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The re sults ob tained in an ex per i men tal in ves ti ga tion of deformability of ex panded poly sty rene (EPS) un der

short-term com pres sion are pre sented. The den sity of EPS var ied from 13 to 28 kg/m3. The method of de sign of

ex per i ments was used to de ter mine the elas tic modulus and the ul ti mate strain (cor re spond ing to the end of

quasi-lin ear deformability) un der com pres sion stresses op er at ing per pen dic u larly and par al lel to the faces of

EPS prod ucts. A graph i cal in ter pre ta tion of the mod els is also pre sented. Based on the ex per i men tal data ob -

tained, it was con cluded that the ex panded poly sty rene was ho mo ge neous in mu tu ally per pen dic u lar planes

with re spect to its deformability in com pres sion.

An im por tant con di tion for the em ploy ment of light weight struc tures con tain ing ex panded poly sty rene (EPS) is the

re fine ment of the meth ods for their cal cu la tion, with deformability pa ram e ters of EPS lay ers ac counted for more thor oughly.

Com pres sion is the ba sic form of stress state of an EPS used as a thermoinsulation struc tural ma te rial. In most cases, the ef fi -

ciency of EPS as a struc tural ma te rial de pends not on its strength pa ram e ters, but on the deformability. Thus, the EPS serv ing as 

a force filler of sand wich pan els must pri mar ily pos sess a cer tain ri gid ity; in par tic u lar, the filler ma te rial must meet par tic u lar

re quire ments for the elas tic modulus. For ex per i men tal de ter mi na tion of the elas tic modulus of EPS, tests spec i mens of var i ous

shapes have been uti lized: cubes with edges of length b = 50 mm [1]; cyl in ders of di am e ter 150 mm and height H = 300 mm [2];

cyl in ders of di am e ter 100 mm and height H = 200 mm [3]; rect an gu lar 30 ´ 30 ´ 100-mm prisms [4]. In [5], com pres sion tests

on rigid-foam spec i mens with a base size b = 40-100 mm and a ra tio be tween the height and base size of 0.5-4.0 were de scribed. 

It was found that the strength did not de pend on their height and cross-sec tional area. The ul ti mate strain eB  in the quasi-lin ear

re gion of the de pend ence s e= f ( ), mea sured ac cord ing to the dis place ment of the crosshead of a test ing ma chine, de creased

with in creas ing ra tio be tween the height and the base size of the spec i mens, while the elas tic modulus in creased [5]. Ac cord ing

to the data pre sented in [6], to de ter mine the strength and elas tic modulus in com pres sion, spec i mens of a square or cy lin dri cal

form with base sizes b = 50 mm (50 mm in di am e ter) and H = 50-150 mm were used for high-den sity thermoinsulation ma te ri -

als and with H = 153 mm (153 mm in di am e ter) and b = 25-153 mm for low-den sity ones. It is known that there ex ists a cer tain

cor re la tion be tween the spec i men ge om e try and ex per i men tal re sults for the me chan i cal pa ram e ters of a ma te rial [5]. How ever, 

no con clu sions for the optimum cross-sectional sizes of test specimens for determining the deformability characteristics of EPS 

in compression can be found in the literature.

4330191-5665/07/4305-0433 © 2007 Springer Sci ence+Busi ness Me dia, Inc.

“Thermoinsulation” In sti tute, Gediminas Vilnius Tech ni cal Uni ver sity, Vilnius, Lith u a nia. Trans lated from

Mekhanika Kompozitnykh Materialov, Vol. 43, No. 5, pp. 639-656, Sep tem ber-Oc to ber, 2007. Orig i nal ar ti cle sub mit ted Jan -

u ary 16, 2007. 

Me chanics of Com pos ite Ma te rials, Vol. 43, No. 5, 2007



The pur pose of the pres ent study is to op ti mize the spec i men height for EPS of var i ous den sity for de ter min ing the

elas tic modulus E and the ul ti mate strain eB  in the re gion of quasi-lin ear ity, with the use of to tal de for ma tion of the spec i men

mea sured from the dis place ment of the crosshead of a testing machine. 

The in ves ti ga tions were car ried out on EPS plates made not by pres sure mold ing, but by foam ing, in a closed vol ume,

a raw ma te rial in the form of beads (rigid gran ules): Styrochem NF-414 (Fin land), 1.4-2.5 mm in di am e ter, for plates of den sity

13-14 kg/m3; Styrochem NF-514, 0.9-1.6 mm in di am e ter, for plates of den sity 20-21 kg/m3; Styrochem NF-714, 0.6-0.9 mm,

for plates of den sity 27-28 kg/m3.

