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Abstract

The paper presents an experimental and numerical study of expanded polystyrene (EPS) with density ranging from 14.5 to 33 kg/m3,
which was subjected to long-term compression of rc = 0.35r10% to verify the suggested methods of predicting compressive strain devel-
opment in EPS products. The total time of testing was 608 days. Interval prediction of creep strain development for the period of 50 years
was made by extrapolation based on power and exponential regression equations applied to approximate creep formation. These equa-
tions were reduced to a linear form by using logarithms. An additional factor K, depending on the number of retrospective test results
and non-dimensional intervals in the range of prediction is used for a linear trend to correct for the expansion of confidence interval due
to discounting of prediction information. Predictions obtained by using power and exponential equations were synthesised and the
results were discussed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Products of expanded polystyrene (EPS) are extensively
used in several applications, especially as geofoam, where
its mechanical strength is very important [1–3]. Therefore,
the time-dependent mechanical (stress–strain) behavior of
these products has been a topic of significant interest for
many years [2–6]. Many authors propose the simplified
power Findley equation for making long-term prediction
of the creep strain development in EPS [3–5].

Making long-term prediction of the creep strain develop-
ment in expanded polystyrene (EPS) requires a comparison
of models based on extrapolation. However, the models
possessing similar statistical characteristics may be
obtained, making it difficult to give preference to one of
them. It may be assumed that each model describes only a
particular aspect of the creep strain presented in the ana-
lysed time series. Therefore, the use of several models allows

us to predict and describe strain formation more accurately
from various perspectives. In this process, a so-called syn-
thesis of prediction estimates can be used to obtain a syn-
thesised prediction. Consistency of predictions may be
determined by comparing their confidence intervals (i.e.
the deviation of the predicted values from the actual values).

A comparison between Findley equation results and a
simpler power-law model is given in [5]. The publication
[7] is intended for comparison of prediction results when
extrapolation is based on power and exponential equa-
tions. These investigations based on power model have
been continued and extended by an attempt of interval pre-
diction in [8].

In establishing prognostic creep values by extrapolation,
the determination of confidence intervals of prediction
seems to be more interesting and important than the
extrapolation itself, which is actually a standard technique.
Confidence intervals take into account the uncertainty
caused by a limited number of observations and the result-
ing inaccuracy of the estimates obtained for the empirical
curve parameters.
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The aim of the present investigation is the determination
of confidence intervals and synthesis of the prediction esti-
mates of expanded polystyrene creep based on power as
well as exponential models and direct long-term
experiments.

2. Testing methods and data processing

Expanded polystyrene boards of the types EPS 60, EPS
100, EPS 120, EPS 150, EPS 200 [9] with the density of
14.5–33 kg/m3 made by foaming beads (solid granules of
0.9–2.5 mm in diameter supplied by the companies ‘‘STY-
ROCHEM’’ and ‘‘BASF’’) were tested.

Creep strain curves were obtained when the specimen
cubes with 50 mm-edge were subjected to long-term com-
pression on special stands [10], providing the development
of a fixed stress rc = 0.35r10% for 608 days, with r10% being
the stress corresponding to 10% specimen deformation.
The compressive stress was assumed to be perpendicular
to the plane of the plate from which the specimens were
cut. The error of long-term compressive stress did not
exceed ±1%, while the error of creep strain measurement
was about ±0.005 mm. Each of six tests was made on three
specimens of the same density. The procedures of loading
the samples and taking the reading of dial gauges were car-
ried out according to the specifications [10]. Thus, each
specimen was loaded during (10 ± 5) s. The starting point
of the creep was assumed to be the indication of strain after
(60 ± 5) s from the beginning of loading.

Long-term tests were made at a temperature of
23 ± 2 �C and air humidity of 50 ± 5%.

To describe the curves of expanded polystyrene creep
obtained in testing, power (1) and exponential (2) equa-
tions were used. First of them is recommended for thermal
insulating products by [10], the second one had been
checked for this purpose in [8]

�ecðtÞ ¼ b0tb1 ; ð1Þ
�ecðtÞ ¼ b0ð1� e�b1tb2 Þ; ð2Þ

where �ecðtÞ is the experimental creep strain value, %, at the
moment t; b0, b1, b2 are constant factors depending on
material characteristics, temperature and stress, computed
on the basis of experimental data; t is time (h) in Eq. (1),
and days in Eq. (2).

The constant factors of the empirical relationships (1)
and (2) – ‘creep strain – duration of the compressive stress
r0c were determined by technique of least squares [11]. Stan-
dard deviation Sr (i.e. an absolute value of mean test data
deviation from the empirical regression line, which is
invariable for all sections of this line) was assumed to be
a measure of the test data spread about the regression lines
(1) and (2). It was found from the formula:

Sr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
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½ecðtÞ � �ecðtÞ�2

n� m
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; ð3Þ

where ec(t) is an experimental creep value at the moment t;
�ecðtÞ is the same based on empirical relationships (1) and
(2); n is the number of test results; m is the number of
parameters of empirical equation (m = 2 or m = 3).

The determination factor g2
ec�t (the square of correlation

ratio) [11,12] showing the dependence of the creep strain ec

variation on the variation of t (if g2
ec�t � 1, then the regres-

sion curve passes through all test results) was assumed to
be an indicator of the interrelationship of the variables ec

and t in the non-linear regressions (1) and (2).
In general terms, the confidence interval for the trend of

creep strain prediction can be evaluated in the following
way:

�ecðtÞ � ta;f � Sr; ð4Þ
where �ecðtÞ is a point prediction value for creep strain
(according to empirical equations, e.g. (1) or (2)); ta,f is
the value of the Student’s t-statistics with the degrees of
freedom f = n � m and the significance level a.

For the time (tL = n + L) the expression (4) evaluates
the confidence interval for the trend extended by L units
of time. In this case, the confidence interval of prediction
should take into account not only the uncertainty associ-
ated with the trend itself but possible deviations of this
trend as well.

Let the respective standard (prediction) deviation be
denoted by Spr, then, the confidence interval of the predic-
tion will be expressed as follows:

�ectL � ta;f � Spr: ð5Þ
The empirical relationships (1) and (2) can be made lin-

ear by using logarithms. Then, the standard deviation of a
prediction estimate for a linear trend of extrapolation may
be expressed in the following way [13,14]:

Spr ¼ Sr �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1

n
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where n is the number of test results; tL is time period for
which the extrapolation is applied; �t is the consecutive
number of the test result at the midpoint of a full series
of test results; t are the consecutive numbers of test results,
making a series of natural numbers.

By denoting a square root in Eq. (6) by K and basing
ourselves on the proofs given in [6] of the expression (6),
we can express K as follows:

K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1

n
þ 3ðnþ 2L� 1Þ2

nðn2 � 1Þ

s
; ð7Þ

where L is the number of non-dimensional lead time inter-
vals in the range of prediction.

Prediction lead time interval is numerically equal to a
time step between retrospective test results. For example,
when a time step between retrospective values is equal to
one month, while the time of prediction tL = 12 months,
then, the value of L = 12; when tL = 36 months, L = 36,
etc.
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