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Abstract 

Constructing a workable computational model for a specific material can in many ways ease the 

design of the use of the material in different applications. More precise here, to be able to 

calculate the thickness of FS-GPG fire mortar sufficient for fire classification according to 

standards without being forced to make unnecessary tests. 

Designing a model with material parameters can be made in several different ways. It can either 

be done by practical inquiry, e.g. scanning different reactions, measure other parameters 

etcetera or you can make it by estimations of the properties based on the material compounds 

and construct a model by trial and error. FS-GPG resembles plasterboard/gypsum in many 

ways. Therefore the model is constructed with properties close to plasterboards properties 

found in literature.  

FS-GPG as well as plasterboard or gypsum contains considerable amounts of water. When the 

material is heated, free water will at first merge from the material. When further heated, 

dehydration will take place. Two reactions will occur at different temperatures due to 

dehydration where the gypsum forms new products. At these two reactions, energy is consumed 

by the water released from the crystals, delaying the temperature enhancement.  

The greatest achievement from the final model devloped is the comparison of calculated and 

measured temperature rise after 100 minutes in a specific application. They are almost 

identical.  

Keywords: FS-GPG, Gypsum, Perlite, Glass fiber, TASEF, Heat transfer modeling, Fire sealant, Mortar, 

Heat of reaction, Specific volumetric enthalpy, FEM 
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Sammanfattning 

Att konstruera en fungerande simuleringsmodell för ett specifikt material kan på många sätt 

underlätta utformningen för användandet av materialet i olika applikationer. I detta fall mer 

specifikt ett sätt att beräkna tillräcklig tjocklek av Firesafes brandtätning, FS-GPG, för att uppnå 

brandklasser med hänseende till olika standarder utan att vara tvingad att göra onödiga tester.  

Att utforma en modell med materialparametrar kan göras på olika sätt. Det kan antingen göras 

relativt pratiskt undersökande, där exempelvis olika reaktioner analyseras tillsammans med 

mätningar av andra parametrar som troligen påverkar. Det kan också utföras genom rimliga 

antaganden om materialegenskaperna och att via dessa konstruera en modell med hjälp av trial 

and error. Tackvare att FS-GPG liknar gipsskivor (gips) på många sätt, utformas modellen med 

egenskaper som liknar gipsskivans egenskaper. 

Både FS-GPG och gipsskivor (gips) innehåller betydande mängder vatten. När materialet hettas 

upp kommer först det fria vattnet att förångas, vidare när det värms upp sker en dehydrering 

(uttorkning). Vid dehydreringen kommer det att ske två reaktioner vid olika temperaturer, 

gipset kommer vid dessa reaktioner omvandlas till nya produkter. Under dessa två reaktioner 

förbrukas energi från vattnet som frigörs från kristallerna, effekten blir en fördröjning i 

temperaturstegringen.     

Det mest betydande resultatet från den slutligt konstruerade modellen är likheterna mellan 

temperaturutvecklingen efter 100 minuter i en specifik applikation, jämfört modellerade värden 

och uppmätta värden, de är principiellt identiska.    

Sökord: FS-GPG, Gips, Perlite, Glasfiber, TASEF, Värmeöverföringsmodellering, Brandtätning, Specifik 

volumetrisk entalpi, FEM   
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Nomenclature 
 
List of symbols 
 
c Specific heat capacity [J/kg K or Ws/kg K] 

cgpg Specific heat capacity, FS-GPG [J/kg K] 

cp,w Specific heat capacity, water [J/kg K] 

e Specific volumetric enthalpy, [J/m3] 

we  Enthalpy of water at certain temperature [J/kg] 

   Nodal energy vector 

   Nodal external heat flow vector 

h Height of square section [m] 

Hv Heat of vaporization (water) [J/kg] 

k Thermal Conductivity [W/mK] 

   Heat conductivity matrix 

i  Latent heat (and sensitive heat) at various temperatures [J/m3 or Ws/m3] 

t Time [s or min] 

T Temperature [K or °C] 

   Nodal temperature vector 

    Absolute surrounding gas temperature [K] 

    Absolute surface temperature [K] 

ql Specific  heat of evaporation [J/kg]   

ql-fw Latent heat from vaporisation, Residual free water [J/kg] 

qs-GPG Sensitive heat, dry FS-GPG [J/kg] 



X 

qs-w Sensitive heat, Residual free water [J/kg] 

Q Internally generated heat  [W/m3] 

r Equivalent radius [m]  

u  Moisture content [%] 

w Width of square section [m] 

wc  Percentage by weight of crystalline bound water [%]  

x, y Coordinates [m]  

β Convective heat transfer coefficient [W/m2 Kγ] 

γ Convective heat transfer power [-] 

ε Resultant emissivity [-] 

ρ Density [kg/m3] 

σ Stefan-Boltzmann constant [W/m2 K4] 
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1 Introduction 

When a penetration is done in a fire cell barrier, it has to be sealed. The constitutional rule is 

that the wall penetrated has to maintain its original integrity (E) and isolation (I) if an ordinary 

EI wall is considered. Present today are several different possibilities of maintaining the fire 

protection e.g. sealant, intumescent paints, expanding sealants and collars. The main idea in all 

cases is to achieve a wall safe in case of fire, whether it’s considered protection time is 15 

minutes, 240 minutes or anything in between, the individual case may demand different types 

of approach with one or more of the mentioned products. Off course the protection calls for 

different ranges of price, where the most cost effective is the most preferable. Intumescent 

painting can be an expensive and time consuming work, leading this problem to be solved with 

just sealant and maybe some insulation, depending on wall type, as the most cost effective way. 

This is the main idea for the use of Firesafe AS fire sealant mortar. 

The company Firesafe AS was established in 1981. At this time the GPG-fire sealant already 

existed, if not in exactly its present form, at least the fire sealant features were the same as it is 

today. The acronym GPG stands for Gypsum (Plaster), Perlite and Glass fiber. These are the 

main ingredients of the mortar. It was a development by Johannesonstrummor AB, a firm 

specialized on plaster and with one main chore to fireproof ventilation shafts in plaster. From 

all this, plaster was developed as a special mortar for fire sealing around 1978. Later on around 

1990 a branch was separated from Johannesonstrummor AB, there business was excluded to 

fire sealing and the GPG-mortar. This subsidiary company was called GPG-FireSystem AB and 

was situated in Stockholm.  Firesafe AS which had been cooperating with GPG-FireSystem AB 

since there start in 1981 took-over the company and the GPG-mortar in 2002. Today Firesafe 

consists of three separate companies in Norway (Firesafe AS), Sweden (Firesafe Sverige AB) and 

Denmark (Firesafe Danmark AS). The Swedish as well as the Danish company exclusively 

concentrate their business to entrepreneurship and selling of their structural fire-proofing 

products. The Norwegian company on the other hand also provides consulting to the whole 

structural fire proofing industry.   

GPG will further on be denoted as FS-GPG (Firesafe-GPG). FS-GPG is according to different 

prescribed conditions classed as fire technical safe by SINTEF NBL, who is an appointed 

Notified Body for several product areas both for buildings and ships, they offer fire tests and 
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documentation services to give products access to an international market (SINTEF, 2012). The 

SINTEF name of FS-GPG is SINTEF AA-050. The recognition of FS-GPG as safe is based on 

the Norwegian plan and building act (revised in 1997-06-13) and the technical regulations and 

related guidance (1997-01-22, revisited in April 2003) in connection with test reports and 

evaluations. Numerous reports and evaluations of the material have been presented throughout 

the years since 1980s. The last test that were evaluated, were conducted according to EN 1366-

3:1993. This standard has been superseded and the last European Standard (1366-3:2009) was 

approved by CEN (European Committee For Standardization) on 3 January 2009. Therefore 

there is a large need to re-evaluate the FS-GPG to accommodate new classifications, the demand 

for international standardization are more and more a criterion by the contractors. Further on 

in the same way the mortar has classifications in both Denmark and Sweden, the latter 

classification is applied by SITAC (A part of SP which is the Swedish equivalent to SINTEF 

(Åkesson, 2012)) and the classification is for now valid until 2013-02-01 (Hermodsson & 

Adolfsson, 2011). 

1.1 The aim of this report 

The aim of this report is to constitute a theoretical assessment to a problem which needs 

practical tests to achieve international acknowledgement on the market. The report is due to 

evaluate this problem and construct material parameters, later on to be used in computational 

simulations of often encountered penetration of fire cells. Some evaluation of the fire sealant 

will be present and compared with live test values to establish trustworthy data. There is an aim 

to be able to foresee the need of fire sealant thickness in different reassembling cases. 

An approach to understand and interpret the European Standard EN 1366-3, Fire resistance 

tests for service installations – Part 3: Penetration seals are also seen to be done.    

1.2 Boundaries of the report 

In the theoretical evaluation of the fire sealant, subjects including voids are excluded. This is 

due to help the author being able to deliver what he think is a trustworthy result. 

When dealing with computational simulations in cases with cables the insulation is ignored on 

the fire side, this is a result of limitations in the calculation model and the simulation program 

used (TASEF). The melting of materials cannot be described in a convenient way.   
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The understanding and interpretation of the European Standard (EN 1366-3) is concentrated 

to the fundamental of the standard. The annexes (A, B and E); Standard configuration for large 

cable penetration seals; Standard configuration for small cable seals and Standard configuration 

of direct application for pipe are described briefly in the Appendix.   
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2 Theory 

Here you can read the theory about the mortar itself (FS-GPG) and further on about the 

European Standard EN 1366-3. The temperature analysis program TASEF will also be 

described. These are the parts which together this whole report has as its starting point in. 

Several different take-offs can be made about the standard. Here the setups and the criteria’s are 

presented. The nature of the criterions eventuate that the temperature steers the most of the 

standard, thus resulting in the insulation factor being of most interest. This is also the only 

assayable task in TASEF. EI classification can be seen to be given from the fail time of the 

insulation criteria since in the most common cases the insulation criteria fails first. The 

classification is of course strived to be as high as possible with in contradicting as thin sealing 

thickness as possible.      

2.1 Firesafe GPG 

The FS-GPG is a powder, Figure 1, which mixed with water forms a pouring mortar. Retarder 

can also be added to allow longer hardening time and thereby also larger working space. The 

mortars main object is to prevent fire, smoke and poisonous gas from spreading between fire 

cells through penetrations of the cell made by cables (Figure 1), pipes and ventilation ducts. FS-

GPG also provides its service in joints and openings in walls and floors. FS-GPG is considered 

non-combustible according to combustion ISO 1182 and NT fire 001. (Firesafe, 2009) 

 

Figure 1, FS-GPG and retarder;         Mixed and applied FS-GPG 

2.1.1 Thermal and physical properties 

FS-GPG is non-combustible. Table 1 describes the parameters that mostly control the mortars 

capacity to withstand fire and heat transfer recognized to this phenomena.   
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Table 1, Thermal and physical properties of FS-GPG (Firesafe, 2009) 

Thermal Properties     

Specific Heat 20 °C 575 J/kg °C 

  1000 °C 986 J/kg °C 

Thermal conductivity 20 °C 0.19 W/m °C 

  100 °C 0.15 W/m °C 

  500 °C 0.17 W/m °C 

Physical Properties     

Density specific gravity   0.8-0.9 g/cm2 

Moisture content 20 °C 5.2 % 

 

Since the mortar mainly consists of gypsum there can be a presage that it has thermal properties 

reassembling with it. Above all latent heat due to crystalline bound water is likely to appear. 

Observe that there is some change in the specific heat described in the thermal properties. Later 

on an analyse will be done to see if the change in specific heat describes the whole change in 

latent heat due to evaporation of crystalline water or if some other unspecified and not 

considered reactions will appear.  

2.2 European Standard, 1366-3:2009 

Within the fire resistance of building components and constructions there are several different 

fire resistance classes. It can be classified in one or more of these classes, giving it different 

performance criteria. This criterion is bound to a certain amount of time, decided by fulfilled 

time in standardised fire test. (SP Technical Reserch Institute of Sweden, 2012) European 

Standard, 1366-3:2009 is one among many of these tests. This standard is of large interest since 

it makes the presumption of how fire sealants such as FS-GPG must be designed.  

2.2.1 General information 

Fire resistance tests for service installations – part 3: penetration seals are the part of the EN 

1366 that specifies a method of tests and criteria for the evaluation of the ability of a 

penetration seal to maintain the fire resistance of a separating element at the position at which 

it has been penetrated by a service. The standard is used in conjunction with EN 1363-1. 

(CEN/TC127, 2009) This European Standard establishes the general principles for 

determining the fire resistance of various elements of construction when subjected to standard 

fire exposure conditions. (Swedish Standards Institute, 2012) 
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There are three large purposes that EN 1366-3 assesses and which it evaluates. It´s the 

performance on integrity and insulation as an effect from penetration on the separating 

element as well as the same performance of the penetration seal. Further on it covers the 

insulation performance of the penetration service or services. (CEN/TC127, 2009) 

Integrity (E) is the ability of a test specimen of a separating element of a building construction, 

when exposed to fire on one side, to prevent the passage through it of flames and hot gases and 

to prevent the occurrence of flames on the unexposed side (SP Technical Reserch Institute of 

Sweden, 2012). EN 1366-3:2009 uses cotton pads with 30 mm clearance from adjacent surfaces 

(CEN/TC127, 2009) (SP Technical Reserch Institute of Sweden, 2012). If this pad ignites it 

means that the integration has failed and the time accomplished is the integrity performance 

for the construction. The supervisor of the test performed can also decide that the integration 

has failed by observation of flames or large cracks.  

The insulation (I) is the ability of a test specimen of a separating element of a building 

construction, when exposed to fire on one side, to restrict the temperature rise on the 

unexposed face below specified levels. (SP Technical Reserch Institute of Sweden, 2012) 

Since EI is the performance criteria to be evaluated the time is bounded by the first of the 

classes to fail. It’s almost exclusively the insulation that fails first in EN 1366-3:2009, 

concentrating the test around this. 