In ves ti ga tion Method and Math e mat i cal De sign of Ex per i ments

The com pres sion tests were per formed, ac cord ing to [7], un der nor mal com pres sion stresses op er at ing per pen dic u -

larly (H N ) and in par al lel (T) to the sur face of the EPS plates, i.e., the op er at ing con di tions of foams in light weight three-layer

struc tures were taken into ac count. The stan dard [7] con tains rec om men da tions on the ge om e try of spec i mens, the test pro ce -

dure, and the de ter mi na tion of com pres sion strength, but does not in di cate the op ti mum height of spec i mens for de ter min ing

the deformability char ac ter is tics of a ma te rial. We tested square spec i mens with a base size of b = 50 mm (ac cord ing to [8], ac -

cepted for the ba sic se ries of ex per i ments) and a height H equal to that of the tested EPS plates —- 50, 100, and 150 mm, as well

as spec i mens with b = 150 mm and H = 150 mm (additional series of experiments).

The com pres sion was car ried out on an H10KS com put er ized test ing ma chine (Hounsfield, Eng land) at a load ing rate

of (0.1 N ± 25%) mm/min [7], with a force mea sure ment er ror of 1-11 N. The ac cu racy of de for ma tion mea sure ments ac cord -

ing to the crosshead motion was 0.01 mm. 

The tests were car ried out at an am bi ent tem per a ture of 23 ± 2°Ñ and a rel a tive hu mid ity of 50 ± 5%. 

In the in ves ti ga tions, the QMAT Pro fes sional ver. 3.83 base con trol pro grams were used. For each spec i men, the con -

ven tional com pres sion strength s10%  and the shear modulus E were cal cu lated, and the strain di a gram was drawn to a (40-60) :

1 scale. Upon pro cess ing the stress–strain di a grams, we de ter mined the ul ti mate strain eB . The lon gi tu di nal strain was cal cu -

lated by the for mula e = DH H, where H is the gage length of the spec i men H; DH is the re duc tion in the gage length at a fixed

load F.

The ul ti mate strain eB , ac cord ing to the stress–strain di a gram, was de ter mined in the fol low ing way: through the or i -

gin of co or di nates, a tan gent to the de for ma tion di a gram and, in par al lel to it, at e  = 0.3%, a straight line were drawn (Fig. 1).

The ab scissa of the in ter sec tion point of the sec ond line with the de for ma tion di a gram de ter mined the ul ti mate strain eB , be -

yond which a no tice able in crease in de for ma tions and a de vi a tion of the dependence from linearity occurred.
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Fig. 1. De ter mi na tion of the elas tic modulus E and the ul ti mate strain eB  of an EPS in com pres -

sion.



The elas tic modulus in com pres sion was found as the tan gent of slope an gle of the ini tial quasi-lin ear sec tion of the

stress–strain di a gram by us ing the formula
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where DF is the in cre ment of the load; A is the cross-sec tional area of the work ing part of the spec i men;  e is the lon gi tu di nal

strain of the spec i men when the load is changed by DF (for  e e£ B ).

Such char ac ter is tic as the elas tic modulus E is nec es sary in cal cu la tions with the use of equa tions of the me chan ics of

solid de form able bod ies, which are em ployed to de ter mine the stresses and strains un der the ac tion of ex ter nal loads on EPS as

a struc tural ma te rial. There fore, the op ti mi za tion of the spec i men height for EPS prod ucts of var i ous den sity is im por tant for re -

li ably de ter min ing such deformability char ac ter is tics as the elas tic modulus E and the ul ti mate strain eB  from the to tal de for ma -

tion of the spec i mens. This means that spec i men sizes must pro vide a suf fi ciently accurate registration of measured

deformations.

