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Re sults of an ex per i men tal re search into the phys i cal, chem i cal, me chan i cal, and aes thet i cal changes suf fered

by pultruded glass-fi ber-re in forced poly es ter  pro files dur ing their test ing for ac cel er ated ag ing un der the ac -

tion of mois ture, tem per a ture, and ul tra vi o let (UV) ra di a tion are pre sented. The pro files were sub mit ted to the

in flu ence of four dif fer ent ex po sure en vi ron ments: (i) in an im mer sion cham ber, (ii) in a con den sa tion cham -

ber, (iii) in a QUV ac cel er ated weath er ing ap pa ra tus, and (iv) in a xe non-arc ac cel er ated weath er ing ap pa ra -

tus. The re sults ob tained were an a lyzed re gard ing the changes in their weight, sorp tion abil ity, ten sile and

flex ural strength char ac ter is tics, color, and gloss; the chem i cal changes were in ves ti gated by means of Fou -

rier-trans form in fra red spec tros copy. Con sid er able chro matic changes were ob served, es pe cially ow ing to

the UV ra di a tion. Al though some re duc tion in the me chan i cal prop er ties was ob served, par tic u larly in the im -

mer sion and con den sa tion cham bers, the du ra bil ity tests proved a gen er ally good be hav ior of this ma te rial un -

der the ag gres sive con di tions considered.

In tro duc tion

Pultruded glass-fi ber-re in forced poly mer (GFRP) pro files have a great po ten tial for struc tural ap pli ca tions ow ing to

some of their ad van tages over tra di tional ma te ri als, namely the higher strength to weight ra tio, the lower weight, the elec tro -

mag netic trans par ency, the ease of in stal la tion, the lower main te nance re quire ments, and the im proved du ra bil ity in aggressive

environments.

Up to now, GFRP pro files have been used mainly in nonstructural or sec ond ary struc tural el e ments, such as lad ders,

hand rails, and pave ment grids. Their use in load-car ry ing struc tural el e ments, ex cept for a few dem on stra tion pro jects of pe des -

trian bridges (Fig. 1 [1]), high way bridges, and build ings, is still lim ited to the fields of ap pli ca tion with spe cific re quire ments

of light ness or cor ro sion re sis tance, such as the oil, chem i cal, and water treatment industries.

Par a dox i cally, one of the fac tors de lay ing the wide spread ac cep tance of GFRP pro files as load-car ry ing struc tural el e -

ments is the lack of com pre hen sive and val i dated data on their du ra bil ity [2], be cause the ser vice life of con struc tion in fra struc -

tures is gen er ally ex pected to ex ceed 50 years. Fur ther more, this fac tor has been re cently iden ti fied by sev eral au thors as the
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most crit i cal gap be tween the needed and avail able in for ma tion re gard ing the fu ture re search [2, 3], par tic u larly for com pos ites

pro duced by large-scale processing methods, such as pultrusion.

In or der to clar ify the du ra bil ity of GFRP struc tural el e ments, this pa per pres ents the re sults of an ex per i men tal re -

search into the phys i cal, chem i cal, me chan i cal, and aes thet i cal changes suf fered by pultruded GFRP pro files dur ing their test -

ing for ac cel er ated ag ing un der the ac tion of mois ture, tem per a ture, and ul tra vi o let (UV) ra di a tion. The test spec i mens were cut

from com mer cial pultruded GFRP pro files cur rently used for in fra struc ture ap pli ca tions. They were sub mit ted to the in flu ence

of four dif fer ent ex po sure en vi ron ments: (i) in an im mer sion cham ber, (ii) in a con den sa tion cham ber, (iii) in a QUV ac cel er -

ated weath er ing ap pa ra tus, and (iv) in a xe non-arc ac cel er ated weath er ing ap pa ra tus. There af ter their sorp tion be hav ior was an -

a lyzed, the ten sile and flex ural be hav ior was stud ied, the chro matic and gloss vari a tions were mea sured, and the chemical

changes were investigated by means of Fourier-transform infrared (FTIR) spectroscopy.