The intent of the standard is not to provide any quantified information concerning the rate of 

leakage of smoke, hot gases nor the transmission or generation of fumes. This can only be 

noted to describe the general behaviour of test specimens during the test. (CEN/TC127, 2009) 

2.2.1.1 Separating elements 

There are two wall types represented in the testing of penetration seals. It’s either rigid wall, e.g. 

separating elements made by aerated concrete slabs, thickness in accordance to required fire 

resistance classification. Or flexible wall were there are several different standards depending on 

the indicative fire resistance preferred. Considering floors, rigid floor is the only one 

represented and it has the same requirements as the rigid wall. (CEN/TC127, 2009) 

2.2.1.2 Performance criteria 

The most interesting part of the performance of a material is the insulation criteria.  This is a 

temperature dependent criteria and consists of how long time in completed minutes for which 
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the test specimen continues to maintain its separating function during the test without 

developing an increase in temperature at any location above the initial average temperature by 

more than 180 °C on its unexposed surface, spaced 25 mm from the breakthrough of the 

service. (CEN/TC127, 2009) (Danish Institute of Fire and Security Technology, 2008) 

2.3 Test Conditions 

When conducting a test in accordance to EN 1366-3:2009 there are several conditions that 

must be fulfilled. The most important conditions concerning the furnace are the temperature 

conditions and pressure conditions; these will briefly be described below. In order to preserve as 

real circumstances as possible sometimes weights also needs to be applied to the supports, 

referred to in chapter 0; this is an approach to simulate the weight of a whole service, since only 

about a meter is used in the test.  

2.3.1 Temperature conditions 

As with most European Standard tests the temperatures considered in EN 1366-3:2009 is the so 

called standard curve according to ISO 834-1 or EN 1363-1. It’s a logarithmic temperature 

development, equation(2.1), and should represent a normal compartment fire  

 345 log(8 1) 20T t      (2.1) 

Where 

T = Furnace temperature [°C] 

t = Time [min] 

The temperature is controlled by plate thermometers in the test furnace. Just to get an 

understanding of the magnitude of the fire exposure the ISO 834-1-curve is presented in Figure 

2. 
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Figure 2, ISO 834-1 and EN 1363-1 - Standard Heating Curve 

2.3.2 Pressure conditions 

The pressure conditions are given in EN 1363-1. The most important note about the pressure is 

that in the zone where the services are positioned, a positive pressure of at least 10 Pa must be 

exceeded. (CEN/TC127, 2009) 

2.4 TASEF 

TASEF is a computer program that uses finite element method (FEM) to theoretically calculate 

temperature in fire exposed structures. It takes in to account that thermal properties of certain 

materials varies with temperature and can  also consider latent heat at different temperatures, 

especially due to evaporating of water, which can readily be programmed straight into the 

program. (Sterner & Wickström, 1990) 

The boundary condition can personally be specified and are expressed in time-temperature 

relations. Further on view factors is used to calculate heat transfer across internal voids (if such 

exists), thus the radiative heat transfer from one surface to another. (Sterner & Wickström, 

1990) 
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A brief theory around the computer code is presented below. Both the finite element method is 

shown as well as the conditions associated with the boundaries, which are also commented. 

Most interesting also some thoughts about the credibility of the program is stated.    

2.4.1 The Finite Element Method 

The program considers two dimensional problems but also works with axi-symmetrical 

structures. The transient two-dimensional heat transfer equation(2.2) is solved, as mentioned, 

by FEM. (Sterner & Wickström, 1990) 

 ( ) ( ) 0
T T e

k k Q
x x y y t

  

  

 
   

 
 (2.2) 

Where  

x, y = Coordinates [m] 

T = Temperature [K or °C] 

k = Thermal Conductivity [W/mK] 

e = Specific volumetric enthalpy, see equation (4.1) [J/m3] 

t = Time [s] 

Q = Internally generated heat  [W/m3] 

As the method suggests the body analyzed is divided into elements and its internal temperature 

is approximated by the nodal temperatures. (Sterner & Wickström, 1990) 

The finite element method uses equation(2.2) in matrix format where the two first terms signs 

the heat flow in each x- and y-direction. The third term takes the specific volumetric enthalpy in 

aspect as a relation of time. The increase in internal energy makes the heating less fast, hence 

the negative sign. The heat generated internally then will be the result of these three terms but 

instead of using this on the right hand of the equal sign, the internally generated heat is set as a 

term and the whole equation now should be in equilibrium thus the result should be zero. The 

internally generated heat can be added in the problem and may be a result of chemical reaction 

etcetera. These steps are further on calculated at the time increments set in the program, and a 
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temperature at every specified node can be withdrawn at personal specified times. Discretisation 

of equation (2.2), with Q = 0 gives equation (2.3) 

 ( )
d

K T E F
dt

    (2.3) 

Where 

K  = Heat conductivity matrix 

T  = Nodal temperature vector 

E  = Nodal energy vector 

F  = Nodal external heat flow vector 

Further on inserting the nodal energy vector at time i +1, equation (2.3) may be substituted into 

a forward differences time integration scheme 

 1 ( )i i i iE E t F KT     (2.4) 

Where Δt is the time increment. 

2.4.2 Heat transfer at boundaries 

In TASEF the heat flux to the boundaries is specified as the third kind of boundary condition 

 4 4( ) ( )g s g sq T T T T       (2.5) 

Where  

ε = Resultant emissivity [-] 

σ = Stefan-Boltzmann constant [W/m2 K4] 

    = Absolute surrounding gas temperature  

 (here the fire temperature) [K] 
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    = Absolute surface temperature [K] 

β = Convective heat transfer coefficient [W/m2 Kγ] 

γ = Convective heat transfer power [-] 

The convection properties β and γ are dependent on the local conditions (Sterner & 

Wickström, 1990). The use of β and γ is an effort to make the flow conditions and the surface 

properties as physical true as possible and can take both forced and natural convection into 

account for a result closer to the truth. But it also makes the problem more complex resulting 

in more things that can be erroneous. With this given, an adequate way to treat the problem is 

to ignore the convective heat transfer power (i.e. replace it with one) and replace the convective 

heat transfer coefficient with a new convective heat transfer coefficient, h, turning equation 

(2.5) into 

 4 4( ) ( )g s g sq T T h T T     (2.6) 

The use of equation (2.6) lets us use values of the heat transfer coefficient denoted in Eurocode 

thus also making the problem more standardized.  

2.4.3 Credibility 

The liability of TASEF has been evaluated in several different theses. It has to be considered 

that, as with all calculation models, TASEF has both its upsides and downsides. In the SP 

REPORT 1999:36 (Wickström & Pålsson, 1999)  there are presentations made which proposes 

verification studies that should be compared with other computer codes. The report analyzes 

the weight of using the right time increment and the right size of nodes. The report also 

presents that a developed model in TASEF can in a linear temperature problem be compared to 

an analytical approach with good results. In tougher non-linear cases such comparisons thus 

should be made with other finite element or volume computer codes. Currently SFPE is 

working on a standard for calculation of temperature in fire exposed structures. In that work a 

report has been written, this shows that TASEF and the well-known commercial code Abaqus 

calculate the same temperatures for variety of cases relevant in fire protection engineering 

(Jeffers, Wickström, McGrattan, 2013). 

It is concluded that small elements gives more accurate calculation. This is especially needed 

were non-linear temperature distribution is expected, e.g. near boundaries. (Sterner & 
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Wickström, 1990) It is also wise to have smaller elements near transitions between materials. 

Less predictive temperature distribution is expected here demanding more calculations for 

more accuracy.   

In the report (Wickström & Pålsson, 1999) a straight comparison concerning voids (enclosed 

surfaces, hollows) in TASEF can be compared with SAFIR (Université de Lège, 2011) it shows a 

similarity in there prediction of the air temperature within the void. This gives credibility to 

both programs. 

Since material properties are hard to predict this is one of the most critical points of views. A 

fault in the material parameters could induce several consequential errors, diverging the 

simulated results from the expected results. As with all other accuracy concerns, it is strictly 

up to the user to evaluate the assumptions made. 

TASEF consider critical time increments (Sterner & Wickström, 1990). It’s of weight that the 

time increments isn’t set too long, this will lead to numerical instabilities resulting in 

terminated simulations. The critical time increment depends on the smallest value of an 

element dimension divided by its thermal diffusivity. Considering this there is a good idea to 

couple nodes in thin materials which is good leaders, e.g. copper cables.  The temperature is 

then thought to be the same for the coupled nodes. As with sensitivity tests of the mesh, also 

sensitivity test should be performed with the critical time increment. The test should provide 

information about when the simulations results don’t continue to converge in any great way 

deciding what the right critical time increment is. E.g. when lowering the critical time 

increment by, let’s say, one decimal at a time there would be a point where the simulation time 

exceed the benefits of accuracy in temperatures collected.  
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3 Method 

The report is derived in to several different parts. It’s based on a theoretical assessment were a 

lot of literature is consulted to accomplish a wide perspective and a base understanding. 

3.1 Introduction and theory (1 & 2) 

The introduction and the theory parts were derived to get an understanding of the fire sealant, 

the computer code and the standard that steers the classification of applications such as cable 

penetrations. The development is a lead from literature reviewed, earlier experience from the 

computer code and conversations with both the developer of TASEF, Ulf Wickström and 

corporate representatives from Firesafe AS. The representatives originate from different parts of 

the company, resulting in credibility. As a first step of the work a field trip to a full scale test 

were conducted. The trip were due to gain a great first understanding, this broad knowledge 

would then serve as a fall back when hard times would appear. Some experience will be 

presented in the chapter 4, Empirical background facts. 

3.2 From literature to discussion 

 

Figure 3, Structure of thesis, with exception of the chapters above 

Figure 3, Structure of thesis, shows a scheme of the general approach of the thesis. The work 

will go from gaining knowledge from literature reviewed to an analysis of the outcome.  

3.2.1 Literature study 

Since no availability of neither chemical nor physical testing facilities are of disposal a heavy 

literature study will be performed. It is the properties of the FS-GPG that are of interest. Studies 

will be performed on both available data of FS-GPG and if possible, reassembling materials will 

be compared. In order to be able to give input to TASEF in a correct way adoptions have to be 

made. Physical properties of boundary conditions must also be reviewed in order to make the 

simulations as close to nature as possible.  

Also the properties of the materials penetrating the mortar must be studied e.g. copper and 

steel. In general the author will use the most common and most available data found.  

Evaluation/ 
Outcome 
Chapter 6 

 
Literature study 

Chapter 4 

Discussion and 
analysis 

Chapter 7 
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3.2.2 Evaluations 

There are several different tests made with FS-GPG in different applications. The test with 

relevance of this report will be displayed and commented in chapter 5. These tests will then be 

the background for the evaluation of the material parameters of FS-GPG. To be able to assess 

the problem at its fundamental form the first evaluation will be between simulations and test 

with mortar only, there will be no penetration of any application. When a good correlation can 

be seen, these parameters will form the plausible properties of FS-GPG.  

Second step in the evaluation part will then consider penetration. Simulations made with 

TASEF now will be compared with real tests with penetrations. Since TASEF is a two 

dimensional program, an approach using an axis-symmetric problem will be used. 

3.2.3 Discussions 

When the extraction of validation of the outcomes can’t go any further a discussion of the 

results will be made. Parallels will be made between what should have and what shouldn’t have 

shown in the simulations. The author will also state further development of the model and 

possible usage of its content.   

3.3 Method Criticism 

The most critical part of this report is the contingency of the material parameters used. There is 

a risk in the suggestion of the use of mainly theoretical values and it might give a source of 

error. Evaluation of the material could have been more practical, giving the method a more 

inquiring nature.  It must also be considered that the report is due to use exclusively one finite 

element program. There is no practical way to use more than one program if the intent of the 

report is not to validate a program. TASEF is already validated in different applications, see 

2.4.3 Credibility, with this in consideration no validation will be conducted in this report.  
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4 Literature 

In the literature section the intent is to establish sufficient data in ability to perform the later 

simulations. It states the variables that need to be taken into account. Some generalisations and 

simplification is done in order to achieve a workable model. The literature is mainly collected 

from the web and is perceptively chosen.   

4.1 Data Collection 

When performing calculation in TASEF, both material properties and boundary conditions 

must be assigned. Below first the boundary conditions will be sorted out, after this the 

assumptions of the FS-GPGs properties will be done. These assumptions then needs to be 

evaluated, this will be done in Validation of Enthalpy used in calculations, section 6.2.   

4.1.1 Variables according to fire in TASEF 

There are several different variables to assign the simulations in the TASEF modelling. Three of 

these concern the boundary conditions; it’s the emissivity, the heat transfer coefficient and the 

correction factor/unsafe factor. As discussed above values from Eurocode 1991-1-2 (CEN/TC 

250/SC, 2002) will be used, leading the correction factor/unsafe factor set to one and the heat 

transfer coefficient taken from the standard. Accordingly it should be set to 25 W/m2K at the 

fire side (i.e. standard time-temperature curve).  At the cold side (ambient temperature, 20 °C) 

the heat transfer coefficient should be set to 4 W/m2K. Alternatively Eurocode 1991-1-2 

(CEN/TC 250/SC, 2002) induces an option to choose the coefficient to be 9 W/m2K, in an 

effort to take the radiation into account. But since this later is considered by the emissivity, the 

coefficient 4 W/m2K is chosen in this case.   

The emissivity which indicates how much of the incident radiated heat that’s being absorbed to 

the materials and is a measure of how efficiently a surface emits heat relatively to a blackbody 

surface (ranging from 0 to1) (National Physical Laboratory, 2010) is set to 0.8 to represent an 

average of the emissivity’s of the different materials. According to EN 1992-1-2 the emissivity 

related to a concrete surface should be taken as 0.7. Whereas FS-GPG:s emissivity should be 

considered a bit higher. Further on the copper, as it is a metal, will have a quite low emissivity 

but as it is exposed to fire it will oxidize and achieve higher emissivity. Concerning sheathed 

cables the sheath exposed to fire quickly will melt but not to leave bare copper, no it will leave a 
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contaminated cable with relatively high emissivity. These factors enhance the choice of the 

emissivity.  