The sys tem con sid ered in cludes four out put pa ram e ters (E H N( ) , E T( ) , eB H N( ) , and eB T( ) ) and two con trolled fac tors

(the EPS den sity r and the spec i men height H (gage length). Plates of den sity 13 to 28 kg/m3 were tested ac cord ing to a fac to rial 

ex per i ment of the type N nk=  (where n is the num ber of lev els and k is the num ber of fac tors). Al to gether, N = =3 92  tests

were per formed. For the cut-out spec i mens of height H = 50, 100, and 150 mm, ex per i men tal sam ples with sim i lar ini tial mean

den si ties were formed. The tests were car ried out in a month and a half af ter man u fac tur ing the plates. In to tal, nine se ries of

EPS plates (six specimens for each plate) were tested.
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TABLE 2. Matrix of the Total Factorial Experiment of Type 32 and Experimental Results 

Ex per i -
ment

x1 x2

y1, MPa y2, % y3, kPa y4, %

y1
ý* S y1

2
y2

ý* S y2

2
y3

ý* S y3

2
y4

ý* S y4

2

1 –1 –1 1.926 0.0416 2.077 0.0177 2.258 0.265 2.237 0.0980

2 0 –1 4.720 0.0496 2.132 0.0161 4.338 0.283 2.307 0.0515

3 +1 –1 7.365 0.1152 2.120 0.0524 6.944 0.273 2.185 0.0320

4 –1 0 2.807 0.0058 1.898 0.0177 2.942 0.244 1.950 0.0202

5 0 0 6.056 0.1076 1.605 0.0093 6.150 0.295 1.627 0.0259

6 +1 0 8.400 0.0508 1.652 0.0090 9.265 0.453 1.640 0.0174

7 –1 +1 3.450 0.0047 1.687 0.0126 3.613 0.205 1.560 0.0240

8 0 +1 6.248 0.1204 1.588 0.0202 6.422 0.257 1.670 0.0303

9 +1 +1 8.643 0.0328 1.630 0.0071 9.667 0.395 1.578 0.0030

*The av er age val ues of in put pa ram e ters from six par al lel eval u a tions are pre sented.

TABLE 1. Basic Characteristics of the Design of Experiments

Char ac ter is tic x1* x2**

Ba sic level 20.6 100

Vari a tion in ter val 7.0 50

Up per level 27.6 150

Lower level 13.6 50

* Spec i men den sity, kg/m3.
**Spec i men height, mm.



The de sign of ex per i ments made it pos si ble to vary all fac tors si mul ta neously and to ob tain quan ti ta tive es ti mates for

the ba sic ef fects of their in ter ac tion. To re duce the multicollinearity of qua dratic terms in the two-fac tor ex per i ment and to sim -

plify the pro cess ing of ex per i men tal data, the fac tors were encoded by the formula [9]

x
x x

I
j

j j i

j

=
- ( )

,
(1)

where x j  and x j  are the en coded and nat u ral val ues of a fac tor, re spec tively; x j i( )  is the nat u ral value of the fac tor of the ba sic

level; I j  is the in ter val of vari a tion; j is the num ber of the fac tor.

The ba sic level and the in ter val of vari a tion of the con trolled fac tors are pre sented in Ta ble 1, and the ma trix of de sign

of ex per i ments is given in Table 2.

Upon com pres sion of the spec i mens cut from the plates and se lected ac cord ing to the ma trix of de sign, the fol low ing

pa ram e ters of EPS were de ter mined:

· y1 and y3  — the elas tic moduli E H N( )  (per pen dic u larly to the plate plane) and E T( )  (in the plate plane), re spec tively;

· y2  and y4  — the ul ti mate strain eB H N( )  (per pen dic u larly to the plate plane) and eB T( )  (in the plate plane), re spec tively.

We em ployed poly no mi als of the sec ond de gree, be cause, first, there ex ist well-de vel oped sec ond-or der de signs and,

sec ond, the sur faces of sec ond or der can be clas si fied, and hence their ex treme points are readily de ter mined. The method of

least squares [10] was used to cal cu late the qua dratic mod els of the re la tion be tween the out put pa ram e ters ( y1, y2 , y3 , and y4 )

and the con trolled fac tors (x1 and x2 ). The ma trix of de sign for such a relation is given in Table 3.

In the gen eral form, the qua dratic model can be writ ten as

y b b x b x b x x b x b x= + + + + +0 1 1 2 2 12 1 2 11 1
2

22 2
2 . (2)

The sig nif i cance of the con stant co ef fi cients was ver i fied by us ing the Stu dent t-cri te rion [11] at a sig nif i cance level a

= 5%. The in sig nif i cant co ef fi cients were not in cluded in the equa tion. The ad e quacy of Eq. (2) was checked by us ing the

Fisher criterion [12, 13].
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Fig. 2. Com pres sion stress–strain di a grams of EPS spec i mens of den sity 20.6 kg/m3 and thick -

ness 50 (1), 100 (2), and 150 (3) mm. The dots are ex per i men tal val ues: m — the strain eB H N( )

(on the ab scissa axis); o — the stress (on the or di nate axis) cor re spond ing to a 10% strain of

the specimens.



