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Featured Application: Experimental results in this study can be utilized to design building
energy performance, simulate and anticipate the degradation of insulation material by ageing.
Based on this, remodeling approach and practical reinforcement method can be designed energy
efficiently for old buildings as well.

Abstract: Two experiments were executed to examine the slice accelerated test method, suggested
in ISO 11561 “Ageing of thermal insulation materials—Determination of the long-term change in
thermal resistance of closed-cell plastics (accelerated laboratory test methods)” and to observe the
changes in the thermal performance of insulation material over time by the real-time ageing process.
The accelerated test method was conducted for 120 consecutive days using 10 mm thick-sliced
specimens, which were sampled from a 50 mm thick plate body. The real-time ageing process was
performed for 5000 consecutive days under constant temperature and relative humidity conditions
as of 20 ± 5 ◦C and 50 ± 5% without any slicing. Degradation of thermal performance was shown
to be stabilized at around 38 to 41% down from the initial values, which were correspondent with
the approximately 10 days after the initial time. The real-time ageing process revealed similar
degradation levels at around 130 days after the starting point. Converting the results using the
scaling method specified in ISO 11561, the change was found in the range of 37 to 41% for the thermal
resistance after 25 years and of 30 to 38% for the 25-year-average thermal resistance, respectively.
Within the 10% error range, both the accelerated method and real-time ageing resulted in a similar
level of degradation. Consequently, it was our observation that the slice accelerated test was quite
enough to predict the practical degradation of insulation materials with at least 90% of accuracy
under the specified time duration, temperature and thickness satisfactions.

Keywords: insulation materials; thermal resistance; thermal resistance degradation by ageing; actual
long-term test; slice accelerated test

1. Introduction

Insulation is the most basic and commonly used passive method to decrease the
energy consumption of buildings and to reduce cooling and heating loads. Insulation
materials in the outer walls, roofs, and floors of buildings directly affect the cooling and
heating loads. These materials should be replaced before the end of their service lifetime
during remodeling and renovation to maintain the performance of buildings. Therefore,
insulation materials are carefully selected at the design stage based on the purpose and
characteristics of the building. Insulation materials used in buildings are classified as
inorganic and organic insulation materials. Inorganic materials include glass wool, mineral
wool, and gypsum board, which consist mainly of an open-cell structure and do not have
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an organic polymer matrix. Owing to this nature, generally, inorganic insulation mate-
rials are known to have better fire-resistant properties than organic insulation materials.
Compared to inorganic insulation materials, organic insulation materials have a relatively
lower thermal conductivity due to the cellular structure with highly formed closed cells.
Expanded Styrene (EPS), polyurethane (PUR), polyisocyanurate (PIR), extruded styrene
(XPS), and phenolic foam (PF) are representative insulation materials and are known to be
highly insulative materials due to their unique closed-cell structure compared to open-cell
structure inorganic materials. These can be divided into extruded insulation materials, bead
insulation materials, urethane foam, and phenol foam according to the foaming process
and raw materials [1,2]. Extruded insulation materials are made by foaming gas, with a
lower thermal conductivity than air, to secure a high insulation performance during manu-
facturing. HCFC-141b, HCFC-142b are representative foaming gases, which have widely
been used due to lower thermal conductivities ranging from 0.0097 to 0.0115 W/(m ·K)
than 0.025 W/(m ·K) of air [3]. However, this foaming gas is gradually released over time
and replaced with external air, which degrades the insulation performance of the materials
by 30 to 40%. Basically, this degradation occurs at different speeds of time, which are a
function of polymer type, cellular structure, temperature and foaming gas. Among these,
foaming gas is generally known to directly influence the thermal conductivity by replacing
it with air. At the early state, diffusion of air inside cellular structure happens faster than
that of foaming gas, and induces a rapid decrease of thermal conductivity. As equilibrium
in between diffusion of air and foaming gas inside the cellular structure is achieved, degra-
dation of thermal conductivity slows down and stops when each concentration of air and
foaming gas become similar [4,5]. Even if a foaming gas releases continuously inside the
structure, degradation in thermal conductivity is observed very slowly. It was reported that
the thermal resistance of foam insulation material was the function of time and thickness
of material in the below equation [6,7].