1. Ma te ri als

The ma te rial stud ied was ob tained from two cur rent com mer cial pultruded I-shaped GFRP pro files, A and B, both

pro duced by Topglass. This ma te rial con sists of al ter nat ing lay ers of uni di rec tional E-glass fi ber rov ings and strand mats em -

bed ded in isopthalic poly es ter resin. The con tent of min eral frac tion, de ter mined from burn-off ex per i ments ac cord ing to the

ISO 1172 standard [4], was 62 vol.%.

Spec i mens of di men sions 10 ́  15 ́  300 mm were cut from pro file A in the lon gi tu di nal di rec tion and used in dif fer ent

tests (three to five spec i mens for each pe riod and con di tion of ex po sure). From pro file B, spec i mens were also cut in the lon gi -

tu di nal di rec tion, but with var i ous di men sions, ac cord ing to the na ture of the test to be per formed (five spec i mens for each

period and condition of exposure).

2. Meth ods

2.1. Ex po sure en vi ron ments. In or der to study the pos si ble deg ra da tion of the ma te rial in en vi ron ments typ i cal of

civil en gi neer ing ap pli ca tions, the spec i mens were sub jected to the following tests.

(i) In an im mer sion cham ber, where spec i mens from pro file A were held in wa ter at a con stant tem per a ture of 20°C for 

up to 6480 h.

(ii) In a con den sa tion cham ber, where spec i mens from pro file A were ex posed to con stant con den sa tion of deionized

wa ter at a con stant tem per a ture of 60°C for up to 6480 h.

(iii) In a QUV ac cel er ated weath er ing ap pa ra tus, where spec i mens from both the pro files were ex posed to re peat ing

cy cles of light and mois ture, pro duced by con den sa tion of wa ter un der con trolled con di tions. The cy cles, ac cord ing to ISO

4892, part 3 [5] rec om men da tions, con sisted of a 4-h per ma nent ex po sure to so lar ra di a tion sim u lated with flu o res cent lamps at
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Fig. 1. GFRP foot bridge in Lerida, Spain [1].



60°C, and a 4-h ex po sure to mois ture caused by con stant con den sa tion of deionized wa ter at 50°C for up to 6346 h for pro file A

and 2000 h for pro file B. The flu o res cent lamps used in the QUV cham ber were of type UVA-340, pro vid ing an irradiance of

0.77 W/(m
2
 × nm) at 340 nm, which re pro duced the most rel e vant part of so lar spec trum be tween 290 and 350 nm. The lamps

were pe ri od i cally re po si tioned (with a 400-h in ter val be tween ro ta tions) in order to provide a uniform radiation for all the test

specimens.

(iv) In a xe non-arc light ac cel er ated weath er ing ap pa ra tus, where the spec i mens from pro file B were ex posed, for up to 

2000 h, ac cord ing to a pre de ter mined pro gram con sist ing of a con tin u ous ir ra di a tion with in ter mit tent cy cles of wa ter spray un -

der con trolled con di tions. The light source and the re spec tive boro sili cate glass fil ters pro vided a spec tral ir ra di a tion of 0.50

W/(m2  × nm) at 340 nm, which re pro duced some harm ful ef fects of sun light on this type of ma te rial. The rel a tive hu mid ity dur -

ing the dry part of the cy cle was 65%, and the black-body tem per a ture in side the cham ber was 65°C. The du ra tion of wa ter

sprays was 18 min with 102-min dry intervals between spraying, according to ISO 4892, part 2 [6].

2.2. Ex per i men tal pro ce dures. At pre as signed in ter vals of time, the test spec i mens placed in the dif fer ent ex po sure

en vi ron ments were re moved for phys i cal, chem i cal, me chan i cal, and aes thet i cal char ac ter iza tion, which in cluded the study of

their (i) wa ter ab sorp tion, (ii) weight changes, (iii) ten sile prop er ties, (iv) flex ural prop er ties, (v) color vari a tion, (vi) gloss vari -

a tion, and (vii) chem i cal changes by means of infrared spectroscopy.

For wa ter ab sorp tion in ves ti ga tions, the spec i mens from pro file B were re moved from deion ized wa ter at pre as signed

in ter vals up to 5544 h of exposure. 