In ves ti ga tion Re sults

Fig ure 2 shows the de for ma tion di a grams of EPS un der com pres sive stresses op er at ing per pen dic u larly to the sur face

of plates. The shape of the de for ma tion curves is prac ti cally quasi-lin ear up to 60-75% of the stresses s10%  cor re spond ing to a

10% strain of the spec i mens. The limit of quasi-lin ear ity of the de pend ence s e= f ( ) is the strain eB . 

Ta ble 4 pres ents the co ef fi cients of Eq. (2) cal cu lated ac cord ing to the data in Ta bles 2 and 3 (the en coded vari ables),

and Ta ble 5 shows re sults of a sta tis ti cal anal y sis. Ad e quate equa tions of re gres sion of the sec ond or der were ob tained, there -

fore, the ef fects of in ter ac tion be tween the fac tors and the qua dratic ef fects (the in flu ence of qua dratic terms is also pres ent in

the free term b0 , for which a mixed es ti mate was ob tained) found in the ex per i ment be come sig nif i cant. We should note that the 

ex per i ment was car ried out in a lo cal do main in the fac tor space, and the co ef fi cients of Eq. (2) reflect the effect of factors only

in this domain.

The gen eral form of co ef fi cients of the equa tions shows that not all the fac tors con sid ered equally af fect the out put pa -

ram e ters ex am ined (see Ta ble 4). The value of a re gres sion co ef fi cient is the quan ti ta tive mea sure of in flu ence of the cor re -

spond ing fac tor on the out put pa ram e ter upon tran si tion from the zero level to an up per or lower one. The plus (mi nus) sign in -

di cates that, with in crease in the fac tor, the value of the output parameter increases (decreases).

The in ter ac tion of two fac tors in the equa tion for y3  is sig nif i cant and means only that the main ef fect of one fac tor de -

pends on the fact at what level the other fac tor is (the ex is tence of an in ter ac tion ef fect be tween the fac tors does not mean that

they are in ter de pen dent). The pos i tive sign of the in ter ac tion means that a si mul ta neous in crease, as well as a si mul ta neous de -

crease, in the val ues of two fac tors in creases the out put pa ram e ter ex am ined, in par tic u lar, y3  (with out re gard for the lin ear ef -
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TABLE 4. Coefficients of Regression Equations with Respect to Encoded Variables

Re gres sion
equa tions

b0 b1 b2 b12 b11 b22

y1 5.916 2.704 0.722 - –0.243 –0.362

y2 1.672 –0.0433 –0.237 - 0.0690 0.154

y3 6.119 2.844 1.027 0.342 - –0.579

y4 1.739 –0.0573 –0.320 - - 0.184

TABLE 3. Extended Matrix of Design of the Total Factorial Experiment of Type 32

Ex per i ment

Ma trix of ba sic func tions

De sign
x0 x1

2 x2
2 x1x2

x1 x2

1 –1 –1 +1 +1 +1 +1

2 0 –1 +1 0 +1 0

3 +1 –1 +1 +1 +1 –1

4 –1 0 +1 +1 0 0

5 0 0 +1 0 0 0

6 +1 0 +1 +1 0 0

7 –1 +1 +1 +1 +1 –1

8 0 +1 +1 0 +1 0

9 +1 +1 +1 +1 +1 +1



fects). At a si mul ta neous vari a tion of the fac tors in dif fer ent di rec tions, for ex am ple, x1 = +1 and  x2  = –1 or x1 = –1 and x2  = +1, 

the output parameter y3  decreases. 