Thermal resistance = F
{

e
( time
(thickness)2

)
}

(1)

The heat transport through cellular foam plastics is the sum of heat capacities of
radiation, gas mixture, and solid polymer. Heat capacities of solid polymer and radiation
are relatively constant as foaming gas and time change. Therefore, long-term change in
thermal performance can be regarded as governed by foaming gas concentration. The
primary parameters of gas concentration in the cellular structure are effective diffusion
coefficient, thickness, and time. To evaluate the contribution of each parameter, thickness
and diffusion coefficient can be modulated by elevating the temperature, slicing thick
material, and ageing for an intended time. However, it was reported that controlling
temperature was not suggested because diffusivity of foaming gas could not be the same
and controlled for foam plastic insulation material from each different manufacturer. In
addition, closed cells in cellular structure, which mainly play an insulating role in foam
material, can be readily damaged as temperature increases [8]. Meanwhile, thickness
control can be relatively accurately conducted to modulate the degradation speed as
follows in the below equation by avoiding microstructure corruption [9].

time2= time1

(
thickness2

thickness1

)2
(2)

The change over time can be divided into primary and secondary stages. Considering
duration time, it is quite difficult to analyze the secondary stage experimentally at least for
over ten years. To address this practically, International Organization for Standardization
(ISO) suggested an accelerated laboratory test method to speed up the foaming gas release
intentionally by slicing thick specimens, which makes it possible to predict the thermal
properties after 25 years. In addition to that, ISO 11561 [6], which specifies the accelerated
laboratory test method by slicing, deals with both the thermal resistance in the 25-year
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average and the value after 25 years. It indicates that differences below 10% may occur for
the measurement depending on the sample thickness. Therefore, there has been an intense
discussion, but not much research has been performed empirically to figure out how this
calculative difference could be induced. The foaming gas type was examined to investigate
the possibility of influence on thermal resistance change [10]. The thermal resistance of
one or two organic insulation materials was observed, but influencing parameters were
not systemically explored in previous cases [11]. In this study, we analyzed changes in the
thermal performance of cellular plastic insulation materials over the actual elapsed time
and based on the slice accelerated method described in ISO 11561, respectively. Measured
thermal conductivity values of each method were compared and estimated by the scaling
method suggested in ISO 11561 to elucidate the practical approach conditions in tests and
scientific meanings.

2. Materials and Methods
2.1. Specimen and Measurement Conditions

The products used as specimens were collected within seven days of their production
date and stored in a constant temperature and humidity chamber at 20± 5 ◦C with 50 ± 5%
relative humidity. For the accelerated test, 50 mm products were sliced into five 10 mm
specimens and then stacked.

For the specimen slicing method, ISO 11561 specifies using a butcher knife, fine-
toothed band saw, or a thin heat line cutter for slicing. For a preliminary test, as seen in
Figure 1, we tested various slicing methods such as a cutter knife, butcher knife, mechanical
saw blade, woodworking saw blade, and a heat line, and examined the geometry and
degree of damage of the sliced surface using a magnifying glass to choose a suitable slicing
method for cutting specimens in this study. The specimen slice cut using the cutter and
butcher knives showed well-maintained independent, extruded polystyrene cells, and the
shape of independent bubbles on the back surface was clearly observed. However, the use
of saw blades damaged a considerable portion of the cells on the cut surface. The heat from
the heat line, which is most commonly used for cutting foam plastics, destroyed the cells on
the cut surface and damaged the shape of the cells beyond identification considering they
were melted and tangled like a spider’s web. While most methods damaged the surface
layer, it was observed in our test that a cutter knife was the appropriate tool to maintain the
cells on the cut surface and exhibit the lowest degree of damage. Therefore, all specimens
were prepared by using a cutter knife, which has a blade thickness of less than 0.5 mm.
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For measuring the thermal conductivity, heat flow meters from Netzsch (Heat Flow
Meters HFM 436 Lambda Series) were used based on the measurement methods of ASTM
C 518 (Standard Test Method for Steady-State Thermal Transmission Properties by means of
the heat flow meter apparatus) and ISO 8301 (Thermal Insulation—Determination of Steady-
State Thermal Resistance and Related Properties). When heat is applied to the specimen,
heat is transferred by the specimen in a steady state. Heat flux, thermal conductivity and
test procedure including calibration and measurement method were followed by ASTM
518. In ISO 8301, three major components of heat transfer such as radiation, conduction in
both solid matrix and foaming gas phase, and convection were covered in dealing with
the heat flow meter to measure the steady-state heat transfer by the specimen. Parameters
such as material composition, moisture, mean temperature, and prior thermal history
regarding conditioning of material, which may infect the thermal transmission properties
were referred [12,13]. The high and low temperatures for the experiment were 33 ◦C and
7 ◦C, respectively, with an average temperature as of 20 ± 1 ◦C [14]. HEM 436 Lambda
deals with specimens from 5 mm up to 100 mm in thickness and 305 mm in length. Thermal
conductivity in between 0.005~0.50 W/(m·K) can be measured with an accuracy range of
±1~±3% and 0.5% of reproducibility.