For all the other ex per i men tal pro ce dures, af ter re mov ing from the dif fer ent ex po sure en vi ron ments, the spec i mens

were placed in a cham ber at 20°C and 50% rel a tive hu mid ity, with con sec u tive weight ing (with a pre ci sion of 0.01 g) un til a

con stant weight was reached (when the rel a tive dif fer ences be tween suc ces sive mea sure ments at 24-h intervals were less than

0.1%).

The spec i mens from pro file A were taken out of test cham bers af ter 2160, 4320, and 6480 h of ex po sure of the spec i -

mens placed in the im mer sion and con den sa tion cham bers and af ter 1642, 3304, 4839, and 6346 h of ex po sure of those placed

in the QUV cham ber. The spec i mens from pro file B placed in the QUV cham ber were re moved af ter 1000 h of ex po sure, and

those placed in the xe non-arc cham ber were re moved af ter 1000 and 2000 h of exposure. 

2.2.1 Wa ter ab sorp tion (pro file B) and weight changes (pro file A). The wa ter ab sorp tion of pro file B was mea sured

fol low ing the pro ce dures spec i fied by ISO 62 [7]. Spec i mens of di men sions 75 ́  25 ́  8 mm were im mersed in deionized wa ter

and left to stand at a con stant tem per a ture of 23 ±1°C. The amount of wa ter ab sorbed by the GFRP spec i mens was de ter mined

by mon i tor ing its change in weight (weight gain) over the time up to 5544 h of ex po sure. Prior to the wa ter ab sorp tion ex per i -

ments, the test spec i mens were dried in an oven at 50°C un til a con stant weight and then cooled in a dessicator.

In or der to de ter mine the weight changes (the ef fect of re sid ual mois ture) un der the con di tions of each en vi ron ment,

for dif fer ent times of ex po sure, the spec i mens from pro file A were weighed at pre as signed time in ter vals, af ter a con stant mass

was reached at the am bi ent tem per a ture (23 ± 1°C).

2.2.2. Ten sile tests (pro file B). Rect an gu lar 8 ´ 20 ́  250-mm spec i mens from pro file B were tested in ten sion ac cord -

ing to In ter na tional Stan dard ISO 527, parts 1 and 5 [8], with out end-tabs, af ter 2000 h of ex po sure in the QUV cham ber and af -

ter 1000 and 2000 h of ex po sure in the xe non-arc cham ber.

Spec i mens cor re spond ing to each ex po sure en vi ron ment and du ra tion were loaded monotonically up to fail ure, at a

dis place ment rate of 2 mm/min. A strain gage was at tached to the test spec i mens, and the data ob tained were an a lyzed to de ter -

mine the ten sile prop er ties (the strength, Young’s modulus, and the strain at break) of both unaged and aged specimens.

2.2.3. Flex ural tests (pro file A). Flex ural tests (3-point) were con ducted ac cord ing to ISO 14125 [9] on spec i mens ob -

tained from pro file A in or der to de ter mine the ef fect of deg ra da tion caused by the dif fer ent ex po sure en vi ron ments on their

flex ural prop er ties. Spec i mens with a span-to-depth ra tio of 20 were loaded at an ap prox i mate speed of 4 mm/min. Load and

dis place ment data were con tin u ously mea sured and re corded dur ing the ex per i ments. Spec i mens were tested to fail ure, and the

data ob tained were an a lyzed to de ter mine the flex ural prop er ties (the strength, Young’s modulus, and the strain at fail ure) of

both unaged and aged spec i mens.
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2.2.4 Color dif fer ences (pro files A and B). The color dif fer ences caused by the dif fer ent en vi ron ments were mea sured

with a Macbeth Color Eye 3000 spectrocolorimeter in the re flec tion mode with the spec u lar com po nent ex cluded and the spec -

tral ul tra vi o let en ergy in cluded.

For pro file A, the color mea sure ments were per formed on the ex posed sur face of the spec i mens used for flex ural tests,

while for pro file B, the colorimetric mea sure ments were per formed us ing al ways the same 8 ´ 50 ´ 100-mm plate. This plate,

which was aged in the same way as the other test spec i mens un der the dif fer ent UV ra di a tion ex po sures, was used only for the

non de struc tive tests (color and gloss mea sure ments). The color dif fer ences were de ter mined in relation to the unaged material.