The out put pa ram e ters can be found by us ing data of the con trolled fac tors x1 and x2  from equa tions for the pa ram e ters 

y1, y2 , y3 , and y4  (see Ta ble 4). In in ves ti gat ing the equa tion for y1, it is found that, at x1 vary ing from 13.6 to 27.6 kg/m3, the

point of extremum is x2  = 150 mm (“al most sta tion ary area”). The in ves ti ga tion re sults for y2  show that the point of extremum 

y2 , at which the pa ram e ter y2  is min i mum with re spect to spec i mens, is the point x2  = 139 mm. By an a lyz ing the equa tion for

the pa ram e ter y3 , it is found that the point of extremum x2  (“al most sta tion ary area”) lies within the range of 130-159 mm when 

x1 var ies from 13.6 to 27.6 kg/m3. An a lyz ing the equa tion for the pa ram e ter y4 , it is found that the point of extremum, at with

the pa ram e ter y4  is min i mum along the specimen height, is the point x2  = 144 mm.

Af ter tran si tion from the en coded [see Eq. (1)] to nat u ral vari ables and av er ag ing of re gres sion co ef fi cients, the equa -

tions for the out put pa ram e ters take the following form:

E H N( )  = –7.037 + 0.590r + 0.0434H – 0.00496r 2  – 0.0001H 2
(3)

with a root-mean-square de vi a tion S r  = 0.496 MPa (Nm = 54 points of eval u a tion);

eB H N( )  = 3.49 – 0.0642r  – 0.0171H + 0.00141r 2  + 0.0000616H 2
(4)

(S r  = 0.10%; Nm = 54),
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TABLE 5. Statistical Analysis of Regression Equations with Respect to Encoded Variables 

The quan tity cal cu lated y1 y2 y3 y4

Num ber of de grees of free dom

fad 4 4 4 5

f repr 45 45 45 45

Sad
2 0.135 0.0530 0.573 0.0739

S repr
2 0.0587 0.0180 0.297 0.0336

Fcal 2.30 2.94 1.93 2.20

Ftab 2.59 2.98 2.59 2.43

Con clu sion on the ad e quacy of the
model

Ad e quate at the level of sig nif i cance a, %

5 2.5 5 5

Sr 0.255 0.093 0.361 0.130

Note. As a mea sure of scat ter of test re sults about the em pir i cal sur face of re sponse, the root-mean-square de vi a tion Sr  (the ab so lute value of
the av er age mea sure of de vi a tions of test data from the em pir i cal sur face of re sponse, con stant for all its sec tions) is ac cepted:
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where yiu  and $yi  are the ith val ues of the re sul tant char ac ter is tic — the ac tual ones and those cal cu lated by Eqs. y1, y2, y3, y4 (by en coded
vari ables);  m is the num ber of par al lel tests at sep a rate points of the de sign of ex per i ment ( m = 6); N  is the num ber of runs of the de sign of ex -
per i ment (N  = 9); l is the num ber of sig nif i cant co ef fi cients in the re gres sion equa tion.



E T( )  = –4.606 + 0.308r + 0.0467H – 0.000232H 2  + 0.000977r ×H (5)

(S r  = 0.405 MPa; Nm = 54),

eB T( )  = 3.28 – 0.0082r – 0.0211H + 0.0000735H 2
(6)

(S r  = 0.13%; Nm = 54).

When us ing these equa tions, there is no need to trans form ex per i men tal con di tions ev ery time into the en coded vari -

ables (in this case, the pos si bil ity of in ter pret ing the ef fect of fac tors ac cord ing to the mag ni tudes and signs of re gres sion

coefficients is lost).

The graphic rep re sen ta tion of the re sults of two-fac tor ex per i ment is the so-called re sponse sur face in a three-di men -

sional space (Fig. 3). The pro jec tions of the ba sic generatrices of re sponse of the out put pa ram e ters E H N( ) , eB H N( )  and E T( ) , 

eB T( )  on the co or di nate planes are shown in Figs. 4 and 5. For fixed val ues of the fac tor x1 (the den sity of EPS) at three lev els,
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Fig. 3. Sec ond-or der sur faces of the out put pa ram e ters E H N( )  and eB H N( ) .



the fig ures pres ent the out put pa ram e ters E H N( ) , E T( )  and eB H N( ) , eB T( )  as func tions of the fac tor x2  (spec i men heights),

which con firm the pres ence of a par tic u lar op ti mum, i.e., of an “al most sta tion ary area”, with re spect to the given fac tor (see the

con tin u ous 4 and dashed 5 curves in Figs. 4a and 5a).