Four different samples were prepared as summarized in Table 1. Insulation material
was the same as XPS special grade in Korea. Specimen 1 and 2 represented the results of
specimens on the 1st and 2nd floor from our previous study about real-time ageing tests for
50 mm thick XPS board [15]. To compare with previous results, additional samples were
denoted as specimen 3 and 4, respectively, for the sliced acceleration test. All samples were
stored under constant temperature and relative humidity as of 23 ◦C and 50%, respectively.
Difference between specimen 1 and 2 was solar radiation exposure condition.

Table 1. Sample definitions and preparation conditions.

Sample Definition Condition

Specimen 1 50 mm thick XPS, conditioned under 23 ◦C and
50% RH without solar radiation exposure

Specimen 2 50 mm thick XPS, conditioned under 23 ◦C and
50% RH with solar radiation exposure

Specimen 3 10 mm thick specimen cut from left side of 50 mm
XPS, conditioned under 23 ◦C and 50% RH

Specimen 4 10 mm thick specimen cut from right side of
50 mm XPS, conditioned under 23 ◦C and 50% RH

In Figure 2, a schematic diagram of the heat flow meter was drawn to simply describe
the principle of heat flow measurement. As shown in Figure 2, the insulation specimen
is installed on a heat flow meter between the top high-temperature plate and bottom
low-temperature plate. The temperature difference is induced on the opposite side of the
specimen by the top and bottom plates and generates heat flow from high temperature
to low temperature. By controlling the temperature difference of plates, corresponding
heat flow generation depending on a specimen can be measured as a function of specimen
thickness and thermal conductivity [12,13].
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2.2. ISO 11561 Test Method

ISO 11561 “Ageing of thermal insulation materials—Determination of the long-term
change in thermal resistance of closed-cell plastics (accelerated laboratory test methods)”
demonstrates the method of determining the ageing of independent bubble plastic insula-
tion materials based on the changes in thermal resistance over time owing to the diffusion
of gas inside the materials, i.e., reduction in thermal resistance over time ISO 11561 also
proposes the test method A and B regarding sample preparation, which regulates slicing
thickness and execution time. Method A is “Test to determine time-dependent change
in thermal properties of core materials” and Method B is “Simplified test to determine
a design life-time thermal resistance of an unfaced product”. Method A is intended to
observe the primary stage of degradation, which intentionally induces most part of the
foaming gas release out of the thin specimen. Method B is to predict the thermal resistance
of 25 years’ time passage at the secondary stage of ageing by scaling 91 ± 7 days observed
data. So, the biggest difference in test procedure is the conditioning time to scale the actual
time of 25 years to 91 ± 7 days. A simplified comparison between the two methods is
summarized in Table 2. However, the standard described the limitations of test method
B considering it cannot predict the product characteristics at high temperatures, that is,
changes due to the internal components, and has specified the need for further research.
Therefore, test method A was used in this study.

Table 2. Details of methods A and B in ISO 11561.