4.1.2 Enthalpy of GPG as a first approach 

An important material property is the enthalpy; via this the heat capacity is taken into account 

in TASEF. The nature of enthalpy is hard to predict. The specific heat of a material is 

dependent of the enthalpy and can be determined using differential scanning calorimetry 

(DSC). By scanning the specific heat of the material you can by reversed calculation then 

determine the enthalpy. The differential scanning calorimeter is highly technical and the figures 

from the FS-GPG datasheet can be discussed due to its age. Since no available equipment were 

at hand the calculations is based on the FS-GPG datasheet anyway.   

It is important to make distinguish between sensitive heat and latent heat. The sensitive heat is 

dependent of the temperature rise and the specific heat capacity whereas the latent heat is 

dependent of phase changes in the structure of the material. Below, at this first approach to the 

enthalpy of FS-GPG, mainly sensitive heat will be taken into account. 

According to Sterner & Wickström, 1990 the specific volumetric enthalpy defines as (4.1) 

 
0

(  dT + )

T

i

T

e c   (4.1) 

where  

TO  = reference temperature [K] 

c = specific heat capacity [J/kg K or Ws/kg K] 

ρ = density [kg/m3] 

i  = latent heat (and sensitive heat) at various temperatures [J/m3 or 

Ws/m3] 

Since in the author’s calculations, TASEF bases its specific volumetric enthalpy on Watt-hours 

(Wh) which is equivalent to 3600 joules the specific volumetric heat from equation (4.1) now 

becomes 
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 (4.2) 

where the components on the right hand side of the formula are in SI-units. It can in this first 

approach, without any laboratory studies, be considered that the only phase change predicted to 

occur is the vaporization of water. This effect can be programmed straight into TASEF but in 

ability to make the calculation more manageable and lucid the enthalpy from evaporation of 

water is withdrawn from the formula (hence the use of li).The phase change will only be present 

for a shorter period of time i.e. between two prescribed temperatures where the water is 

thought to be evaporated. Introduction of three different models of the enthalpy change due to 

water heating and evaporation has to be presented, equation (4.3) - (4.5) 

Equation (4.3)represents the rise in enthalpy due to sensitive heat of the water still not 

evaporated from the FS-GPG 

 1 : ( )w wT T e T u c T       (4.3) 

Equation (4.4) represents the enthalpy from the latent heat of the water evaporating from the 

material; it also considers the sensitive heat from the water still not being evaporated. 

 2 2 1 2 1

1
: ( ) ( ) ( ( ) )

2
w w w vT T e T e T u c T T H        (4.4) 

Since all water is considered evaporated after T2, no effect from the water will influence the 

enthalpy, resulting in enthalpy from the latent heat being constant from the temperature, T2, 

equation (4.5) 

 2 2: ( ) ( )w wT T e T e T   (4.5) 

we  = enthalpy of water at certain temperature [J/kg] 

1T  = Start of evaporation [°C] 

2T  =  End of evaporation [°C] 

u  = Moisture content [%] 
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vH  = Heat of vaporization (water) [J/kg]  

To simplify the calculations an assumption is made where the density of the FS-GPG stays the 

same at the whole time; the density is set as the mean value from Table 1, i.e. 850 kg/m3. The 

heat capacity on the other hand is seen as linear between the temperatures as can be seen in 

Table 1. Above the tables limiting 1000 °C the heat capacity is estimated by an assumption that 

it still has the same linearity as between 20 °C and 1000 °C. . Only five points will be evaluated 

since the volumetric enthalpy ought to be seen as close to linear between these points.    

3(0) 0 Wh/me   

First the specific volumetric enthalpy from the latent heat of the free water will be evaluated 

using equation(4.3), the assumption is that the evaporation of water starts at 100 °C. From 

Table 1 we get the moisture content (u), 5.2 %. 

3(100) 0.052*4187*100*850 18.5 MJ/mwe    

Next the specific volumetric enthalpy at the end of the evaporation will be calculated using 

equation (4.4), the vaporization is considered to end at 110 °C. 

6 31
(110) (100) 0.052( 4187(110 100) 2.26 10 ) 850 119.3 MJ/m  

2
w we e         

As can be seen in equation (4.5) the rise in enthalpy due to the affection of water above the 

point of 110 °C then will be constant at higher temperatures. With this in hand the final 

enthalpies for all temperatures can be calculated using equation (4.2) with a substitution 

 0

 dT + e

3600

T

w

T

cp

e 


 (4.6)  

where the components on the right hand side of the formula are in SI-units.  

Equation (4.6) together with the specific volumetric enthalpy from the latent heat of the free 

water gives the final specific volumetric enthalpy at 100 degrees 

100

6

30

986 575 dT + e (100) (575 80) 850 100 18.51 10
980(100) 19532.9 Wh/m

3600 3600

wcp

e
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Using equations (4.6) together with the specific volumetric enthalpy at the end of the 

evaporation, the specific volumetric enthalpy at 110 °C are calculated 

110

6

30

986 575 dT + e (110) (575 90) 850 110 119.3 10
980(110) 49085.8 Wh/m

3600 3600

wcp

e


     

  


 

Figure 4 shows two graphs, one realistic curve and the curve used in TASEF. The realistic curve 

is a result of using indefinitely many temperatures. TASEF has a limitation in how many 

corresponding points that can be used resulting in the use of only five points, as mentioned 

above. The middle temperature is chosen to fit the realistic curve. Using equations (4.5), (4.6) 

and the assumption of linearity at the temperature 650 °C, an enthalpy that should respond 

quite well to this fit will be given, see Figure 4 again. 

650

6

30

986 575 dT + (110) (575 630) 850 650 119.3 10
980(650) 162095.1 Wh/m

3600 3600

wcp e

e


     

  


 

Since the temperature range of the input material properties must cover the highest expected 

temperature, the last temperature is chosen to as high as 1200 degrees using equations (4.5), 

(4.6) and the assumption of linearity made above. 

1200

6

30

986 575 dT + e (110) (575 1180) 850 1200 119.3 10
980(1200) 336560.8 Wh/m

3600 3600

wcp

e
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Figure 4, Conventional Temperature-Enthalpy curve for TASEF, red line representing infinitely many 
points and blue curve representing the five values programmed in TASEF. 

4.1.3 Specific Heat and Enthalpy of FS-GPG, second approach 

As a different approach to analyze the specific heat and enthalpy of FS-GPG an earlier thesis 

where studied. The thesis, Fire Resistance of Light Timber Framed Walls and Floors (Thomas, 

1996) contains a literature review where the same properties of plasterboard are evaluated. 

Plasterboard can be considered similar in mixture as FS-GPG. FS-GPG and plasterboard mainly 

build on gypsum, over 90% in plasterboard (Thomas, 1996) whereas FS-GPG contains about 

86% (Kristiansson/bh, 1980). Further on there are other materials such as glass and volcanic 

stone. In plasterboard there is vermiculite (Thomas, 1996) and in FS-GPG there is perlite. 

These materials can be considered quite similar since they can replace each other in 

applications such as; fire retardance, lightweight aggregate and thermal insulator (Industry and 

Investment NSW, Mineral Resources, 2007). Continuing, dry gypsum, with no free moisture, 

can be considered containing 21% water by weight (Thomas, 1996), an approach of how much 

this is for FS-GPG may later on be assigned. There is also an amount of free moisture driven of, 

5.2 % in FS-GPG according to Table 1. Contrasting this with gypsum plasterboard which has 

an equilibrium moisture content of about 4-8%, depending on ambient conditions (Thomas, 

1996), FS-GPG correspond quite well in the respect of free moisture.  
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4.1.3.1 Literature Reviewed 

Thomas (1996) studies Harmathy (1988), Andersson and Jansson (1987) and Mehaffey et al 

(1994) to conclude an approach to the specific heat and enthalpy problem. Harmathy induces a 

relatively low peak in enthalpy at 100°C. Andersson and Jansson states that 75 % of the 

crystalline bound water starts to evaporate at 100°C and the rest of the crystalline bound water 

evaporating at 210°C. The first reaction is significantly larger than the one Harmathy implies 

and where the second is about the same magnitude as Harmathys only observed reaction. 

Mehaffey et al recorded almost the same thing as Andersson and Jansson, they found a peak in 

the same size and region. Unfortunately no second peak where observed since the test carried 

out by Mehaffey et al only where measured up to 200°C. (Thomas, 1996) 

4.1.3.2 Specific heat of FS-GPG 

No estimation of the specific heat was applied since the technical sheet of FS-GPG states 

measured values.  According to Table 1 the specific heat is 575 J/kg°C at 20°C and 986 J/kg°C 

at 1000°C. As a simplification it can be assumed to be linear between these temperatures and 

also above. As mentioned earlier some reaction is measured within the region of the specific 

heat, hence the gain. An assumption is made where this increase isn’t seen as an effect from the 

evaporation of water but some other effect, this moreover will be discussed in the last chapter, 

thus supposed it is specific heat for “dry” FS-GPG. 

4.1.3.3 Sensitive heat  

As concluded in chapter 4.1.2 the sensitive heat is the heat released when a material is exposed 

to a temperature inclination. It is dependent of the temperature and the specific heat. There 

will be sensitive heat from both the material (FS-GPG) and the water within the material when 

exposed to a temperature increase. To make an easy overview, the both phenomena will be 

described separately. 

4.1.3.3.1 Sensitive heat from dry FS-GPG 

The sensitive heat of, supposed, dry FS-GPG consists of the temperature increase times the 

specific heat capacity of the material 

 
s GPG gpgq T c    (4.7) 

cgpg = Specific heat capacity, FS-GPG [J/kg K] 

T = Temperature [°C] 



22 

qs-GPG = Sensitive heat, dry FS-GPG [J/kg] 

The sensitive heat of dry FS-GPG, denoted qs-GPG, must be specified at all temperatures that are 

valid in a furnace test. The temperatures chosen due to the expected importance in the 

materials nature are presented in Table 2.The maximum temperature 2000 °C is only chosen in 

order to avoid any faults connected to an insufficient range of material properties.  

Table 2, Supposed temperatures of importance due to FS-GPGs nature and short explanations why 

100 °C Free water starts to evaporate from the material 

110 °C Free water evaporated,  dehydration one starts 

130 °C Dehydration one stops 

160 °C Dehydration two starts 

240 °C Material dehydrated 

2000 °C Limit temperature for calculations 

 

4.1.3.3.2 Sensitive heat from the free water 

When FS-GPG is heated the water within the material will absorb heat in the same way as the 

material itself. It is in addition to the temperature increase and the specific heat capacity of 

water also dependent of the moisture content in the material, i.e. the level of free water in FS-

GPG 

 
s w vap wq T c u     (4.8) 

Where 

cp,w = Specific heat capacity, water [J/kg K] 

u = Residual free water, percentage by weight [%]  

Tvap = Temperature of evaporation [°C] 

qs-w = Sensitive heat, Residual free water [J/kg] 

4.1.3.4 Latent heat 

As an effect of phase changes, there will be some endothermic reactions, or latent heat from the 

dehydration of FS-GPG. It consists of water evaporating and other reactions that may occur. 
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4.1.3.4.1 Latent heat from free moisture evaporation 

The first latent heat reaction that will occur is the evaporation of free moisture in the material. 

There will be an increase in specific energy due to the free moisture evaporating between about 

100°C – 110 °C; roughly it can be approximated as 

 
l fw vq u H    (4.9) 

Where 

Hv = Heat of vaporization (water) [J/kg] 

u = Residual free water [%]  

ql-fw = Latent heat from vaporisation, Residual free water [J/kg] 

Table 1 state that there is 5.2 % residual free water in FS-GPG. As a simplification the amount 

of water is rounded of to 5 %. 

4.1.3.4.2 Water of Crystallization 

As an inference of the literature reviewed and the interpretation of the resemblance of 

plasterboard and FS-GPG it can be concluded that there might exist two endothermic reactions 

during heating of FS-GPG, where the crystallized water is removed.  

The two products developed in dehydration of gypsum are Anhydrite and Bassanite. At these 

two stages there is energy consumption by the water released from the crystals. It typically 

appears in two different, reversible reactions (Manzello, Park, Mizukami, & Bendts, 2008). First 

reaction (4.10) as an intermediate state where Bassanite (Barthelamy, 2012a) is observed, this is 

followed by reaction (4.11) where the Anhydrite (Barthelmy, 2012b) is observed. In common 

this is for many people the only product associated with dehydration of plaster. To shape an 

understanding of how the FS-GPG might work these phenomena has to be understood.    

 4 2 4 2 2 2H  (1/ 2) (3 / 2)CaSO O Q CaSO H O H O    (4.10) 

 4 2 4 2 (1/ 2) (1/ 2)CaSO H O Q CaSO H O    (4.11) 

In addition of the crystalline water evaporating from the material some heat of reaction will be 

produced at each step of the dehydration. The first dehydration reaction can occur in two ways, 

where either α form or β form of bassanite is produced. They differ in the amount of heat of 
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reaction, where α form needs 100 kJ/kg and β form needs 112 kJ/kg to form. (Thomas, 1996) 

Due to the range of heat of reaction, α form is considered for plaster (Thomas, 1996), why also 

this is used for FS-GPG in this approach.  

Considering the choice of α form production of bassanite in the first dehydration the obvious 

conclusion would be that α form of anhydrite will be produced in second dehydration. Leading 

to the heat of reaction in the second dehydration to be 50 kJ/kg, according the same literature 

(Thomas, 1996). 

Consequently the latent heat contribution for the first dehydration will be 100 kJ/kg and for 

the second dehydration it will be 50 kJ/kg. 

Reaction (4.10) and (4.11) states that 75 % by weight of the crystalline bound water evaporates 

at the first reaction and 25 % at the second reaction. The energy required solely for the 

evaporation of water would then be 

 , 1 0.75l d c vq w H    (4.12) 

for the first dehydration  and 

 , 2 0.25l d c vq w H    (4.13) 

for the second. 