Fig ures 4b and 5b il lus trate the out put pa ram e ters E H N( ) , E T( )  and eB H N( ) , eB T( )  at a fixed value of the fac tor x2  at

three lev els as func tions of the fac tor x1. With the den sity of EPS vary ing on the range 13.6-27.6 kg/m3, the elas tic moduli in

com pres sion E H N( )  and E T( )  de ter mined on spec i mens of height H = 150 mm, on the av er age, are by 6.5% greater than for

those of height H = 100 mm (see Fig. 4b). At H = 50 mm, the val ues of these moduli, on the av er age, are by 72-30% smaller than 

at H = 150 mm.

The ul ti mate strains of EPS eB H N( )  and eB T( )  in com pres sion for the spec i mens of height H = 150 mm, on the av er -

age, are by 0.10% smaller in mag ni tude than for the 100-mm-high ones. In the case H = 50 mm, the val ues of eB H N( )  and eB T( ) , 

on the av er age, are by 0.45-0.56% greater in mag ni tude than at H = 100 and 150 mm.

The val ues of the elas tic moduli E H N( )  and E T( )  and the ul ti mate strains eB H N( )  and eB T( )  (see Figs. 4 and 5) con firm

the as sump tion that the EPS is prac ti cally ho mo ge neous in mu tu ally per pen dic u lar planes with re spect to its deformability

prop er ties in compression.

To re veal the ef fect of cross-sec tional sizes of spec i mens on such ex per i men tal deformability char ac ter is tics as the

com pres sive elas tic modulus E and ul ti mate strain eB , by us ing the to tal de for ma tion of the spec i mens (mea sured ac cord ing to

the mo tion of the crosshead of a test ing ma chine), the re sults of com pres sion tests on qua dratic spec i mens with b = 150 mm and 

H = 150 mm are given additionally in the present study. 
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Fig. 5. Graphics of Eqs. (4) and (6):  (     ) — eB H N( ) ; (- - -) — eB T( ) . Other des ig na tions as in

Fig. 4.



The in ves ti ga tion re sults on the de for ma tion char ac ter is tics E and eB  in com pres sion are pre sented in re la tion to the

den sity of EPS, be cause it is the main pa ram e ter. For the ex per i men tal val ues of the elas tic moduli E H N( )  and E T( ) , at r = 13-31

kg/m3, lin ear dependences were as sumed, which are sim ple in cal cu la tions and al low one to find, with a suf fi cient accuracy,

their values:

E b b= +0 1r , (7)

where E  is the av er age value of the re sul tant char ac ter is tic, and b0  and b1 are con stants cal cu lated from ex per i men tal data by

the least-squares method [10].

The de gree of con nec tion be tween two vari ables in the re gres sion scheme, in the case of a lin ear de pend ence be tween

them, is char ac ter ized by the cor re la tion co ef fi cient REr . The co ef fi cient of de ter mi na tion shows what part of vari a tion in the

pa ram e ter con sid ered de pends on the vari a tion in the con trolled in put fac tors. In the case of a lin ear con nec tion, the squared co -

ef fi cient of determination R
Er
2  was used [14].

As a mea sure of scat ter of ob ser va tion re sults about the em pir i cal re gres sion line, the root-mean-square de vi a tion S r

(the ab so lute value of the av er age mea sure of de vi a tions of test data from the re gres sion line, which is con stant for all its

sections) is assumed: 

S

E E

n m
r

i i
i

i n

=

-

-
=

=

å ( )2

1 , (8)

where Ei  and Ei  are the fac tual and cal cu lated [by Eq. (7)] ith val ues of a re sul tant char ac ter is tic; n is the num ber of ex per i -

ments; m is the num ber of con stant pa ram e ters eval u ated in the em pir i cal equa tion (m = 2 for the lin ear equa tion).
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TABLE 6. Results of Statistical Data Processing for EPS Compression Tests  

Cor re lated
pa ram e ters 

and the
num ber of
re gres sion
equa tion
(in pa ren -
the ses) 

Spec i men
size, mm

Num ber of 
tests (eval -

u a tions)

Val ues of con stant co -
ef fi cients of Eq. (7)

Sr , MPa REr
2

Av er age
val ues of 

E*  (MPa)
pre dicted
by em pir i -
cal equa -

tions
(10)-(13)

Val ues of the Stu dent
t-cri te rion

Con fi den -
tial prob a -

bil ity 

P = - * *( )1 a

of the
con sis -
tency of

com pared
re sults for
the elas tic
modulus  E

b0 b1  (9)

tab u lated
at a to tal

num ber of
de grees of
free dom

E H N( ) ® r
(10)