Method A B

Purpose
Determine change in thermal
resistance of specimen at any

time in primary stage in graph

Scale thermal resistance of
specimen at 91 ± 7 days to

25 ± 2 years in secondary stage
in graph

Test condition 10 mm thick, 23 ± 2 ◦C 50% RH 10 mm thick, 23 ± 2 ◦C 50% RH

Conditioning Time 3 days after production and
conditioning in less than 2 days 91 ± 7 days

Test method A is used to periodically measure the thermal resistance or thermal
conductivity of a thin slice of the specimen (core part of insulation material) pretreated
using a standard test method under constant environmental conditions within a short
time interval. Most studies on the ageing of foam plastics express the thermal resistance
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γ (reciprocal of thermal conductivity) as a function of the logarithm of time, which is
given as:

γ = F(logt) (3)

The dimensionless thermal resistance is obtained when the thermal resistance γ

(usually the initial few days) is utilized to the point where the initial time, used as a
reference value, is zero. It is given as

γt
γ0

= F(logt) (4)

The above equation can be used to understand the general characteristics of the ageing
process without paying undue attention to absolute values. If Rt is the thermal resistance
after day t and Rav, n is the average thermal resistance over a period of n days, then

Rav, n =
∑ Rt

n
(5)

Assuming the relationship between R and t is the exponential function, Equations (3) and (4)
would be the same as in Equation (6).

Ri − Rn

R0 − Rn
= 1 − logi

logn
(6)

where R0 and Rn are the thermal resistances on the first and last days of the ageing period,
respectively. Therefore, the average thermal resistance Rav for n days is the same as the
thermal resistance Rt after t days, given as:

t =
n√
10

(7)

Similarly, we can compare the phenomenon of nitrogen and oxygen present in air
penetrating into the independent bubble foam plastic insulation material and releasing
foaming gas to a method that describes the heating or cooling process of a slab. In other
words, when the temperature of the slab is uniform at T1 and the surface temperature
reduces to T2, the average temperature Tm of the slab can be expressed as

Tm =
(T0 − T2)

(T1 − T2)
= 8π2 ∑

1
2n + 1

exp[−F0(2n+1)2π2] (8)

where
F0 =

α·t
d2 =

λ

ρ·Cp
(9)

When F0 (Fourier number) is large enough (i.e., when the duration is long, or the
thickness is small), and n = 0, the series in Equation (8) rapidly converges, and Equation (8)
can be simplified As

(Tm − T2)

(T1 − T2)
= 8π2· exp[−F0·π2] (10)

Here, in Table 3, all symbols and meaning of variables used in Equations (3)–(13)
were summarized.
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Table 3. Definition of variables in equations.

Symbol Meaning

Tm Average temperature of the slab

T0 thickness of a reference slab

T1 temperature of the slab

T2 surface temperature

n ageing period

F0 Fourier number

α thermal diffusivity (thermal diffusion coefficient)

t time

d thickness of specimen (slices)

λ thermal conductivity

ρ density

Cp specific heat capacity at constant pressure

d thickness of specimen (slices)

d0 thickness of a reference slab

D effective gas diffusion coefficient

D0 effective gas diffusion coefficient of a reference slab

For each value, an exact exponential function is considered, provided the thickness
and thermal diffusivity are known. This process is called diffusion progression, wherein
the diffusion of gas can be interpreted as a mathematical model, similar to the diffusion of
heat if the gas pressure changes according to changes in the temperature, and the effective
gas diffusion coefficient changes according to the thermal diffusivity.

Therefore, the movement of gas can be interpreted from Equations (8) and (10),
which show that the dimensionless logarithmic value of the relative pressure is always
proportional to F0 and has a linear relationship with F0 if the value of F0 is large, respectively.
If F0 is constant, the scaling technique of the movement process used to convert the
diffusion rate of a thin specimen into that of a thick specimen is applied until Equation (8)
demonstrates the gas movement process. Therefore, to compare the diffusion rate of the
slab with all attribute sets (d and D) of the reference slab (d0 and D0) as a specimen, the
measured ageing time must be multiplied with the scaling factor, which similarly applies
to comparing the diffusion rate of a slab with certain characteristics (d and D) with that of
the reference plate (d0 and D0).

t = t0·S (11)

S =

(
d2

0·D
d2·D0

)
(12)

Assuming D = D0 for the material to be tested (i.e., when the material is homoge-
neous), the scaling factor can be expressed using the thickness ratio alone:

S =

(
d2

0

d2

)
=

(
102

502

)
= 0.04 (13)

In summary, the relative thermal resistance ratio (Rt/R0: thermal resistance of the
specimen after time t/initial thermal resistance) was calculated from the thermal resistance
of the 10 mm thick specimen. Based on the calculated results, a graph was plotted as seen
in Figure 3, where the x-axis represents the time taken to repeat the test until a constant
linear relationship is achieved beyond the transition point.
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Furthermore, the average thermal resistance of the specimen was determined, and the
experimental result curve obtained was converted into the curve of the 10 mm thickness
by using the scaling factor from Equation (13) to calculate the thermal resistance for the
original thickness of the sample tested at the specified time. From these calculations, the
specific thickness of foam insulation materials can be anticipated to have the deteriorated
thermal resistance as a function of time, thickness and material type when considered
inhomogeneities of cellular foam material and thickness measurement inaccuracy in a
practical situation.