Where 

wc  = Percentage by weight of crystalline bound water [%]  

Hv = Heat of vaporization of water [J/kg] 

ql = Specific  heat of evaporation [J/kg]   

As mentioned earlier the amount of crystalline bound water in gypsum is approximately 21 %. 

FS-GPG reassembles gypsum but this doesn’t mean it automatically acquire all its properties. 

There is a need to evaluate additionally amounts of crystalline bound water in FS-GPG, the 

amounts to be evaluated are 21 %, 23 % and 25 % crystalline bound water.   
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4.1.3.5 Final Enthalpy 

To be able to design a final enthalpy model of FS-GPG, a combination of the entire 

phenomena must be derived. At first an assumption of when the moisture will merge from the 

material has to be done. The temperatures are stated in Table 2, these comes from conclusions 

from chapter 4.1.3.1 where a first dehydration is seen at 100 °C for plaster and a fully 

dehydrated plaster is observed at 210°C. The similarity between plaster and FS-GPG doesn’t 

automatically make this valid e.g. studying live cases of fire tests with FS-GPG (Kristiansson/bh, 

1980) there could be considered a delay in the evaporation.  In ability to achieve a defensible 

model although almost identical reaction temperatures are used.  

Repeating above conclusions the free water will evaporate between 100 °C and 110 °C. The 

first dehydration of the crystalline bound water is approximated to start at 100°C and end at 

120°C. The second dehydration of the crystalline bound water is approximated to start at 200 

°C and end at 220 °C. The top value (2000 °C) is chosen in accordance to present a model 

without limitation in temperature range. The idea can be seen in Table 3 were also the specific 

heat and density at the certain temperatures, based on Table 1, is denoted. 

Table 3, Specific heat and density of FS-GPG at levels decided by the two separate dehydration reactions 

Mode 
Temperature 
[°C] 

Specific heat 
[J/kg°C] Density[kg/m3] 

Bottom Value 0 0 850 

Dehydration of free moisture starts 
Dehydration 1 - Start 100 660 850 

Dehydration of free moisture ends 110 670 810 

Dehydration 1 - End 120 690 800 

Dehydration 2 - Start 200 720 800 

Dehydration 2 - End 220 800 800 

Top Value 2000 990 765 

 

Combining latent heat and sensitive heat table 4 shows the heat associated with each 

corresponding temperature. It must also be known that the reaction that has occurred adds up 

with the new one resulting in an increase in internal energy all through a temperature incline.   
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Table 4, sensitive heat and latent heat correspondent to each specified temperature, also note that the 
heats accumulates  

Mode Temperature [°C] 
Associated heat/enthalpy in the 
temperature interval  

Bottom Value 0 None 

Dehydration of free moisture 
starts 
Dehydration 1 -Start 0-100 

- Sensitive heat from dry FS-GP  
- Sensitive heat from free moisture 

Dehydration of free moisture 
ends 100-110 

- Sensitive heat from dry FS-GP  
- Latent heat from free moisture 
- Half latent heat from dehydration 1 

Dehydration 1 - End 110-120 
- Sensitive heat from dry FS-GP  
- Half Latent heat from reaction 1 

Dehydration 2 - Start 120-200 

- Sensitive heat from dry FS-GPG 

Dehydration 2 - End 200-220 

- Sensitive heat from dry FS-GP  
- Latent heat from dehydration 2 
- Latent heat from reaction 2 

Top Value 220-2000 - Sensitive heat from dry FS-GP  

 

Further on the associated heat at each temperature must be multiplied with the density 

correspondent to the temperature at which the heat is absorbed by the material to achieve the 

specific volumetric enthalpy. As mentioned before TASEF by default uses hours as the time 

unit and consequently Wh/m3 when considering the enthalpy, this has to be taken into 

account. Table 5 shows the final enthalpies at three different hydration intervals.  

Table 5, Specific volumetric enthalpy for FS-GPG for different hydration (21-25 %) 

Temperature [°C] 21 % Tasef [Wh/m3] 23% Tasef [Wh/m3] 25% Tasef [Wh/m3] 

0 0 0 0 

100 20400 20400 20400 

110 99531 103377 107224 

120 151716 159329 166942 

200 165156 172769 180382 

220 206083 216207 226331 

2000 579038 589162 599286 

 

Figure 5 illustrates the enthalpy change in a graph; it gives a perspicuous image of the reactions 

that may be associated with dehydration of FS-GPG.   
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Figure 5 Temperature-Enthalpy curve, showing the reactions associated with dehydration of water between 
100 – 240 °C at three different hydrations of the crystals (21 – 25 %). 

The amount of heat absorbed by the material together with its calculations as well as the 

calculations considering the specific volumetric enthalpy are presented in Appendix B – 

Calculations of Specific volumetric Enthalpy of FS-GPG. 

4.1.4 Thermal conductivity 

From Table 1 the thermal conductivity up to 500 °C can be derived. TASEF will linear adapt 

the conductivity between the defined values. Over 500 °C some adoption has to be done. 

Ablation is one effect discussed by G.C. Thomas (1996); this is the effect of the surface 

degrading and may also be an effect of vaporization at the surface etc. G.C. Thomas (1996) 

states that ablation will occur above 900 °C for glass fibre reinforced plasterboard. Since 

commercially interests hinder the exact amount of glass fibre in materials to be uncovered, a 

rough assumption still will be that FS-GPG contains quite much of this substance; resulting in 

protection from large ablation even at high temperatures.  

Considering rather low, over all, thermal conductivity for FS-GPG an adoption is made where 

the conductivity will increase with double its magnitude from 500°C to 1000°C. It can be 

discussed if the material parameters from Table 1 are valid; the information is quite old but 

must be seen as trustworthy. Conclusions from G.C. Thomas (1996) literature study show the 
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resemblance between gypsum plaster board and FS-GPG. This should prevail somewhat large 

ablation also for FS-GPG. Since no large ablation is indicated at any live tests of FS-GPG the 

thermal conductivity of the material is seen to be constant after reaching 1000 °C. Table 6 

shows the thermal conductivity later on used in TASEF.  

Table 6, Thermal Conductivity for FS-GPG, values up to 500 °C from manufacturer, above 500 °C 
estimated values. 

Temperature 
[°C] 

Thermal Conductivity 
[W/mK] 

20 0.19 

100 0.15 

500 0.17 

1000 0.35 

2000 0.35 
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5 Empirical background facts 

This whole thesis originates from a trip to PAVUS fire testing laboratory, situated in Veselí nad 

Lužnicí, Czech. Below some notes from the test conducted will be displayed, also short facts 

about the other used fire tests in the evaluation will be posted.     

5.1 Test of Rigid Wall at PAVUS 

At the accredited testing laboratory in Czech a full standard configuration test of large cables 

penetration seals and small cables penetration seals where conducted according to EN 1366-

3:2009 (CEN/TC127, 2009), see Figure 6, Photos from PAVUS test laboratory in Czech, 

before conductance of EN 1366-3 fire test As an observation from the test different types of 

sheeting and different types of conductors gave widely different results. The standard cables 

used were all of copper and a significant result was that conductors of small twisted copper 

wires conducted heat more effectively than conductors of larger wires, despite similarity in 

cross-section area. Also heavy duty sheeting of rubber, insulated heat more than sheeting of 

more conveniently used halogen sheets. One big concern at the start of the test was the cable 

trays of non-perforated steel. These concerns rapidly changed as the heat conducted through 

these thin plates didn’t exceed any of the tolerated temperature rise. The observation of the 

insulation and integration of FS-GPG, did neither show any notes of ablation leading to cracks 

(observations used in choice of thermal conductivity above) nor any significant rise in 

temperature on the unexposed side some distance away from the penetration. Observation due 

to leakage of smoke at the penetrations didn’t exceed what could be considered acceptable; the 

leakage would not make critical circumstances in an adjacent room. Data collected from the test 

will only be presented in the cases that it can be compared to any simulation done.

 

Figure 6, Photos from PAVUS test laboratory in Czech, before conductance of EN 1366-3 fire test 
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5.2 Test in pilot oven 

In 2004 a test of a casted lid of 50 mm FS-GPG were conducted. (Sommerset & Hansen, 2004) 

This test will be considered as the validation test used in the evaluation of the mortar. 

Boundary conditions are normally believed to vary according to vertical or horizontal affect. 

This is however ignored and the test which considers horizontal application is used as the 

reference data. The test shows a crack expanding in the material, since no cracks are to be 

expected in vertical cases with smaller seals than the one tested (1300x1300 mm (Sommerset & 

Hansen, 2004)) the temperatures considered are the ones at the parts still intact on the casting. 

The test exceeded the maximum temperature rise accepted on the ambient side in about three 

hours (Sommerset & Hansen, 2004) 

5.3 SINTEF AA-050 (FS-GPG) documentation 

SINTEF NBL has issued a product documentation considering applications of FS-GPG. It 

states the required thickness of the sealant when penetrations are done with different sizes of 

cables and pipes in different kind of walls, booth in regard to wall thickness and material. The 

requirements are derived from a range of tests performed booth at SINEF NBL in Norway and 

SP, Technical Research Institute of Sweden. (SINTEF NBL as, 2010) 
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6 Evaluation/outcomes 

At first the validation of the enthalpy for FS-GPG has to be done. When or if the validation is 

done an evaluation of the application with cables and pipes can be considered. These two steps 

will be shown below. The results from the evaluations will latter become outcome of useful 

data.  

6.1 Boundary conditions according to TASEF 

In chapter 4.1.1 Variables according to fire in TASEF, the boundary conditions used in TASEF 

is stated. To establish an ease in following the simulations; two types of boundary conditions 

are clarified, the one on the fire side and the one at the ambient side. These boundary 

conditions will then be valid in all tests presented below, if nothing else is mentioned. The 

physical constant σ (Stefan Boltzmann constant) is 5.97x10-8 kg s-3 K-4. 

6.1.1 Fire side boundary 

The temperature development on the hot side is described as the ISO 834-1 heating curve, its 

nature is described in chapter 2.3.1. 

The convection heat transfer coefficient is 25 W/m2K on this side. 

The emissivity of the material is 0.8.  

6.1.2 Ambient side boundary 

The temperature at the ambient side is 20 °C if nothing else is stated. 

The convection heat transfer coefficient is 4 W/m2K on this side. 

The emissivity of the material is 0.8.   

6.2 Validation of Enthalpy used in calculations 

In this part, validation of the earlier mentioned enthalpy models will be done. The furnace test 

mentioned in section 5.2 will be used to compare the theoretical out data from TASEF with 

measured values. One specific model of enthalpy will be chosen as the best, later used in other 

calculations of this report.  

6.2.1 Method 

To validate the outcome of the enthalpies suggested in chapters 4.1.2 and 4.1.3 an approach of 

using a report from a fire test of FS-GPG (Sommerset & Hansen, 2004) is used. The test is 
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considered since the test was conducted on FS-GPG mortar exclusively without any penetration 

of services or such.  

Four different runs in TASEF will be done using the four different enthalpies calculated. The 

fire test that will be used in comparison to TASEF is a test performed in a laboratory pilot oven. 

A deck of 1300x1300 mm GPG-mortar where casted in 50 mm thickness and used as a lid on 

the oven (Sommerset & Hansen, 2004). The time-temperature curve used in the test were ISO 

834 (Sommerset & Hansen, 2004), this is also the curve programmed in TASEF.  

6.2.2 Set-up TASEF 

Since the main interest of this first validation test is the heat transfer in y-direction, the model 

in TASEF is set up as in Figure 7. In a model were the heat flow in the transient direction is 

evaluated there is of no concern to make a large model. There will be no difference if the 

problem is a small cube or a wide model. The model is set up as a 50 mm by 50 mm FS-GPG 

cube. Due to this transient heat flow (one-dimensional) there will be no difference in 

temperature in x-direction why the element is distributed only in y-direction, the space between 

each grid line is 5 mm. 

 

Figure 7, Screenshot from TASEF, plane problem, element distribution 5 mm in y-direction, blue line 
symbolizes the fire boundary and the yellow line symbolizes the ambient boundary. 

Chapter 4.1 Data Collection presents all input data for the FS-GPG. The initial temperature for 

the material is considered to be 17°C. 
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Except the initial temperature all other boundary conditions are according to chapter 6.1, the 

blue line in Figure 7 represents the fire side boundary and the yellow line represents the 

ambient side boundary. The boundaries on each other side of the model are adiabatic.  

6.2.3 Result 

Figure 8 illustrates the four simulations in TASEF compared with live results from the test 

mentioned above; each simulation corresponds to one enthalpy (including the convenient). The 

grey scale lines named TC (14 – 18) represent the five thermocouples situated on the FS-GPG 

casting, they differ a bit from each other but overall they are much similar. The colourful lines 

each represent different mode of the enthalpies constructed in section 4.1.2 and 4.1.3.5. As can 

be seen in the diagram the temperatures using the convenient enthalpy doesn’t compare well at 

all with the real case. More over the other three enthalpies corresponding temperatures are 

similar to the test. The run with 23 % crystalline bound water reassembles best of the three 

simulated.  
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Figure 8, Comparison between surface temperatures from a fire test and from TASEF simulations. The 
coloured lines represent simulations with different enthalpies and the black lines represent thermocouple 
temperatures from test. 

The plateau, Figure 8, that is significant for the furnace test, doesn’t seem to appear in any of 

the simulations, giving thoughts that this effect is due to migration of water or some other 

unknown characteristics of the material not taken into account in the enthalpy calculations 

above. More of this will be discussed in the last chapter. 
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Although dissimilarity at the beginning there is of most significance that the temperature above 

the plateau (from about 100 minutes and 90 degrees) is more similar. With a margin of error 

the curves must be seen as almost the same. 

The final conclusion drawn from the diagrams must be that the enthalpy used in the rest of the 

simulation is the one with 23 % crystalline bound water and 5 % residual free water. It seems 

to be a small delay in the first reaction and a readiness in the second reaction otherwise an all 

over similarity is present. Table 7 presents the specific volumetric enthalpy further on used in 

the TASEF simulations. Table 8 emphasise the thermal conductivity of FS-GPG used within the 

latter simulations. 