The re sults ob tained were ex pressed in terms of the CIE L*a*b* sys tem ac cord ing to the In ter na tional Stan dard ISO

7724 test method for the colorimetry of paints and var nishes [10]. In this sys tem, the val ues of L* give the mea sure ment of

light ness, and the val ues of a* and b* give the mea sure ments of color in the red–green axes and yel low–blue axes, re spec tively.

The changes in color were de scribed in terms of the vari a tions DL*, Da*, Db*, and DE*, where the last pa ram e ter ex presses the

mea sure ment of the overall color change.

2.2.5. Gloss vari a tion (pro file B). Gloss mea sure ments were car ried out us ing a Rhopoint-Sta tis ti cal Novo-gloss

model glossmeter set at an an gle of in ci dence/re flec tion of 60°. The re sults pre sented are the mean val ues of six read ings per

test spec i men.

2.2.6. In fra red spec tros copy (pro files A and B). In or der to study the chem i cal changes of the sur face of test spec i mens

sub jected to dif fer ent en vi ron men tal ex po sures, in fra red spec tra were mea sured by us ing a Fou rier trans form in fra red anal y sis

per formed on a Nicolet Magna 550 spec trom e ter. The sam ples were scraped from the ex posed sur faces of aged spec i mens,

mixed with dry spec tro scopic grade po tas sium bro mide and pressed into pel lets. Thirty two scans were col lected and av er aged

at a spec tral res o lu tion of 4 cm–1. The spec tra were ra tioned against the back ground spec trum, which was pre vi ously mea sured

to re move the ef fects of the back ground in the pel lets tested.

The oc cur rence of chem i cal re ac tions dur ing dif fer ent en vi ron ments was in ves ti gated by study ing the rel a tive in ten si -

ties of the prin ci pal in fra red ab sorp tion peaks sus cep ti ble to changes dur ing ag ing. In or der to make com par i sons be tween the

com pos ite spec i mens sub jected to dif fer ent pe ri ods and types of ag ing, the absorbance of each peak was re ferred to the ab sorp -

tion of the band at 1452 cm–1. This band can be at trib uted to the bend ing of the C–H seg ment of CH2. This peak seamed to oc -

cur in all spec i mens, which justified its choice as a reference band.

3. Re sults and Dis cus sion

The evo lu tion of GFRP prop er ties with ex po sure time, for spe cific en vi ron ments, is com monly used as a mea sure of

the ex tent of de te ri o ra tion caused by ag ing. There fore, vari a tions or the re ten tion ra tios (ra tios be tween the val ues of prop er ties
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for aged and unaged spec i mens) of some ma te rial prop er ties (phys i cal, chem i cal, me chan i cal, and aes thet i cal) will be pre sented 

as du ra bil ity in di ca tors of the ma te rial tested in the exposure environments used in this study.

3.1 Wa ter ab sorp tion (pro file B) and weight changes (pro file A). Some re search ers have re ported a great in flu ence

of the equi lib rium and rate of wa ter ab sorp tion on the thermophysical, me chan i cal, and chem i cal prop er ties of poly mer com -

pos ites [11-13]. The amount of ab sorbed wa ter greatly de pends on the chem i cal com po si tion, the mor phol ogy ,and the de gree

of cur ing of the poly meric ma trix of the com pos ites. The wa ter con tent may in duce phys i cal and chem i cal ag ing, or a com bi na -

tion of both, which can be re vers ible, par tially re vers ible, or ir re vers ible, de pend ing on the na ture of the ma te rial and the pe riod

and con di tions of ex po sure. Usu ally, weight changes in moist en vi ron ments re sult from the bal ance be tween the weight gain

due to wa ter ab sorp tion and the weight loss due to the extraction of low-molecular components.

As seen in Fig. 2, the curve of weight gain w ver sus square root of im mer sion time t shows an ini tial lin ear seg ment fol -

lowed by a flat ter sec tion, which can be roughly de scribed as Fickian in na ture. How ever, de spite the grad u ally de crease in the

rate of wa ter ab sorp tion, the equi lib rium pla teau was not reached. The un clear sat u ra tion level re flects the com plex ity of wa ter

up take in het er o ge neous ma te ri als such as the GFRP pro files. In fact, the wa ter up take by com pos ites can in volve dif fer ent

mech a nisms: (i) dif fu sion of wa ter mol e cules di rectly into the ma trix and, to a much lesser amount, into the fi ber ma te rial; (ii)

cap il lary flow of wa ter along the fi ber-ma trix in ter face; and (iii) trans port of wa ter through microcracks or other forms of small

dam ages, such as pores or min ute channels already present in the material or expanded by water [14].