3. Results and Discussion
3.1. Ageing Based on the Actual Elapsed Time

In this section, measurement data of thermal resistance, while actual time passed
for 50 mm thick XPS under 23 and 50% RH with and without solar radiation exposure
conditions, are described. The thermal resistance profile graph of 50 mm thick extruded
polystyrene (XPS) material under two experimental conditions was quoted as a function of
time in log scale based on data in our previous study are as shown in Figure 4 [15]. The
thermal performance of XPS exhibited a primary stage that showed rapid degradation
in performance for approximately 1000 days and slow degradation in a second stage.
The initial thermal resistance was measured in the range of 2.485~2.498 m2·K/W, and
performance degradation of approximately 41% was observed compared to the initial
value after approximately 5300 days, where the thermal resistance was measured in the
range of 1.424~1.452 m2·K/W. As compared with the criteria value of 1.8519 m2·K/W in
the Korean Standard (KS) M 3808 [16], which is positioned as a vertical dot line, thermal
resistance values of two samples satisfied the value until 185 days as thermal resistance
of 1.8173 m2·K/W for sample 3 and 188 days as of 1.82562 m2·K/W for sample 4, respec-
tively. Consequently, it was concluded that thermal resistances of samples were over the
Korean Standard at first installation, but deteriorated down 3 months later below the
Korean Standard.
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Figure 4. Thermal resistance of two XPS specimens. Redrawn based on previous results [15,16].

3.2. Accelerated Test Results

For the accelerated test, the thermal conductivity of the 10 mm sample was measured
repeatedly for approximately 3200 hr, and the results were converted into thermal resistance
values, as seen in Figure 5. The relative thermal resistance ratio (Rt/R0) was calculated from
the resultant thermal resistance values, and the time axis was subjected to a logarithmic
transformation to derive the results shown in Figure 6. The scaling factors of the 10 mm
and 50 mm thickness were compared, respectively, based on Equation (13) to express the
results shown in Figure 7. As shown in Equation (13), the scaling factor for the 10 mm thick
specimen corresponding to the original 50 mm thick XPS is 0.04. By applying 0.04 to the
actual time of measurement for 50 mm thick material, the time for 10 mm thick specimen
was obtained and graphed in log scale without any change of measured thermal resistance
values. From scaling conversion, the corresponding thermal resistance of the time for a
10 mm thick specimen represents the thermal resistance of 50 mm thick material in actual
ageing time. In addition, relative thermal resistances in dimensionless values were graphed
as suggested in ISO 11561 [6] to compare the trend of thermal resistance degradation as
a function of time. In Figures 5–7, it can be observed that the initial thermal resistance of
specimens varied within ranges from 0.4 to 2.5 m2·K/W. As explained in condition details,
the intrinsic nature of specimens 3 and 4 can be regarded as the same owing to the cut from
the same 50 mm slab. However, unexpectable inhomogeneities might induce the initial
thermal resistance difference.
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The thermal resistance of the 50 mm thick extruded insulation material after 25 years,
which consists of 9125 days, was calculated using Equation (11) as follows:

t10mm specimen(t10) = 9125·
(

10
50

)2
= 365 (14)

This means that the time for a 10 mm sliced specimen is shortened down to 365 days,
which corresponds to 9125 days for a full 50 mm thick slab.

As seen in Figure 7, the thermal resistances of sample 1 and 2 after 365 days, corre-
sponding to 25 years, were calculated as approximately 0.309 m2·K/W and 0.288 m2·K/W,
respectively. On converting these results into thermal resistances for a thickness of
50 mm, the thermal resistances of samples 1 and 2 were calculated as 1.542 m2·K/W
and 1.442 m2·K/W, respectively.