Table 7, The final temperature-enthalpy curve for FS-GPG to be used in TASEF. 

Temperature [°C] Specific volumetric Enthalpy [Wh/m3] 

0 0 

100 20400 

110 103377 

120 159329 

200 172769 

220 216207 

2000 589162 

 

Table 8, Thermal conductivity for FS-GPG used in calculations with TASEF, values up to 500 °C from 
manufacturer, above 500 °C estimated values. 

Temperature [°C] Thermal conductivity [W/mK] 

20 0.19 

100 0.15 

500 0.17 

1000 0.35 

2000 0.35 

 

6.3 Example of TASEF runs 

Several different runs were conducted. Below the runs most valuable for the verification will be 

presented. Since copper is highly conductive the first simulation that will be presented is with 

steel penetration, this is an approach to simulate the least severe examples first in ability to 

make early conclusions of a working model. Tubing is chosen at first, this is an approach to 
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overlook the difficulties associated with sheeting of cables. The runs presented will moreover 

change in severity as the result moves on. 

6.3.1 Steel pipe 

The first run to validate if the model (material parameters) chosen, works in applications when 

FS-GPG is penetrated, consists of penetration by a steel tube. The approach is employed to 

show if the program together with the material model can handle conduction through the pipe 

at the same time as the FS-GPG cools down the tube, making it likely to achieve the same 

results as in reality. The model used in TASEF is illustrated in Figure 9. Figure 9 specifically 

shows the model of a 114.3 mm pipe penetrating 200 mm FS-GPG, all models concerning 

pipes are so alike that only one figure will be presented.  

 

Figure 9, Screenshot from TASEF, tube penetrating FS-GPG. Axi-symmetric problem, thicker red – 
symmetry line, element distribution symbolized by thinner red lines. 

From Figure 9, five values are concluded to be used in the simulations conducted in TASEF. 

There are two fixed values in each simulation; it is the length of the pipe projecting at each side 
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and the outer radius of the penetration seal. The projection length is 500 mm and the radius of 

the penetration seal is 230 mm. From case to case the measures D and R alter, D represents the 

thickness of the penetration seal and R represents the outer radius of the tube examined. The 

small letter d alters within the cases and represents the pipe wall thickness. The values will be 

stated at its corresponding chapter for each case simulated. The wider red line to the left is the 

symmetry line according to an axi-symmetric problem.  

To reduce the computer calculation times the nodes within the thickness of the pipe is coupled. 

Each node in x-direction is coupled, the black lines in Figure 9, symbols the couplings.  

The boundary conditions are all according to chapter 6.1, the blue line in Figure 9, represents 

the fire side boundary and the yellow line represents the ambient side boundary. The boundary 

on the right hand side is adiabatic.  

The most important note about the element distribution is the importance of more gridlines 

near transition between materials and near boundaries. The element size distribution used in 

each case will be tabled under its corresponding chapter, considered lower left corner in Figure 

9, as origin (0,0). 

Input data for FS-GPG is all according to chapter 6.2.3. The steel thermal properties are 

assumed in accordance with Eurocode 3: Design of steel structures – Part 1-2: General rules – 

Structural fire design (CEN/TC250, Technical Committee, 2004). The thermal conductivity (k) 

is set bi-linear k20 =54 W/mK, k800= 27.3 W/mK, and k1 200 = 27.3 W/mK. The heat capacity (c) 

is calculated by three different equations from the standard, its mean value is about 600 J/kg K. 

Density is seen to be constant at all temperatures, i.e. ρ is 7850 kg/m3. The input data for the 

materials are the same in all cases presented below.  

6.3.1.1 Pipe diameter 114.3 mm – FS-GPG thickness 200 mm 

FS-GPG is supposed to be able to handle a one sided fire and maintaining booth insulation and 

integration of the wall (including the pipe penetrating it) in 60 minutes with 200 mm thickness 

(D) of the sealant when penetrated with a steel tube with maximum outer diameter of 115 mm 

(SINTEF NBL as, 2010). Consulting standard pipe sizes (Zuhurudeen, 2011) the dimension 

closest to 115 mm is 114.3 mm, resulting in outer radius (R) of the tube being 57.15 mm. The 

pipe wall thickness (d) varies from 2.1 mm to 17.1 mm. 
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The element distribution is prescribed according to Table 9 and Table 10. The point of output 

data collected for presentation of the temperatures on the pipe is the intersection of gridline Y 

= 0.725 m and the outer diameter of the pipe, X = 0.05715 m. This intersection illustrates the 

temperatures on the pipe, 25 mm from the pipes breakthrough i.e. 25 mm from the surface of 

the FS-GPG on the unexposed side.     

Table 9, Element distribution in x-direction [m] prescribed in TASEF, pipe diameter Ø 114.3 

X-lines [m] 0.067 0.08215 0.1 0.12 0.14 0.16 0.19 

 

Table 10, Element distribution in y-direction [m] prescribed in TASEF, pipe diameter Ø 114.3 

Y-lines [m] Y-lines [m] 

0.2 0.62 

0.4 0.64 

0.46 0.66 

0.475 0.68 

0.49 0.71 

0.52 0.725 

0.54 0.74 

0.56 0.8 

0.58 1 

0.6   

 

The results from the simulations are shown in Figure 10, the figure shows simulations with 

seven different wall thicknesses. The lines 60 min and 180 °C symbolises the limitations that the 

test should sustain in ability to achieve the classification, 60 minutes (I60). 
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Figure 10, Temperatures 25 mm from the seal edge on a steel pipe (Ø 114.3 mm) simulated in TASEF 
with 200 mm FS-GPG thickness, each line representing a different standard pipe thickness. 

Figure 10 shows that the two thickest pipes in the simulation don’t manage the limitation 

stated and that the third largest maybe just manages the test. Since the documentation doesn’t 

state maximum pipe wall thickness, pipe wall thicknesses can be seen as an unlimited factor. 

This indicates that the simulations in TASEF fail to cope with the real results alternatively the 

documentation is vague. See chapter 7, Discussion and analysis, for further reflections. 

6.3.1.2 Pipe diameter48.3 mm – FS-GPG thickness 100 mm 

Consulting less thickness of sealant, a wall of 150 mm thickness but with seal thickness of 100 

mm penetrated with a steel tube with maximum outer diameter of 48 mm should preserve the 

walls integration and insulation in 120 minutes (SINTEF NBL as, 2010).  The standard pipe 

closest to 48 mm is 48.3 mm (Zuhurudeen, 2011), this pipe is presented in the test. Outer 

radius (R) of the tube will therefore be 24.15 mm. The pipe wall thickness (d) varies from 1.7 

mm to 10.2 mm. 

Since the concrete wall doesn’t affect the heat transfer through FS-GPG nor the pipe in any 

larger way in TASEF, this wall isn’t included in the simulations; this validates the use of Figure 

9 again with D = 100 mm.  Thus only the FS-GPG is included. The element distribution is 

prescribed according to Table 11 and Table 12. The point of output data collected for 
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presentation of temperatures on the pipe is the intersection of gridline Y = 0.625 m and the 

outer diameter of the pipe, X = 0.02415 m. This intersection illustrates the temperatures on the 

pipe, 25 mm from the pipes breakthrough i.e. 25 mm from the surface of the FS-GPG on the 

unexposed side.  

Table 11, Element distribution in x-direction [m] prescribed in TASEF, pipe diameter Ø 48.3 mm 

X-Lines [m] 0.035 0.0491 0.065 0.08 0.1 0.14 0.18 0.22 0.24 

 
Table 12, Element distribution in y-direction [m] prescribed in TASEF, pipe diameter Ø 48.3 mm 

 

 

Figure 11 shows the results from the simulations in TASEF, six different pipe wall thicknesses 

are visualised. The lines 120 min and 180 °C symbolises the limitations that the test should 

sustain in ability to achieve the classification, 120 minutes (I 120). 

Y-Lines [m] Y-Lines [m] 

0.2 0.59 

0.4 0.61 

0.46 0.625 

0.475 0.64 

0.49 0.66 

0.51 0.375 

0.52 0.69 

0.54 0.75 

0.56 0.95 

0.575   
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Figure 11, Temperatures 25 mm from the mortar on a steel pipe (Ø 48.3 mm) simulated in TASEF with 
150 mm FS-GPG thickness, each line representing a different standard pipe thickness. 

Figure 11 show that only the thinnest pipe in the simulation manages the limitation while the 

rest of the pipes don’t withstand the right time to be able to classify the breakthrough of the 

pipe as I 120. As discussed in chapter 6.3.1.2, an unmentioned maximum wall thickness, 

induces that pipes with all thickness should be covered by the specific application. 

6.3.1.3 Summary  

Consulting the standard pipe sizes, the standard weight thickness is 8.6 mm for Ø114.3 mm 

pipe and 3.7 mm for Ø48.3 mm pipe (Zuhurudeen, 2011).  If the test conducted in reality only 

conducts standard weight thickness, the simulation in TASEF presents a likely result with the 

Ø114.3 mm pipe. Thus it doesn’t comply with SINTEFs product documentation regarding the 

Ø 48.3 mm pipe. No conclusion of a working material model can be deemed from this.  

6.3.2 Copper pipe 

Copper significantly conducts heat more effectively than steel. As in chapter 6.3.1, consulting 

steel, two different cases will be presented below. From the result in the chapter above, it would 

be unlikely to expect a better result in these simulations. 

As with simulations of steel pipes there are several computational-, material- and physical 

properties needed to be assigned within TASEF. Figure 9 in chapter 6.3.1 still shows the 
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schematic of the set-up within the simulations with copper.  The projection length stays 500 

mm on each side and the mortar diameter is also constant at 230 mm. Penetration thickness D, 

outer radius of tube R and the pipe wall thickness d, varies with the cases simulated. 

The boundary conditions, i.e. the blue and yellow line in Figure 9 consists being programmed 

in accordance with chapter 6.1. 

As copper has a real high thermal conductivity the need of coupling node within the thin metal 

is even more critical simulating copper tubes. The black lines, Figure 9, illustrate the coupling 

of the nodes within the pipe wall. 

Input data for FS-GPG is all according to chapter 6.2.3. The thermal properties of copper used 

is the one stated by (Quintiere, 1998) at room temperature; conductivity (k):390 W/m K, the 

heat capacity (c): 390 J/kg and the density (ρ): 8940 kg/m
3. The properties can simplified be 

seen as constant at all temperatures and are set up like this in TASEF.  The input data for the 

materials are the same in all cases presented below.  

As with all simulations there are of significantly importance to have the right element 

distribution, the need of fine element size is most critical near boundaries and at transition 

between materials. The element distribution will be presented in tabular-format below, the 

origin (0,0) of the coordinate system is at the intersection in the lower left corner, Figure 9. 

6.3.2.1 Pipe diameter 33.4 mm – FS-GPG thickness 100 mm 

First test considering copper is conducted with 100 mm FS-GPG thickness, D. A penetration of 

a pipe of 35 mm diameter should be able to withstand a one sided ISO 834 temperature load in 

30 minutes, booth concerning integration and insulation (SINTEF NBL as, 2010). According 

to the standard pipe system, the pipe diameter closest to 35 mm is 33.4 mm, resulting in R 

equal to 16.7 mm. Its pipe wall thickness (d) ranges from 1.65 to 9.09 mm. (Zuhurudeen, 2011) 

The element distribution is prescribed according to Table 13 and Table 14. The point of output 

data collected for presentation of temperature 25 mm from the casting on the pipe is 

represented by the intersection of gridline Y = 0.625 m and the outer diameter of the pipe, X = 

0.0167 m.    

Table 13, Element distribution in x-direction [m] prescribed in TASEF, pipe diameter Ø 33.4 mm 

X-Lines [m] 0.025 0.0417 0.06 0.08 0.1 0.14 0.19 



43 

Table 14, Element distribution in y-direction [m] prescribed in TASEF, pipe diameter Ø33.4 mm 

Y-Lines [m] Y-Lines [m] 

0.2 0.56 

0.3 0.58 

0.4 0.6 

0.46 0.61 

0.475 0.625 

0.49 0.64 

0.51 0.7 

0.52 0.8 

0.54 0.9 

 

The TASEF simulations can be seen in Figure 12, six different pipe wall thicknesses are 

visualised. The lines 30 min and 180 °C symbolises the limitations that the test should sustain 

in ability to achieve the classification, 30 minutes (I 30). 

 

Figure 12, Temperatures 25 mm from the mortar on a copper pipe (Ø 33.4 mm) simulated in TASEF 
with 100 mm FS-GPG thickness, each line representing a different standard pipe thickness. 

Figure 12 shows that not a single tube in the simulation withstands the limit of a temperature 

increase of 180 °C within the 30 minutes that are stated, whether it’s of standard weight 
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thickness or not; conduction through the copper seams to overrule the cooling by the FS-GPG 

in the simulations.  

6.3.2.2 Pipe diameter 22 mm – FS-GPG thickness 100 mm 

Second run considering copper is also conducted with 100 mm FS-GPG thickness, D. A pipe of 

22 mm diameter should, according to tests, be able to withstand a one sided ISO 834 

temperature load in 30 minutes, booth concerning integration and insulation (SINTEF NBL as, 

2010). According to the standard pipe system, the pipe diameter closest to 22 mm is 21.34 mm, 

R = 10.67 mm. Its pipe wall thickness (d) ranges from 1.65 to 7.47 mm (Zuhurudeen, 2011). 

The element distribution is prescribed according to Table 15 and Table 16. The point of output 

data collected for presentation of temperatures on the pipe is the intersection of gridline Y = 

0.625 m and the outer diameter of the pipe, X = 0.01067 m.    