50 5́0 1́50 18 –2..300 0.426 0.148 0.9957 9.458 2.14 2.42 0.98

E H N( ) ® r
(11)

150 1́50 1́
50

27 –2.638 0.415 0.261 0.9883 8.816

E T( ) ® r
(12)

50 5́0 1́50 18 –2.306 0.429 0.524 0.9606 9.534 1.04 1.99 0.95

E T( ) ® r
(13)

150 1́50 1́
50

18 –2.232 0.402 0.372 0.9822 8.863

*The up per level of den sity equal to 27.6 kg/m3 is as sumed, at which the max i mum de vi a tion of val ues of the elas tic modulus E is ob served.
** a = -1 P is the con fi den tial level (risk), which char ac ter izes the prob a bil ity that the true value of pre dic tion for E lies out side the field of
er rors men tioned.



The value of t for two pre dic tions with av er age point val ues E( )1  and E( )2 , de ter mined by re gres sion equa tions (7),

and with root-mean-square de vi a tions S r( )1  and S r( )2  was cal cu lated by the formula [15]

t
E E

S S
r r

=
-

+

( ) ( )

( ) ( )

1 2

1
2

2
2

 .
(9)

Then,  us ing the ta ble  of the  Stu dent  t-cr i  te  r ion at  the  to  ta l num ber  of  de grees of  f ree  dom 

f f f n m n m= + = - + +1 2 1 1 2 2( ) ( ), [where n1 and n2  are the num bers of Ei   val ues in the den sity in ter val of EPS 13-31 kg/m3

in cal cu lat ing S r( )1  and S r( )2 ; m1 and m2  are the num bers of pa ram e ters in the re gres sion equa tions of form (7)], we de ter mined 

the prob a bil ity P = -1 a (the level of re li abil ity) that the com pared pre dic tion re sults for E( )1  and E( )2  are con sis tent. The con -

sis tency con di tion t t< tab (where t tab is the tab u lated value of the Stu dent t-criterion [11]) is fulfilled.

The re sults of sta tis ti cal pro cess ing of ex per i men tal data for the elas tic moduli E H N( )  and E T( )  of ex panded poly sty -

rene are pre sented in Ta ble 6 [the con stants b0  and b1 of Eq. (7), cal cu lated from ex per i men tal data (Fig. 6); the

root-mean-square de vi a tion S r ; the co ef fi cient of de ter mi na tion R
Er
2 ; the elas tic moduli E H N( )  and E T( )  for the up per level of

EPS den sity, equal to 27.6 kg/m
3
 (see Ta ble 1); the val ues of the Stu dent t-cri te rion, both cal cu lated by Eq. (9) and taken from

the ta ble; the level of re li abil ity P = -1 a of con sis tency of the com pared pre dic tion re sults for the elas tic moduli]. It is seen that, 

for the em pir i cal dependences E fH N( ) ( )® r  and E fT( ) ( )® r  ob tained, the co ef fi cients of de ter mi na tion in Eqs. (10)-(13)

vary from 0.961 to 0.996 and con sid er ably ex ceed the thresh old val ues (lower bound aries) of R
Er
2  for the cor re spond ing val ues 

of n (the num ber of tests) [16]. Thus, the re gres sion equa tions pre sented can be used to predict the elastic modulus of EPS in

compression under short-term loading.

The ex per i men tal val ues of the com pres sive elas tic moduli of EPS shown in Fig. 1 and the re sults of their sta tis ti cal

pro cess ing given in Ta ble 6 in di cate that the con fi dence in ter val of the moduli for the square EPS spec i mens with sides of 50

and 150 mm, at H = 150 mm, is P = 0.98 for E H N( )  and P = 0.95 for E T( ) . In this case, the de vi a tion of av er age val ues for E H N( )

and E T( )  in the in ter val of EPS den si ties 13.6-27.6 kg/m3 does not exceed 7%.