Similarly, we calculated the 25-year-average thermal resistance using Equations (7),
(11) and (13).

t50mmslab,average(t50,av ) =
9125√

10
= 2886 (15)

t10mmspecimen,average(t10,av )= t50,av·S = 2886·
(

10
50

)2
= 115 (16)
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The thermal resistances of specimens 3 and 4 after 115 days were calculated to ap-
proximately 0.341 m2·K/W and 0.300 m2·K/W, respectively. On converting these results
into thermal resistances for a thickness of 50 mm, the thermal resistances of samples 1 and
2 were calculated as 1.704 m2·K/W and 1.499 m2·K/W, respectively. Consequently, the
25-year-average thermal resistance of 50 mm thick insulation material becomes similar with
thermal resistance values of 50 mm thick slab and 10 mm sliced specimen after 9125 days,
2886 days, and 115 days, respectively.

In Table 4, the thermal resistances of specimens 3 and 4 were summarized. Initial
value, the value after 25 years, and the value in 25 years average were obtained from data
in Figure 5 and calculation by Equations (15) and (16). The change rates of the thermal
resistance by initial value were calculated by dividing degradation value from initial
value by the value after 25 years. It varied from 37 to 41% for the thermal resistance after
25 years and from 30 to 38% for the 25-year-average thermal resistance, which meant that
thermal insulation XPS lost almost 30 to 40% of intrinsic property both 25 years later and
on average. Consequently, it is our suggestion that old buildings that were constructed
with XPS insulation in the early 90s are necessary to be inspected to at least satisfy Korean
Standards and the building energy efficiency grade in Korea.

Table 4. Slice test results.

Specimen
Thermal Resistance [m2·K/W]

Initial (Ri) After 25 Years (Rt) Change % (1 − Ri
Rt

)
25 Years in

Average (Ra) Change % (1 − Ri
Ra

)

#3 0.486 0.309 ≈37% 0.341 ≈30%
#4 0.486 0.288 ≈41% 0.300 ≈38%

3.3. Comparison of the Test Results

From calculations in Equations (15) and (16), it can be concluded that one day for the
sliced 10 mm thick specimen corresponded to 25 days for the 50 mm thick original sample.
Figure 8 shows the graphs derived from the scaling factor applied slice-accelerated test and
the long-term ageing test. When the slice test results were converted into thermal resistance
for the original sample thickness during the specific period, graphs moved in both X-axis
and Y-axis directions, as seen in Figure 9. This indicates that the thermal performance of
material changes over time.
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The transition point was observed to occur after approximately 1000 and 5000 days for
the long-term test and accelerated test results, respectively, thereby indicating a significant
time difference between the two results. The difference between the two results was settled
within 10% at around the time after 3600 days.

4. Conclusions

The hypothesis raised by ISO 11561 states that the thermal resistance of a sliced sample
after 25 years and the 25-year average thermal resistance were degraded by time. It also
specifies that the anticipated results may differ by approximately 10% compared to the
original thickness sample. Based on this hypothesis, we compared the long-term ageing test
data with the actual elapsed time. When the minimum period to consider the remodeling
of an old building was assumed to be 3600 days (10 years), the prediction of ageing by the
slice-accelerated test method appeared to have exhibited similar results as the performance
degradation by the actual ageing. The experimental results are summarized as follows:

- On conducting the accelerated laboratory test suggested in ISO 11561 using extruded
insulation material (special grade), the material exhibited a stable state after ap-
proximately 120 days and underwent 38–41% degradation in thermal performance
compared to the initial value. This result was similar to the rate of change of 39–42%
after approximately 5000 days compared to the initial value of the 50 mm specimen
analyzed in the previous study [16].

- When the thermal performance of the 50 mm specimen after 25 years was predicted
using the scaling technique, the thermal resistance and 25-year-average thermal resis-
tance were calculated as 1.542 m2·K/W and 1.704 m2·K/W, respectively. Furthermore,
the rate of change of the thermal resistance after 25 years and the 25-year average
thermal resistance compared to the initial value ranged from 37 to 41% and from 30 to
38%, respectively.

- While the ageing analysis of the two methods revealed a slight difference in the
transition point, the difference was less than 10% after approximately 3600 days
(10 years) owing to stabilization. Because the slice-accelerated test includes a method
to predict the ageing of insulation materials after 25 years, the ageing results of the
extruded insulation material using the two test methods were assumed to be similar.
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