Table 15, Element distribution in x-direction [m] prescribed in TASEF, pipe diameter Ø 21.34 mm 

X-Lines [m] 0.022 0.03567 0.05 0.07 0.1 0.14 0.19 

 

Table 16, Element distribution in y-direction [m] prescribed in TASEF, pipe diameter Ø 21.34 mm 

Y-Lines [m] Y-Lines [m] 

0.2 0.56 

0.3 0.58 

0.4 0.6 

0.46 0.61 

0.475 0.625 

0.49 0.64 

0.51 0.7 

0.52 0.8 

0.54 0.9 

 

The TASEF simulations can be seen in Figure 13, six different pipe wall thicknesses are 

visualised. The lines 30 min and 180 °C symbolises the limitations that the test should sustain 

in ability to achieve the classification, 30 minutes (I 30). 
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Figure 13, Temperatures 25 mm from the mortar on a copper pipe (Ø 21.34 mm) simulated in TASEF 
with 100 mm FS-GPG thickness, each line representing a different standard pipe thickness. 

Likewise the result from the simulations in chapter 6.3.2.1, the simulations in this case don’t 

respond well to the result wanted. No simulation with the pipes indicates any similarity with 

the result stated in the documentation (SINTEF NBL as, 2010). 

6.3.2.3 Summary 

No conclusions of a working model can be made from the simulations made with copper pipes. 

The calculations conducted in TASEF seams to only withstand half the prescribed required 

time.    

6.3.3 Copper cable 

Cables are of more concerns when simulating in TASEF in comparison with plane tubes, there 

are difficulties when constructing its material properties. Since no experimental data with 

material properties are valid, the data must be estimated. As the reference case to cable 

penetration, Annex B7 from Fire resistance test for service installations - Part 3: Penetration 

seals (CEN/TC127, 2009) is used. The live test were performed at PAVUS, Czech, some 

observations are noted in chapter 5.1.  
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6.3.3.1 Annex B.7 

The annex consists of a single cable penetrating a wall and sealed by mortar (fire seal). The 

width and the height are decided by the test sponsor, within a predefined range. Figure 14 

shows the measures valid in Firesafe AS test conducted at PAVUS. The wall is rigid and thicker 

than the mortar, which is molded to 60 mm. 

 

Figure 14, Set up of annex B.7, constructed by Firesafe AS, E representing the cable and the square the 
exterior of the seal, measurements in .mm. 

Cable E is a medium sheathed copper cable with the dimension 1 x 185 mm2 (numbers of cores 

x nominal cross section area), it should booth be insulated and have sheath material with 

Polyvinyl chloride (CEN/TC127, 2009). The cable used in the test was a cable with similar 

properties. Instead of PVC insulation, the test conducted a cable sheathed with cross linked 

polyethylene (XLPE) and insulated with Zero Halogen FRLSHF (Flame-retardant polyolefin low-

Smoke non-halogen thermoplastic elastomer compound). The dimension stays the same but the 

outer diameter is 24.5 mm. (Prysmian Group, 2012) 

6.3.3.1.1 Annex B.7 TASEF setup 

Figure 15, illustrates the simulation set up in TASEF. According to Fire resistance test for 

service installations - Part 3: Penetration seals (CEN/TC127, 2009) the projection length of the 

cable should be at least 500 mm. An axi-symmetric problem is considered in TASEF, the thick 

red line, Figure 15, symbols the symmetry line, its inner radius is 0 mm. Since the live test 

concerns a square sectioned sealing, an equivalent radius must be calculated in order to be 

programmed in TASEF,  
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h b

r



  (6.1) 

where 

r =  Equivalent radius [m]  

h = Height of square section [m] 

w = Width of square section [m]  

Using the width and height from Figure 14 in equation (6.1) gives the equivalent radius of the 

seal 

0.265 0.265
0.15r m




   

Also the cables radius must be considered. In TASEF it must be assumed that the cable consists 

of a massive copper rod with plastic insulation around. The radius of the copper rod will, from 

the cables dimension 185 mm2, be 7.7 mm. The radius of the insulation is 12.25 mm  
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Figure 15, Screenshot from TASEF, cable penetrating FS-GPG. Axi-symmetric problem, thicker red – 
symmetry line, element distribution symbolized by thinner red lines. 

The boundary conditions, i.e. the blue and yellow line in Figure 15, are programmed in 

accordance with chapter 6.1. 

As mentioned earlier copper has a really high thermal conductivity, this is why TASEF demands 

coupling of nodes within the copper in ability to reduce the simulation time. The black lines, 

Figure 15, illustrate the coupling of the nodes within the cable.  

Input data for FS-GPG is all according to chapter 6.2.3. The thermal properties of copper used 

is the one stated by (Quintiere, 1998) at room temperature; conductivity (k) is  390 W/m K, the 

heat capacity (c) is 390 J/kg and the density(ρ) is 8940 kg/m
3. The properties can simplified be 

seen as constant at all temperatures and is set up in this way in TASEF. 

As an approach to simulate that it is expected probable less conductivity through wired cables 

than through massive copper a factor of 0.85 also is used on the conductivity to compare if it 
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makes any difference. See Appendix C – Conductivity in copper cables, for assumptions and 

calculations. 

Plastic properties are hard to foresee, especially since its starts to melt already at quite low 

temperatures. As can be seen in Figure 15, no insulation is simulated on the fire-side, it would 

be likely this plastic rapidly melts of.  On the “cold side” on the other hand the thermal 

conductivity (k) for the cable insulation is set to 0.15 W/mK at 0 °C, 0.225 W/mK at 100 °C 

and 0.3 W/mK at 2000 °C, the heat capacity (c) is set to 1800 J/kg at 50 °C and 4000 J/kg at 

2000 °C. Density is constant: 1360 kg/m3. See Appendix D – Properties of cable insulation. 

As with all simulations there are of significantly importance to have the right element 

distribution, the need of finer element size is most critical near boundaries and at transition 

between materials. The element distribution in Figure 15 is presented in Table 17 and Table 

18, it originates (0,0) in the lower left corner of Figure 15.  

Table 17, Element distribution in x-direction [m] prescribed in TASEF, Cable E, Annex.B 

X-Lines [m] 0.0187 0.025 0.03725 0.05 0.07 0.1 

 

Table 18, Element distribution in y-direction [m] prescribed in TASEF, Cable E, Annex.B 

Y-Lines [m] Y-Lines [m] 

0.15 0.55 

0.3 0.57 

0.4 0.585 

0.46 0.6 

0.475 0.66 

0.49 0.76 

0.51 0.91 

0.53   

6.3.3.1.2 Results 

Figure 16, shows the temperatures on the cable, 25 mm from the breakthrough, thus the 

distance from the back edge, from the simulations in TASEF and from a thermocouple 

representing the same position in the live test. 
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Figure 16, 24.5 mm copper cable simulated in TASEF with 60 mm FS-GPG thickness, temperatures 
presented on the cable 25 mm away from the seal. Thermocouple 83 represents the real values. 

No conclusion of a working model can be drawn from these results. The lowering in 

conduction doesn’t significantly change the temperature whereas the problem doesn’t lay in the 

copper properties. A resemblance can be seen between the live result and the simulations in the 

beginning of the test, also the inclination from about 40 minutes reassembles between the real 

and the simulated results.   

Figure 17 shows the surface temperature of the seal. Thermocouple 82 represents the 

temperature from the live test 25 mm away from penetration service. 6.3 – 12.5 – 25 mm 

represents temperatures these distances away from the penetration service in TASEF, simulated 

with 100 % conductivity.    
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Figure 17, 24.5 mm copper cable simulated in TASEF with 60 mm FS-GPG thickness, temperatures 
presented on the seal 6.3 – 12.5 – 25 mm away from service breakthrough. Thermocouple 82 represents 
the real values 25 mm away from service breakthrough. 

The temperature from TASEF that should respond most with Thermocouple 82 is the one at 

25 mm. From Figure 17 this doesn’t seem to be the case. Instead the temperature on the 

surface lies between the temperatures at 6.3 mm and 12.5 mm simulated in TASEF. This 

indicates some inability in the interaction between deeper parts of the material. Hotter sealant 

indicates that more heat have been absorbed from the copper, lowering the temperature in the 

cable, this isn’t valid here.     

6.3.3.1.3 Summary 

As with simulation of tubes the result from the cable simulation doesn’t satisfy the results 

projected in this report. A model working in application with penetrations can’t be concluded 

from the simulations done. Concerns of faults in the material parameters that projects inability 

of interacting between copper and FS-GPG can be awakened.      
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7 Discussion and analysis 

The first approach to analyse FS-GPG with its material properties in TASEF uses only one 

reaction of water evaporating. This is according to the familiar way to treat materials 

dehydration. When looking into this part with the volumetric enthalpy there are several 

different simplifications. The first one is to assume that there only will arise one latent heat 

reaction, this is a rough estimation. Considering that plaster in fact dehydrates in several 

different steps (in contradiction with the familiar philosophy) and an assumption that only one 

dehydration will appear with FS-GPG doesn’t shine any glow onto the material, with this 

assumption plain plaster would be a much better sealant. Since the truth tells us real good 

protection with the mortar (sealant) it has to be considered that there are other chemical 

reactions combined with the release of water. The second simplification that is made but 

doesn’t make full sense is that the latent heat reaction as a result from water is constructed as a 

linear evaporation from the start until all water is gone. This isn´t true and are among others 

discussed in “Measurement of thermal properties of gypsum board at elevated temperatures” 

(Manzello, Park, Mizukami, & Bendts, 2008). A linear dehydration makes it almost impossible 

to achieve the temperatures that evidently appear at the surface of FS-GPG.      

The chemical reactions mentioned above and not covered by the assumptions can on the other 

hand be covered within the material parameters stated by Firesafe. I.e. the specific heat of the 

material, which double as the temperature rises from 20 °C to 1000 °C. Since tests of specific 

heat most commonly is performed on dried out pieces of material the interpretation is that this 

is also valid with the tests of FS-GPG, consequently the residual free water is not taken into 

account in the specific heat. On the other hand some of the effect from the crystalline bound 

water can be comprised within the rise of specific heat since this water isn’t likely to be dried 

out before the test is carried out. This isn´t compensated to in any of the models constructed. 

But it is also illustrated quite distinguished in the evaluation of all the models that the effect 

included in the specific heat doesn’t contain all the reactions from the crystalline water and 

such. No conclusion of what the specific heat rise is due to can be made, but it is certain that it 

doesn’t cover all the reactions associated with heating of FS-GPG. Thoughts of testing the 

specific heat again can be awakened; it is in this case of importance to measure at several more 

temperatures, especially between 100 °C – 250 °C, where most of the reactions will occur. It is 

of course the latent heat that is of interest but this effect may however be included in the 

specific heat enhancement of the material.   
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It must be reflected that it is not desirable to use specific heat to take in to account the sensitive 

and latent heat. The benefit to use TASEF is the use of specific volumetric enthalpy, where 

these effects can be included. It’s not considered as a way of modulate but as a way to introduce 

the concept of enthalpy. The use of enthalpy benefits in comparison with the plane use of 

specific heat. It is of much more convenience to program evaporation between two prescribed 

temperatures, taking the latent or sensitive heat into account with enthalpy. The specific heat 

has a peak, but it’s not likely that the evaporation will appear instant making this a less 

sufficient way of solving the problem. Review 2.4.1 The Finite Element Method to understand the 

advantage of the use of specific volumetric enthalpy.  

The second approach and moreover the chosen model for simulating FS-GPG is a way to 

modulate two reactions when the water is evaporated from the mortar and as the gypsum inside 

of it reacts in to two different products at different temperatures. This adopts the material to be 

more similar to gypsum, which is most natural as FS-GPGs composition is almost identical to 

some kinds of plaster. Although linear evaporation is hard to get away from, this approach uses 

different reactions when the water is thought to evaporate instead of a slow vaporisation of the 

water. It is to believe that this second model constructed should be the most accurate. 

The most important difference between the two models is the presumption of the water 

contents of the material. As the first model considers nothing but the free water and the 

second model considers this and also the crystalline bound water. The model comparison are 

in this way kind of unjustified but also a standpoint just to advert the difficulties in predicting 

material behaviour of different kinds. Since gypsum is gypsum and FS-GPG is FS-GPG it can’t 

be concluded that the amount of crystalline bound water is the same in both cases, the content 

of water preferable would be analysed. The content of crystalline bound water is hard to predict 

and demands advanced and expensive equipment to foresee, it´s likely you have to study the 

material on molecule level to be able to fully understand the water content in the crystal. There 

would be of large interest for further development of the model to fully analyse the material, 

this gives both the temperature at which the heat of reactions occurs and also the magnitude of it. 

With these values a fully developed model should be able to be constructed. The thoughtful 

difference in properties may be derived to this effect since the volcanic stone used in FS-GPG is 

of other specimen than in existent fire improved plasterboards. This area should be of large 

interest to examine closer.  
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The most interesting result of the report is in conjunction with the use of the model where 

both the free water and the crystalline water are regarded (disregarded that some of these effects 

may also be included in the specific heat). Especially the model with 23 percent crystalline water 

included shows significant similarity between the temperature increase after about 100 minutes 

comparing the simulation conducted in TASEF with a standard test carried out with a casted 

lid of 50 mm thick FS-GPG. The demonstration of these similarities must in some way indicate 

that the parameters used for the simulation is accurate. Unfortunately there are some 

phenomena that can’t be described with just values on enthalpy from heating of water and 

material together with the thermal conductivity. The speculate phenomena that can’t be 

described in the authors way to present and interpret the material properties is the 

transportation and migration of the water within the material and at the boundary of the 

material. The program itself (along with most other similar Finite element programs) can’t 

modulate these conditions why the nature of this phenomenon must be considered by the 

material parameters. To achieve this, more studies have to be made, such studies don’t fit 

within this report. 

Since the likely phenomenon is thought to appear mostly at the boundary, a test (at least one) is 

recommended to be carried out with thermocouples placed at different depths inside the 

casting of FS-GPG. The internally thermocouples are applied in order to avoid any influence 

from migration at the surface of the material. Once these tests are carried out a new analyze of 

the material parameters presented above can be applied. The theory is that the plateau that is 

significant for FS-GPG, most likely only will appear at the boundary while in contradiction no 

or less significant plateau will appear at the thermocouples mounted inside the casting. This 

gives a reasonable way to compare the temperatures between TASEF and the measured values. 