Fig ure 3 shows changes in the spec i mens weight Dw as a func tion of de te ri o ra tion pe riod t for dif fer ent ex po sure en vi -

ron ments. In the im mer sion and con den sa tion cham bers, the over all weight gain was 0.34 and 0.31%, re spec tively. It ap pears
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that a quasi-equi lib rium state was reached, es pe cially in the con den sa tion cham ber. The higher ini tial rate of wa ter up take in the 

con den sa tion cham ber was prob a bly caused by the in creased tem per a ture of the en vi ron ment. This re sult is con sis tent with

other re sults at el e vated tem per a tures for dif fer ent types of poly mer com pos ites [15, 16]. In the QUV cham ber, the weight vari -

a tion was op po site, namely an over all weight loss of 0.29% was ob served, show ing that the weight loss due to the ex trac tion of

mo lec u lar com po nents was more im por tant than the weight gain due to wa ter ab sorp tion dur ing condensation cycles, which

took place for only half the total period of exposure.

3.2 Ten sile prop er ties (pro file B). Fig ure 4 shows the ex per i men tal ten sile stress-strain curves s–e of rep re sen ta tive

spec i mens for dif fer ent ex po sure en vi ron ments. Both for unaged (con trol spec i mens) and aged spec i mens, the curves are al -

most per fectly lin ear up to fail ure, which can be con sid ered valid ac cord ing to [8]. The re sults of all ten sile tests are plot ted in

Fig. 5, where s t
*  is the ten sile strength, Et  is the ten sile Young’s modulus, and e t

*  is the tensile strain at break.

330

450

350

250

150

50

*s , MPat

0

à

41 2 3

E , GPat40

30

20

10

0 

b

41 2 3

 
14

10

6

2

0

3.*e 10t c

41 2 3

Fig. 5. Tensile strength s t
*  (à), Young's modulus Et  (b), and strain at break e t

*  (c) for different

exposure environments and durations (profile B): unaged (1), in the QUV apparatus for 2000 h

(2), and in the xenon-arc apparatus for 1000 (3) and 2000 h (4). 



An over all de crease in the av er age ten sile strength with in creas ing ex po sure time was ob served for all the en vi ron -

ments. How ever, af ter 2000-h and 1000-h ex po sures in the QUV and xe non ap pa ra tus, re spec tively, the strength de crease was

small (4 and 3%, re spec tively). A slightly more sig nif i cant strength de crease (13%) was ob served af ter the 2000-h ex po sure in

the xe non ap pa ra tus. None the less, con sid er ing the mag ni tude of er ror bars (rep re sent ing one stan dard de vi a tion), the

differences are not statistically significant.

It is likely that the larger ex tent of deg ra da tion caused by the xe non ap pa ra tus com pared with that in duced by the QUV 

equip ment is not due to the UV ra di a tion but due to the ki netic ef fect of wa ter sprays on the spec i mens sur face, which may have

ac cel er ated the ma te rial deg ra da tion. In fact, of both the ap pa ra tus, QUV pro duces a higher irradiance at 340 nm (which con sti -

tutes the most harm ful part of so lar spec trum for poly mer debonding), while the xe non ap pa ra tus provides a broader spectral

irradiance.

The strain at fail ure shows a sim i lar pat tern of vari a tion, with al most no re duc tion af ter the 2000-h and 1000-h ex po -

sures in the QUV and xe non ap pa ra tus, re spec tively, and a slight re duc tion (8%) af ter the 2000-h ex po sure in the xe non

apparatus.

The ten sile modulus re mained largely un af fected for both the types of ex po sure, with a mar ginal in crease (2%) and a

very slight de crease (4%) af ter the 2000-h ex po sure in the QUV and xe non ap pa ra tus, respectively.