The re sults of sta tis ti cal pro cess ing of ex per i men tal val ues of the ul ti mate strains eB H N( )  and eB T( )  of EPS in com -

pres sion on the in ter val of EPS den si ties 13-29 kg/m3 are shown in Ta ble 7. It should be noted that, at a co ef fi cient of vari abil ity 

of EPS den sity vary ing within 27-31%, the vari abil ity of ul ti mate strains does not ex ceed 4% (see Ta ble 7). This makes it pos si -
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Fig. 6. Re gres sion lines of the com pres sive elas tic moduli E H N( )  (a) and E T( )  (b) for the EPS of 

thick ness 150 mm vs. the den sity r. Dots —- ex per i men tal val ues ac cord ing to test data for the

spec i mens at b = 50 (m, l) and 150 mm (F, s).



ble to com pare the av er age val ues of ul ti mate strains in com pres sion of spec i mens with sides of 50 and 150 mm (at H = 150

mm) on the in ter val of EPS den si ties from 13 to 29 kg/m3. By us ing the Stu dent t-cri te rion, it can be found that the dis crep ancy

be tween the av er age val ues of eB H N( )  and eB T( )  is in sig nif i cant with the re li abil ity P = 0.98 for com pressed spec i mens with b = 

50 mm and P = 0.998 for those with b = 150 mm. This al lows us to re fine the es ti mate of math e mat i cal ex pec ta tion for the ul ti -

mate strain eB  and the stan dard de vi a tion with re spect to the pooled sam ples of spec i mens tested in compression

perpendicularly and in parallel to the surface of polystyrene plates.

The val ues of the ul ti mate strains eB H N( )  and eB T( )  of EPS ob tained in com pres sion of spec i mens with a side of 50

mm, in their mag ni tude, on the av er age, are by 0.2% smaller than in the case of spec i mens with a side of 150 mm (see Ta ble 7).

In our opin ion, the in flu ence of the ar eas with a dis turbed stress state near the end faces of a spec i men on its to tal de for ma tion

de creases with in creas ing cross-sec tional area, and there fore the larger spec i mens will have higher ul ti mate strains eB  (Fig. 7).

Thus, in the pres ent study, by us ing the method of de sign of ex per i ments, math e mat i cal mod els for op ti miz ing the

height of square (b = 50 mm) spec i mens were con structed to de ter mine the elas tic modulus and the ul ti mate strain (in the re gion
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Fig. 7. Com pres sion stress-strain di a grams of spec i mens of thick ness 150 mm and den sity 27

kg/m3. 1 — b = 50 and 2 — b = 150 mm. Dots are ex per i men tal val ues: m — the strain eB H N( )

(on the ab scissa axis); o — the stress (on the or di nate axis) cor re spond ing to a 10% strain of

the specimens.

TABLE 7. Statistical Data Processing for the Ultimate Strains eB H N( )  and eB T( )   

Spec i men size,
mm

Num ber of tests 
(eval u a tions)

Pa ram e ter
Vari a tion in ter val of the tests

Av er age value
Root-mean-

square de vi a -
tion

Co ef fi cient of
vari a tion*, %from to

50 5́0 1́50 17 r, kg/m3 13.3 26.3 19.7 5.30 26.9

eB H N( ), % 1.57 1.73 1.65 0.0523 3.2

150 1́50 1́50 25 r, kg/m3 13.1 28.2 19.4 5.45 28.1

eB H N( ), % 1.78 1.95 1.86 0.0529 2.8

50 5́0 1́50 17 r, kg/m3 13.4 27.9 21.1 5.72 26.9

eB T( ), % 1.54 1.76 1.61 0.0615 3.8

150 1́50 1́50 17 r, kg/m3 13.0 29.2 20.4 6.40 31.4

eB T( ), % 1.72 1.91 1.81 0.0569 3.1

*The root-mean-square de vi a tion in frac tions of the arith me tic mean, ex pressed in per cent age.



of quasi-lin ear de for ma tion) un der com pres sive stresses op er at ing per pen dic u larly and in par al lel to the sur face of EPS prod -

ucts. A graphic in ter pre ta tion of these mod els is pre sented: the level lines of elas tic modulus and ul ti mate strain in re la tion to

the height of test spec i mens of EPS with den si ties from 13.6 to 27.6 kg/m3. The con sis tency of ex per i men tal re sults for the elas -

tic modulus ob tained on spec i mens with sides of 50 and 150 mm at a height of 150 mm is also shown. The dif fer ence be tween

the average values of ultimate strains is insignificant (random).

A com par i son of em pir i cal val ues of the elas tic moduli and ul ti mate strains of EPS in mu tu ally per pen dic u lar planes

con firms the ho mo ge ne ity of the ma te rial with re spect to its de for ma tion char ac ter is tics in compression.
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