Thus an increase in thermal conductivity can describe ablation which may be due to migration 

of water at the edge, no approach of this were made. The fact that the plateau appears at lower 

temperatures and the ablation and increase in thermal conductivity is likely to appear at high 

temperatures is one amongst other things why this effect wasn’t considered in this report.  

In comparison with the “mortar only” (50 mm lid) test there are less significant signs of a 

working (almost) model, comparing TASEF simulations and measured values, considering 

penetrated mortar (e.g. FS-GPG penetrated by copper tubes). Some conclusion can although be 

made, studying the temperature at the surface of a copper cable, the temperature at the 
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beginning is much alike. The measured temperatures from the test and TASEFs values follow 

each other up to about 150 °C, now they converge a lot. Till this point the material properties 

ought to be reasonably correct. From this point some inaccuracy is present either in the model 

(boundary conditions etcetera) or in the material properties. Further on studying the 

temperature within the material (when penetrated with a copper cable), some deviation are 

found that maybe could explain the nature of the phenomena. The heat absorbed by the 

material in the simulations is significantly lower than in the live test. Since less heat is absorbed 

by the mortar, the copper will raise in temperature instead. It seems that the material 

parameters constructed for FS-GPG don’t allow a desired interaction between the different 

materials. A more studious approach has to be taken into account. There might be some 

boundary incorrectness or some erroneous, faulty transition between the materials. The 

element size is of critical concern here, according to high conductivity differences between the 

materials. No apparent faults were found during some, none presented sensitivity tests. 

In order to draw any conclusions from the simulations, more documented sensitivity tests have 

to be done. The result from the tubes, penetrating the mortar, is the most disappointing result 

of the whole thesis. Since no specific results (values) from these tests were able to be studied, 

but just the limiting time, there is of no idea to analyse if some of the plotted curves are alike. 

The main object here is the relatively large convergence from the standardised times that the 

product actually have achieved in live tests and the times achieved from modulation. As the 

model looks like now there would be of large scepticism to use it as norm for constructing 

corner tests or such similar tests in reality.  

As well as errors in the model constructed, the live tests performed also comprise sources of 

errors.  The thermocouples used to measure the temperatures on both the mortar as well as on 

the services might not make the temperature justified. This is especially in cases with cables, 

hence, as the insulation is heated up by the wire, it’s liable to expand and therefore the 

temperature achieved on its surface in a real test is less than the temperature of interest. This 

phenomenon is hard to simulate and predict in data simulations. To make justification of the 

model, the thermocouples must be tightly secured on to the cable, at the same radius, during 

the whole test. This is a highly sceptical technique since it would interfere with the cables 

natural behaviour during heat up, making it hard to predict temperatures with cable 

penetrations and also at the same time it is the temperature at the edge that is of interest in the 
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normative tests. The problem with the thermocouple isn’t just valid at the aperture of the cable. 

The pad with the thermocouple is inclined to detach (even if just a little) from all faces it is 

attached to that in some way is heated up. The inspectors of the test had some hard times to 

make sure that all the thermocouples were safely secured at all points and at all times.  With 

this taken into account it is hard to compare values from a simulation with real test values, 

acquiring sheer justified results. 

There is no thickness stated in the classification achieved by Firesafe, considering sealing of 

pipe penetrations. This indicates that there is no limiting maximum thickness of the pipes. 

Interpreting instead that there is a limiting pipe thickness (which is much likely) can make it 

probable that the steel tubes considered and simulated in TASEF actually manage the 

limitation time and temperature. Nevertheless the copper pipes don’t manage at all. Combining 

these two facts likely reflects a material error and less likely scepticism of the classifications 

achieved. But as mentioned above there are lots of things making the standard test more or less 

uncertain. Further on about the standard below. 

A great concern throughout the whole work was the standard consulting penetration seals. 

There were lots of thoughts about the cables used to validate the penetrations seals throughout 

Europe. The cables recommended by the standard can be seen as quite conservative since it 

almost exclusively consists of copper cables of different kinds. The extent use of these expensive 

cables can be discussed but were excluded in the assessment.  

A more distinct test standard is desirable. The standard of penetrating services is really 

interpretive and can be handled in several different ways with different recognitions as a result. 

It would be of much convenience, booth for the test sponsors as well as for the testing institutes 

if the standard instead were constructed more like a requirement test. 

8 Bottom line 

FS-GPG is similar to gypsum/plaster board; this makes it undisputable as a great penetration 

seal. Applied in a correct way it is likely that the mortar can be casted thin and at the same time 

retain the walls original fire resistance. 

This work illustrates the advantages of gypsum in applications with elevated temperatures. It 

enlightens earlier theories were the sensitive and latent heat of water within the gypsum 
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contributes to the good fire properties of the material. Further on it shows the similarity 

between gypsum/plaster board and FS-GPG, making it likely to have at least the same good fire 

properties as plaster board. As the temperature rises the enthalpy will increase almost linear as 

an effect from “pure” FS-GPG, it will also arise three different larger enthalpy increases. These 

enthalpy leaps is illustrated in Figure 5 and is due to the sensitive heat and latent heat from 

evaporation and reactions owning to evaporation at certain temperatures. The first leap is due 

to evaporation of the free water where the other two describes phase changes of gypsum, Figure 

5 shows the importance of its employment. These phase changes emphasise the merit of FS-

GPG.   

Enthalpy is a parameter that can be calculated or measured, this gives a great understanding of 

the benefits with the use of the model constructed in this thesis, despite that the result varies. 

TASEF can use these calculated and measured values straight away without being forced to 

differentiate the temperature-enthalpy curve. This gives a numerical stable model that for 

example easily can regard vaporisation of water.      

An introduction is also made where penetration of the material is examined. The result may 

not be great but makes a good start for further evaluation of the model.      

To achieve a trustworthy model (further development of the present), analysis of the heat of 

reactions that may appear when the material is heated must be conducted as well as measures of 

its crystalline water content. Placing thermocouples within the mortar to analyse temperatures 

without influence of migration on the edge should also be carried out in ability to acquire 

comparable data.    
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 Appendix A – Penetrations and cables in accordance with en 1366-

3:2009 

Some explanations of the standard 1366-3:2009.  

Large cable penetration seals, Annex A 

The minimum size of the large penetration seal is 600 by 600 mm both in floors and walls. 

Exceptions can be made if they are smaller in practice, but cannot classify as small penetrations. 

A penetration smaller then large but larger then small may have to be treated in a separate way 

distributing the services between two specimens, otherwise Annex A applies. Where cable 

trays/ladders are required for inclusion there are a maximum of steel thickness specified to 

accredit the maximum field of application, were pass through supports validates the use of non 

passing through supports but not the other way around. This should also be stated in the test 

report. (CEN/TC127, 2009) 

As a result of a conclusion were the number of cables specified in the standard doesn’t fulfil the 

cables thought to be used in practice, loads have to be applied on the fire side of each cable 

support. A formula is stated in the standard, were the length of the cable projecting into the 

furnace and the width of the support is taken in to account. (CEN/TC127, 2009) 

The dimension from the lowest installation to the aperture edge isn’t specified in the standard 

and should therefore be chosen by the test sponsor. Further on when the test is performed for 

floor etc. the cables shall be secured not to move in any vertical motion. (CEN/TC127, 2009) 

Small penetration seals, Annex B 

There are no stated minimum sizes of the penetrations in Annex B. The size is guided by the 

several cable configurations that can be used in the test. To achieve the maximum field of 

application in Annex B, cable trays of specific width and steel thickness also needs to be 

mounted. Further on there are three different options to mount the cables, the options differ in 

what distance it is between the cables and also distance to the aperture edge. To achieve the 

maximum field of application 4 pre-defined different combination of distance and cable types 

shall be tested. Were cable trays are used these must be fixed to a support construction on both 

sides of the seal. (CEN/TC127, 2009) 



 

If the test is conducted on a rectangular cross section it can be translated in to also covering 

circular seals, this doesn’t work the other way around. The test covers any penetration seal with 

the same or smaller size than the tested. Its restricted tough in the way the cables cross section 

cannot exceed a certain level and that the clearance isn’t smaller than the working clearance 

used in the test (the clearance is steered by the standard). (CEN/TC127, 2009) 

Cables 

According to the standard (CEN/TC127, 2009) the cables used in the standard configuration 

test covers today’s most common used cables in European building practice. There are three 

types of cables sizes concerned in the test: 

“Large” – covering cables with diameters up to 80 mm 

“Medium” – covering cables with diameters up to 50 mm 

“Small” – covering cables with diameters up to 21 mm 

The test also considers tied bundle cables. The largest diameter of the cables is 21 mm and the 

result is only valid for boundless with at most equal diameter as the tested.  

There is a good idea to use through passing supports as this also validates non through passing 

supports. The vice versa doesn’t apply.  

Pipe penetration seals, Annex E 

In the case with pipe penetrations there are more parts to be objectified and analyzed. As a 

conjunction to the cable approach there are several more different setups concerning 

installation of pipes. There are metal pipes and plastic pipes. The pipes can also be fitted with 

insulation and with pipe closure devices. A general rule of the approach is that the diameters 

referrers to the outer diameter since this control the space which will be filled with mortar. 

(CEN/TC127, 2009) 

The test consist of a “corner test” were you get recognition in the standard by using the largest 

pipe diameter with maximum pipe wall thickness and minimum pipe wall thickness as well as 

the smallest pipe diameter with minimum pipe wall thickness. The test will cover all pipes 

within the ranges chosen. (CEN/TC127, 2009) 

 



 

Appendix B – Calculations of Specific volumetric Enthalpy of FS-
GPG 
 
The specific volumetric enthalpy should be specified at temperatures in accordance to Table B1. 

Table B1 

Temperature Reactions associated  

100 °C Evaporation of free water and dehydration 1 starts 

110 °C Evaporation of free water ends, half dehydration 1 finished 

120 °C Dehydration 1 ends 

200 °C Dehydration 2 starts 

220 °C Dehydration 2 ends 

2000 °C Upper limit in ability to present a stable model 
 

Specific heat of FS-GPG 

The specific heat at the prescribed temperatures is seen to be linear between the temperature 20 

°C and 1000 °C, its calculated by: 

 ( )
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lower lower
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 (B.1) 

Where 

cower = Specific heat at 20 °C [J/kg°C] 

chigher = Specific heat at 1000 °C [J/kg°C] 

Tlowerr = Lower temperature i.e. 20 °C  

Thigher = Higher temperature i.e. 1000 °C 

T = Prescribed temperature 

For all temperature above 1000 °C the specific heat is seen to be the same as at 1000 °C.    

Density of FS-GPG  

0.85 g/cm2 represent the initial density, in order to present migration of water and in some 

what degradation of FS-GPG an assumption is made were the weight is seen to be 90 % of the 



 

initial at 1000 °C see Table B2. To establish the density at the levels of the dehydration steps a 

linearization is made between the temperature closest below and to the temperature closest 

above the targeted value.   

Table B2 

Temp[°C] Density[kg/m3] 

0 850 

80 850 

125 800 

540 795 

650 770 

1000 765 
 

Enthalpy due to sensitive heat, FS-GPG 

Since both the density and the specific heat capacity varies with temperature, the specific 

volumetric enthalpy from the sensitive heat of dry FS-GPG must be calculated at each specified 

temperature in accordance 

 0
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Where 

cgpg = Specific heat capacity, FS-GPG [J/kg K] 

ρ = Density, dry FS-GPG [kg/m3] 

T0 = Reference temperature [K] 

Since TASEF prefers the use of hours as the time unit, the whole term will be divided by 3600.  

Latent and sensitive heat, water 

FS-GPG contains booth free water, u % water by mass of dry material, and crystalline bound 

water, wc % water by mass of FS-GPG. The water is assumed to evaporate linearly between a 



 

lower Tl and an upper Tu temperature level. The latent heat needed for evaporating water is lw.  

Also the free water will generate sensitive heat up till its point where it starts to evaporate, sw.  

Sensitive heat due to heating of free water  

Sensitive heat from free water heated during a temperature inclination will generate an enhance 

in the materials total heat, up till its point of evaporation, in accordance  

 
s fw vap wq T c u     (B.3) 

Where 

cp,w = Specific heat capacity, water [J/kg K] 

u = Residual free water [%]  

Tvap = Temperature of evaporation [°C] 

qs-w = Sensitive heat from vaporisation, Residual free water [J/kg] 

Latent heat due to evaporation of free water 

When the free water within the material evaporates it will generate latent heat from the 

vaporisation 

 
l fw vq u H    (B.4) 

Where 

Hv = Heat of vaporization (water) [J/kg] 

u = Residual free water [%]  

ql-fw = Latent heat from vaporisation, residual free water [J/kg] 

Latent heat due to evaporation of crystalline bound water 

The crystalline bound water will evaporate in two different reactions, dehydration 1 and 

dehydration 2. 



 

In dehydration 1, 75 % of the crystalline bound water will evaporate; the amount of crystalline 

bound water will be varied from 21% to 25 % 

 1 0.75l d c vq w H     (B.5) 

In dehydration 2, 25 % of the crystalline bound water will evaporate; the amount of crystalline 

bound water will be varied from 21% to 25 %, complying the first reaction 

 2 0.25l d c vq w H     (B.6) 

Where 

wc  = Amount of crystalline bound water [%]  

Hv = Heat of vaporization (water) [J/kg] 

ql1,2 = Latent heat, evaporation of crystalline bound water  [J/kg] 

Latent heat due to the heat of reaction of the dehydration 

The heat of the first reaction (dehydration 1) 

1 100 kJ/kgr dq    

The heat of the second reaction (dehydration 2) 

2 50 kJ/kgr dq    

Heat to enthalpy 

Since TASEF prefers to use specific volumetric enthalpy the heat at each step must be 

multiplied with the temperatures corresponding density. Also it is of convenience if the 

enthalpy is expressed as Wh/m3, hence the specific volumetric enthalpy 

 
3600

q
e


  (B.7) 

Where 

q = Latent heat/specific heat [J/kg] 



 

ρ = Density [kg/m3]   

e = Specific volumetric enthalpy [Wh/m3] 

Since the enthalpy is accumulated as the temperature increases, the total specific volumetric 

enthalpy will be the specific volumetric enthalpy of dry FS-GPG at the corresponding 

temperature together with the specific volumetric enthalpy from all other reactions occurred up 

to the present temperature. According equation(B.8). 