3.3. Flex ural prop er ties (pro file A). Fig ure 6 shows the stress–strain curves s–e ob tained in flex ural tests on rep re -

sen ta tive spec i mens for dif fer ent ex po sure en vi ron ments. All the spec i mens ex hib ited quite a lin ear be hav ior up to fail ure with

very sim i lar stress–strain curves. The re sults of the flex ural tests per formed af ter the ex po sure of spec i mens to dif fer ent ag ing

con di tions are plot ted in Fig. 7, where sf
*  is the flex ural strength, Ef  is the flex ural Young’s modulus, and e f

*  is the flexural

strain at failure.

A no tice able de crease in the flex ural strength was ob served un der the im mer sion and con den sa tion ex po sure con di -

tions, where flex ural strength retentions of 84 and 81%, re spec tively, were ob served af ter a 6480-h ex po sure. This de crease oc -

curred es pe cially af ter the first pe riod (2160 h) of ex po sure (87 and 84% re ten tion, re spec tively), while the re duc tion in the fi nal 

pe riod (2160 to 6480 h) was only 3% in those ex po sure en vi ron ments. For spec i mens aged in the QUV cham ber, the flex ural

strength seems to have been un af fected. Af ter a 6% drop in the first 1642 h, the flex ural strength in creased con tin u ously up to a

98% re ten tion af ter 6346 h of ex po sure.

The re duc tion in the strain at fail ure pres ents a sim i lar pat tern to that of the flex ural strength: 87% and 82% re ten tion

were ob served af ter 6480 h of ex po sure un der the im mer sion and con den sa tion ex po sure con di tions, re spec tively. In the en vi -

ron ments with the UV ra di a tion ex po sure (QUV and xe non ap pa ra tus), the strain at fail ure was almost unaffected for both the

pro files.
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The flex ural modulus also re mained prac ti cally the same af ter the ex po sure to the dif fer ent en vi ron ments. Very slight

stiff ness in creases, 4 and 1%, were de tected af ter the 6480-h ex po sure in the im mer sion and con den sa tion cham bers, re spec -

tively, and a 5% in crease was ob served af ter the 6346-h ex po sure in the QUV ap pa ra tus. These re sults are in agree ment with the 

ex per i ments per formed by Liao et al. on a glass-fi ber-re in forced vinylester [15] and by Kajorncheappunngam et al. on a

glass-fi ber-re in forced ep oxy [17]. This be hav ior is due to the fact that the flex ural modulus of glass-fi ber-re in forced poly mers

is af fected only by tem per a tures close to the glass-tran si tion tem per a ture of the poly mers. More over, ac cord ing to Apicella et

al. [18], there ex ist a com pet i tive ef fect be tween the plasticization of ma trix as a re sult of wa ter ab sorp tion and the stiffness

increase due the loss of low-molecular-weight substances.

The re duc tion in the strain at fail ure in the im mer sion and con den sa tion cham bers is an in di ca tor of poly mer deg ra da -

tion due to wa ter ab sorp tion. The wa ter ab sorp tion also had a no tice able in flu ence on the re duc tion in the flex ural strength, and

this ef fect was ac cel er ated by tem per a ture. Sim i lar re sults were ob tained by Nishizaki and Meiarashi [16] and Van de Velde et

al. [19] for a pultruded glass-fi ber-re in forced poly es ter. Re gard ing the UV ra di a tion, our re sults seem to con firm that the ef fects 

of this ex po sure agent are usu ally con fined to the top few mi crom e ters of the sur face and there fore have only a lim ited in flu ence 
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on the me chan i cal prop er ties of the ma te rial [20, 21]. Al though the UV ra di a tion may cause sur face de te ri o ra tion, thus in creas -

ing the deg ra da tion po ten tial of mois ture and other ag gres sive agents, it is un likely that the thick GFRP profiles currently used

in construction could be directly affected by the UV radiation. 
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3.4. Color dif fer ences (pro files A and B). The chro matic vari a tions in the spec i mens of both pro files oc cur ring in the

im mer sion, con den sa tion, QUV, and xe non cham bers are shown in Fig. 8 in re la tion to the ex po sure en vi ron ment and du ra tion,

where DL*, Da*, Db*, and DE* are the vari a tions in the cor re spond ing coordinates.

