demonstrated that passive fire-
retardant coatings under fire exposure are more re-
sistant to fire temperature performance compared to 
the tested intumescent fire protective paint.  

2.  The performed calculations of fire-retardant intu-
mescent coating thickness values using the same 
methods and different equipment on the identical 
specimens have shown a difference of 15–25 per 
cent in fire protective coating thickness value neces-
sary to ensure the same fire resistance.   

3.  Different calculation methods and testing conditions 
where the obtained results are used for calculations 
with the view to expand the field of experimental 
data application should be unified, improved, devel-
oped and reasonably applied at least at the national 
scope.   

4.  The performed tests of external fire performance on 
roof structure fragments have demonstrated that, af-
ter additional evaluation of the surface area and 
depth of damage, the field of application could be 
expanded by replacing, without additional testing, 
the remaining undamaged layers or bases. The ex-
pansion of the field of application should be clearly 
defined by the normative acts and methods.  

5.  Thermoinsulation properties of rock wool create 
favourable conditions for heat accumulation on the 
rock wool surface. In such a way the heat has no 
way to withdraw and increases the damage made to 
the roof structure layers. Hence, a thickness of rock 
wool as a thermoinsulative material in the roof struc-
ture should be clearly defined by the experimental 
research.   
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