 ( )gpg s gpg w we e s l    (B.8) 

Specific volumetric enthalpy at prescribed temperatures 

Below the enthalpy at each temperature presented in table B1 will be described. At first the 

temperatures corresponding specific heat and density of FS-GPG must be calculated, 

subsequently followed by the calculations of each influence to the raise in the total enthalpy. 

Table B3 schematically shows how the accumulation of the specific volumetric enthalpy will 

take place. 

Table B3 

Temperature Specific volumetric enthalpy 

0 °C egpg(0)=0 

100 °C egpg(100)=es-gpg(100)+sfw 

110 °C egpg(110)= es-gpg(110)+sfw+lfw+lcw(110) 

120 °C egpg(120)= es-gpg(120)+sfw+lfw+lcw(110)+ lcw(120) 

200 °C egpg(200)= es-gpg(200)+sfw+lfw+lcw(110)+ lcw(120) 

220 °C egpg(220)= es-gpg(220)+sfw+lfw+lcw(110)+ lcw(120)+ lcw(220) 

2000 °C egpg(2000)= es-gpg(2000)+sfw+lfw+lcw(110)+ lcw(120)+ lcw(220) 
 

Dehydration of free moisture and dehydration 1 starts, 100 °C 

Specific heat from equation(B.1), 

986
575 (100 20) 655 J/kg C

1000 20
    


 

Density: 850 kg/m3 

Enthalpy from sensitive heat, dry FS-GPG, equation(B.2) 



 

655 850 100
(100) 15465 kJ/kg

3600
s gpge 

 
   

Enthalpy from sensitive heat, free water, equation(B.3) and equation(B.7) 

4187 0.05 100 850
4935 kJ/kg

3600
fws

  
   

Total specific volumetric enthalpy, 100 °C from equation(B.8) (also illustrated in table B3) 

3(100) 15465 4935 20400 Wh/mgpge     

Dehydration of free water ends, half dehydration 1 has occurred– 110 °C 

Specific heat from equation(B.1), 

986
575 (110 20) 666 J/kg C

1000 20
    


 

Density from linearization: 817kg/m3 

Enthalpy from sensitive heat, dry FS-GPG, equation(B.2) 

3655 850 100 666 817 (110 100)
(110) 17213 Wh/m

3600
s gpge 

     
   

Enthalpy due to Latent heat, free water evaporating, equation(B.4) and equation(B.7) 

30.05 2260000 817
25645 Wh/m

3600
fwl

 
   

Latent heat, crystalline bound water, whole dehydration 1, from equation(B.5) 

1(21%) 0.75 0.21 2260000 355.95 kJ/kgl dq       

1(23%) 0.75 0.23 2260000 389.85 kJ/kgl dq       

1(25%) 0.75 0.25 2260000 423.75 kJ/kgl dq       

Since the first dehydration of the crystalline bound water is estimated to appear between 100°C 

– 120 °C, half of the dehydration is considered to have occurred at 110 °C, hence also half of 

the heat of reaction associated with dehydration 1 is added.  



 

1 100 kJ/kgr dq    

Specific volumetric enthalpy due to latent heat, 21, 23, and 25 % crystalline bound water 

partially evaporated, equation(B.7) together with conclusion above  

3((355950 100000) / 2) 817
(110;21%) 51738 Wh/m

3600
cwl

 
   

3((389850 100000) / 2) 817
(110;23%) 55584 Wh/m

3600
cwl

 
   

3((423750 100000) / 2) 817
(110;25%) 59431 Wh/m

3600
cwl

 
   

Total specific volumetric enthalpy at 110 °C, 21, 23 and 25 % crystalline bound water from 

equation(B.8) (also illustrated in table B3) 

3(110;21) 17213 4935 25645 51738 99531 Wh/mgpge       

3(110;21) 17213 4935 25645 55584 103377 Wh/mgpge       

3(110;21) 17213 4935 25645 59431 107224 Wh/mgpge       

Dehydration 1 ends – 120°C 

Specific heat from equation(B.1), 

986
575 (130 20) 686 J/kg C

1000 20
    


 

Density from linearization: 800kg/m3 

Enthalpy from sensitive heat, dry FS-GPG, equation(B.2) 

3655 850 100 666 817 (110 100) 686 800 (120 110)
(120) 18737 Wh/m

3600
s gpge 

         
   

Specific volumetric enthalpy latent heat, 21, 23, and 25 % crystalline bound water fully 

evaporated from equation(B.7) and conclusion above 



 

3((355950 100000) / 2) 800
(120;21%) 50661 Wh/m

3600
cwl

 
   

3((389850 100000) / 2) 800
(120;23%) 54428 Wh/m

3600
cwl

 
   

3((423750 100000) / 2) 800
(120;25%) 58194 Wh/m

3600
cwl

 
   

Total specific volumetric enthalpy at 120 °C, 21, 23 and 25 % crystalline bound water from 

equation(B.8) (also illustrated in table B3) 

3(120;21%) 18737 4935 25645 51738 50661 151716 Wh/mgpge        

3(120;23%) 18737 4935 25645 55584 54428 159329 Wh/mgpge        

3(120;25%) 18737 4935 25645 59431 58194 166942 Wh/mgpge        

Dehydration 2 – Start, 200 °C 

986
575 (200 20) 756 J/kg C

1000 20
    


 

Density from linearization: 800kg/m3 

Enthalpy from sensitive heat, dry FS-GPG, equation(B.2) 

3

655 850 100 666 817 (110 100)
686 800 (120 110) 756 800 (200 120)

(200) 32177 Wh/m
3600

s gpge 

      
      

   

Since no particular reaction will appear at this temperature there will be no enthalpy change 

due to reactions.   

Total specific volumetric enthalpy at 200 °C, 21, 23 and 25 % crystalline bound water from 

equation(B.8) (also illustrated in table B3) 

3(200;21%) 32177 4935 25645 51738 50661 165156 Wh/mgpge        

3(200;23%) 32177 4935 25645 55584 54428 172769 Wh/mgpge        



 

3(200;25%) 32177 4935 25645 59431 58194 180382 Wh/mgpge        

Dehydration 2 – End, 220 °C 

986
575 (220 20) 776 J/kg C

1000 20
    


 

Density from linearization: 800kg/m3 

Enthalpy from sensitive heat, dry FS-GPG, equation(B.2) 

3

655 850 100 666 817 (110 100) 686 800 (120 110)
756 800 (200 120) 776 800 (220 200)

(220) 35626 Wh/m
3600

s gpge 

          
      

   

Latent heat; 21, 23, and 25 % crystalline bound water evaporating from equation(B.6) and 

equation(B.7) 

2(21%) 0.25 0.21 2260000 118.65 kJ/kgl dq       

2(23%) 0.25 0.23 2260000 129.95 kJ/kgl dq       

2(25%) 0.25 0.25 2260000 141.25 kJ/kgl dq       

The heat of the second reaction (dehydration 2) will also appear at this temperature 

1 50 kJ/kgr dq    

Specific volumetric enthalpy latent heat, 21, 23, and 25 % crystalline bound water evaporating 

from equation(B.7) 

3(118650 50000) 800
(220;21%) 37478 Wh/m

3600
cwl

 
   

3(129950 50000) 800
(220;23%) 39989 Wh/m

36000
cwl

 
   

3(141250 50000) 800
(220;25%) 42500 Wh/m

3600
cwl

 
   



 

Total specific volumetric enthalpy, 220 °C, 21, 23 and 25 % crystalline bound water from 

equation(B.8) (also illustrated in table B3) 

3(220;21%) 35626 4935 25645 51738 50661 37478 206083 Wh/mgpge         

3(220;23%) 35626 4935 25645 55584 54428 39989 216207 Wh/mgpge          

3(220;25%) 35626 4935 25645 59431 58194 42500 226331 Wh/mgpge         

Top value, 2000 °C 

Specific heat and density is seen to be constant after reaching 1000 °C, resulting in specific heat 

of 986 J/kg°C and density of 765 kg/m3. 

Enthalpy from sensitive heat, dry FS-GPG, equation(B.2) 

3

655 850 100 666 817 (110 100) 686 800 (120 110)
756 800 (200 120) 776 800 (220 200) 986 765 (2000 220)

(220) 408581 Wh/m
3600

s gpge 

          
          

 

 

Total specific volumetric enthalpy at 2000 °C, 21, 23 and 25 % crystalline bound water from 

equation(B.8) (also illustrated in table B3) 

3(2000;21%) 408581 4935 25645 51738 50661 37478 579038 Wh/mgpge         

3(2000;23%) 408581 4935 25645 55584 54428 39989 589162 Wh/mgpge         

3(2000;25%) 408581 4935 25645 59431 58194 42500 599286 Wh/mgpge         

 

 

  



 

Summary 

There will be 3 different enthalpies at three different hydrations, presented in table B4 to B6 

Table B4, Enthalpies for FS-GPG with 21 % crystalline bound water 

Temperature [°C] Enthalpy [Wh/m3] 

0 0 

100 20400 

110 99531 

120 151716 

200 165156 

220 206083 

2000 579038 

 

Table B5, Enthalpies for FS-GPG with 23 % crystalline bound water 

Temperature [°C] Enthalpy [Wh/m3] 

0 0 

100 20400 

110 103377 

120 159329 

200 172769 

220 216207 

2000 589162 

 

Table B6, Enthalpies for FS-GPG with 25 % crystalline bound water 

Temperature [°C] Enthalpy [Wh/m3] 

0 0 

100 20400 

110 107224 

120 166942 

200 180382 

220 226331 

2000 599286 

  



 

Appendix C – Conductivity in copper cables 

Since there are no available data on the conductivity through sheathed copper but only massive 

copper an assumption is made were the lowering in electrical conductivity possess a similar 

percentage lowering in thermal conductivity of the massive copper. Since the resistivity is 

known booth for massive copper and the cable considered the reciprocal correlation between 

these variables will be used (Nordling & Österman, 2008) 

 
1 1

r

r

 
 

    (C.1) 

Where 

ρr = Resistivity [Ωm] 

σ = electrical conductivity [S/m]  

Resistivity of pure copper: 1.67x10-8Ωm (Nordling & Österman, 2008) 

Conductor resistance of cable: 0.106 Ω/km (at 20 °C) (Prysmian Group, 2012) 

The electric conductivity of a conductor is calculated by (Nordling & Österman, 2008) 

 
l

R A
 


 (C.2) 

Where  

l = Length of conductor [m] 

R = Resistance [Ω] 

A = Cross-section area [m2] 

Resulting in electrical conductivity for cable conductor, equation(C.2) 

6

1000
50994390 /

0.106 185 10
S m


 

 
 

By equation(C.1) then electrical conductivity for pure copper 



 

8

1
59880239 /

1.67 10
S m


 


 

Using basic mathematics the ratio between the conductivities is calculated 

59880239 50994390
1 0.85

59880239


   

Assuming the relation between electrical conductivity and thermal conductivity is valid there 

ought to be a 15 % lowering in the cables thermal conductivity in comparison with massive 

copper.   



 

Appendix D – Properties of cable insulation 

There are no easily available thermal properties for the flame retardant polyolefin thermoplastic 

elastomer (FRLSHF). According to Mega Plastics (MEGA Plastics, 2010) the thermoplastic is an 

excellent substitute for soft PVC. Density is available at MEGA plastics and is 1360 kg/m3, no 

other properties of interest are to be found, this together with FRLSHFs physical resemblance 

with PVC gives support to use the other properties as if PVC.       

Thermal properties for PVC (Matbase, 2012): 

Thermal conductivity, 0.13 - 0.15 W/m K.  

Specific heat, 900 – 1800 J/kgK 

The cable also consists of a thin sheath of cross-linked polyethylene (XLPE). It will not 

influence the property of the insulation much, but on the other hand it must be considered.  

The thermal properties for XLPE (Lee, Yang, Choi, & Park, 2006):   

Thermal conductivity, 0.225 W/m K (at 25 °C), 0.267 W/m K (at 55 °C), 0.29 W/m K (at 90 

°C). 

Specific heat, 2034 J/kg K(at 25 °C), 2976 J/kg K(at 55 °C), 4049 J/kg K (at 90 °C). 

From the information above the thermal conductivity at the beginning is assumed to be the 

highest noted for PVC since the little influence from XLPE, i.e. thermal conductivity equals 

0.15 W/m K (at 0 °C). It is also reasonable to think that there is a rise in thermal conductivity 

as the temperature rises, with this in mind an following assumption is made about the 

combined thermal conductivity of the insulation and the sheath:  0.225 W/m K (at 100 °C) 

and 0.3 W/m K (at 2000 °C), Table D1. 

Since it is likely that the specific heat rises as the temperature rises even for PVC. An adoption 

is made between the different materials and the specific heat is chosen; 1800J/kg K(at 50 °C) 

and 4000J/kg K(at 2000 °C), Table D1. 

  



 

Table D1, Specific heat and thermal conductivity for the insulation at different temperatures  

Tempertature [°C] Specific Heat [J/kg K] Thermal Conductivity [W/m K] 

0 --- 0.15 

50 1800 --- 

100 --- 0.225 

2000 4000 0.3 

 

Together with the approximate density (1360 kg/m3) and the properties from table D1, the 

estimated volumetric enthalpy at 50 °C and 2000 °C now can be withdrawn:  

50 °C 1800 J/kg K x 1360 kg/m3x 50 °C = 122.4 MJ/m3 
 34 000 W/m3 

2000 °C 4000 J/kg K x 1360 kg/m3x 2000 °C = 10880 MJ/m3 
 302 222 W/m3 

 