In the im mer sion cham ber, the chro matic vari a tions were in sig nif i cant and con sisted mainly of a weak sur face bright -

en ing and a very slight in crease in yel low ness. In the con den sa tion cham ber, the chro matic vari a tions fol lowed the same pat tern 

of sur face bright en ing and yel low ness in crease, but to a greater ex tent. The most sig nif i cant chro matic vari a tions were reg is -

tered for the spec i mens aged in the UV ra di a tion cham bers (QUV and xe non-arc ap pa ra tus). A slight in crease in the green

color, a bright ness in crease and, above all, a marked in crease in yel low ness, which was clearly visible by the naked eye, were

observed.
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The chro matic vari a tions seen in the spec i mens sub jected to ag ing in the con den sa tion cham ber, and es pe cially in the

QUV and xe non cham bers, pres ent an ob vi ous esthetical con cern re gard ing out door ap pli ca tions. How ever, un der all the ag ing

con di tions, the chro matic vari a tions sta bi lized af ter a short pe riod of ex po sure. This as pect may be con sid ered when struc tural

el e ments of a con struc tion have to be re placed, as the re plac ing elements will rapidly acquire the same aspect.

3.5 Gloss vari a tion (pro file B). The gloss vari a tion DG of the spec i mens ob tained from pro file B and placed in the

QUV and xe non equipments is shown in Fig. 9 as a func tion of the type and du ra tion t of ex po sure.

Af ter an ini tial in crease in gloss for both the UV ex po sure en vi ron ments, prob a bly ow ing to the pol ish ing of spec i men

sur face, the gloss started to de crease. The high est de crease in gloss was found af ter 2000 h of ex po sure in the xe non ap pa ra tus,

with a gloss loss of about 87% com pared with that of unaged test specimens.

All test spec i mens re vealed a change in ap pear ance, ei ther in color (as de scribed above) or in gloss. These changes,

which were in sig nif i cant for the spec i mens aged in the im mer sion and con den sa tion cham bers, could be eas ily vis i ble by the

na ked eye for the spec i mens sub mit ted to UV ra di a tion. Sim i lar re sults were ob tained by Bogner and Borja for pultruded pro -

files made from isopolyester and vinylester res ins reinforced with glass fibers [21].

The re sults re ported here show that the most im por tant ef fect of UV ra di a tion in pultruded GFRP pro files is the gloss

loss and change in color (mainly the yel low ing of the ma te ri als sur face). These UV ef fects, which are re stricted to a lim ited

near-sur face thick ness of the ma te rial and are mainly cos metic, do not seem to af fect the me chan i cal per for mance of GFRP

profiles significantly.

3.6 In fra red spec tros copy (pro files A and B). Fig ures 10 and 11 show the spec tra of the spec i mens ob tained from

pro file A and sub mit ted to the im mer sion and con den sa tion ex po sures, re spec tively, where n is the wavenumber. Fig ures 12

and 13 show the spec tra of the spec i mens ob tained from pro files A and B, re spec tively, and sub mit ted to the en vi ron ments with

UV radiation.

The spec tra ob tained from the spec i mens placed in the im mer sion and con den sa tion en vi ron ments re vealed changes in 

some ab sorp tions bands dur ing ag ing, namely mod i fi ca tions in the in ten si ties of ab sorp tion peaks, es pe cially for lon ger du ra -

tions of ag ing. In both the en vi ron ments, the in ten sity of the car bonyl peak (1730 cm–1) de creased, more mark edly in the case

of im mer sion (13%) than con den sa tion (5%), prob a bly due to the slight leach ing of the low-mo lec u lar-weight carboxylic con -

stit u ents sol u ble in wa ter. Dur ing ag ing in these en vi ron ments, changes in the height ra tio of the peaks cor re spond ing to sty rene 

(701 cm–1) and phthalate (732 cm–1) were also ob served. This fact was con firmed by the de creas ing in ten sity of the sty rene
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char ac ter is tic band at 3027 cm–1 and can be ex plained by the loss of sty rene, most likely the re sid ual mono mer, with time. This

phe nom e non was al ready ob served in pre vi ous stud ies [22]. Some au thors have men tioned the oc cur rence of chem i cal at tack

on the es ter link age of un sat u rated poly es ter resin of the com pos ite ma trix af ter long pe ri ods of wa ter ex po si tion at el e vated

tem per a tures, but in our ex per i ments, this type of changes was not detected.

In the IR spec tra formed on the sur face of the test spec i mens ex posed to the en vi ron ments with UV ra di a tion, there

were in di ca tions of chem i cal changes, re vealed by mod i fi ca tions in the in ten sity and shape of some ab sorp tion peaks, as well as 

by the rise of new ones, es pe cially for lon ger du ra tions of ag ing. Dur ing the QUV ex po sure, the in ten sity of the car bonyl band

(1730 cm–1) in creased, and af ter 6480 h it was 42% higher than that of the ref er ence spec i men. In the xe non cam era, in spite of

the shorter du ra tion of ag ing, the in ten sity of the car bonyl band in creased by 49%. In both the cases, the in creased in ten sity of

the car bonyl peak was fol lowed by its wid en ing. As in the en vi ron ments an a lyzed pre vi ously, in the QUV and xe non ag ing,

there was also ob served a de crease in the sty rene con tent, which showed up as a de crease in the in ten sity of the char ac ter is tic

bands. New bands also ap peared, namely at 1630 cm–1, which could be caused by the for ma tion of con ju gated dou ble C=C

bonds. These bonds can ex plain the yel low ness ob served for the spec i mens sub jected to UV ra di a tion [23]. The chem i cal al ter -

ations ob served re sult from the photodegradation of the un sat u rated poly es ter. This phe nom ena was  stud ied in [24] and proved 

to in volve chain scission, cross-link ing, and yel low ing [24]. 

The re sults ob tained show that the ef fects of UV ex po sure are usu ally con fined to the top few mi crom e ters of spec i -

men sur face, lead ing only to a mi nor change in its me chan i cal prop er ties, as men tioned pre vi ously. This is par tic u larly true for

thick struc tural mem bers used in con struc tion, in which the deg ra da tion af fects only their thin outer layer. 

Con clu sions

Based on the find ings of this study, the fol low ing con clu sions can be drawn, which are  re lated to the use of pultruded

glass-fi ber-re in forced poly es ter pro files in con struc tion:

1. Im mer sion and con den sa tion en vi ron ments ef fect the flex ural prop er ties of GFRP pro files. Mois ture can de crease

their strength and strain at fail ure by up to 20%, and this ef fect is ac cel er ated by in creased tem per a tures. The deg ra da tion is

caused mainly by phys i cal phe nom ena, such as plasticization of the poly meric ma trix, since no ap pre cia ble chem i cal deg ra da -
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tion was de tected by the FTIR anal y sis. Nev er the less, this deg ra da tion may in flu ence the use of GFRP pro files with poly es ter

res ins in wet en vi ron ments (struc tures placed un der wa ter or sub jected to high lev els of mois ture) and es pe cially in trop i cal

zones (with higher tem per a tures), where the use of different resin systems must be considered for improved performance.

2. Al though the FTIR anal y sis showed a no tice able chem i cal deg ra da tion in the sur face of the ma te rial in the QUV and 

xe non arc ex per i ments, the syn er getic ef fects of si mul ta neous ex po sure to the UV ra di a tion, mois ture, and tem per a ture on the

flex ural and ten sile prop er ties of GFRP pro files were in sig nif i cant dur ing the ex per i ment. These re sults seem to con firm that

the UV ra di a tion has a lim ited in flu ence on the me chan i cal prop er ties of the ma te rial, af fect ing mainly the surface of the

material and its aesthetical properties.

3. The con sid er able chro matic and gloss changes ob served, es pe cially due to the UV ra di a tion, cause an aes thet i cal

con cern for out door ap pli ca tions, where the use of pro tec tive coat ings can hardly be avoided.

4. Glob ally, this re search has shown that, al though some cau tion must be ex er cised in deal ing with con struc tion el e -

ments sub jected to the UV ra di a tion to pre vent the pos si ble aes thet i cal changes in them, pultruded GFRP pro files of fer a very

good me chan i cal per for mance and light ness, as well as good du ra bil ity char ac ter is tics, com pared with those of traditional

structural materials.
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