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DURABILITY AND MICROSTRUCTURE OF GLASS FIBER REINFQRCED
CONCRETES PRODUCED BY PREMIXING
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SYNOPSIS

Glass fiber reinforced concretes (GFR concrete) were produced by premixing method. Changes
in some mechanical properties of GFR concrete With time were investigated up to the age of 5
years. Reductions in strength and toughness were observed at relatively early ages, compared
to GRC produced by spray method. Differences in time-dependent changes in the mechanical
properties between specimens stored under several different conditions were not great. This
result may be due to the dispersion of strands into individual filaments and/or loosening of
strands during mixing. . Loosening of strands enables hydration products to easily deposit at
the interfacial zone and Within spaces among filaments. Therefore, effects of aging mechanisms
on the degradation in mechanical properties in GFR concretes produced by premixing appear
at earlier ages than in the ones produced by spray method.

Keywords : GRG, durability, microstructure, interfacial zone
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1 . INTRODUCTION

Glass fiber reinforced cement (GRC) is mostly used as a panel of building materials. High
strength and resistibility agahst impact load of GRC are obtained by the incorporation and
uniform dispersion of a sufRciently large amount of glass Bbers. Furthermore, the resistance
against cracking during the transportation and handling of GRC products are also enhanced.
There are various methods to produce GRC products. Ofthose methods, the spray- up method
developed based on the teclmologyused in the production of FRP is the most reliable method
because of the excellence in the quality itself and the quality control of the final products of
GRC. Usually, the term of "GRC" is used for the glass Rber reinforced cement produced by
the spray method. However,if GRC is used as a member of relatively large scale of concrete
structure in the construction site, glass fiber reinforced "concrete" (named GFR concretes,
hereafter) with thick section may be preferable. Taking account of the construction process
and long term serviceability of the concrete structure, premixing concretes containing glass
fibers is the most common and effectivemethod to produce such massive concrete structures.

The method of premixing itself has some disadvantages, compa,redto the spray method. Uni-
form dispersion of Rbers in concrete is only possible at a relatively small volume fraction of
fibers, and a higher water cement ratio of concrete is required. Furthermore, fibers are dam-
aged by mixing, and loosening of the strand and 3D random dispersion of fibers occur during
the mixing process [1]. Therefore, the loss of efRciencyof glass fiber reinforcement may be
inevitable to some extent. However,recently, the modified procedure of premixing and special
glass fibersfor the production of GFR concretes by the premixing method have been developed
to obtain the better performance of GFR concretes.

GRC itself has a serious problem on durability in that its strength and toughness decreasewith
time under a wet environment. This durability problem of GRC has been explained in the
followingtwo ways. One is based on the deterioration of glass fibers due to chemical attack by
the high alkaline pore solution in cement matrix [2]. Another is based on the microstructural
chaJngeSresulting &om the growth of hydration products, mainly Ca(OH)2, between the glass
filaments [3,4].Several meaJnShave been proposed to improve the durabnity of GRC [5,6,7,8].

Characteristics of the fresh mixture of GFR con.cretesand their relation to the mechanical
properties of the haJrdenedcomposites have been investigated hitherto [1,9,10,11]. However,
there are few studies on the long term performanceof GFR concretes produced by premix-
ihg. particularly, taking into account the signiRcanteffectsof microstructural changesin the
vicinity of glass fiber strands on the mechanicalproperties of GRC compositesproduced by
the spray method, the time dependent cha,ngesin mechanicalproperties of GFR concretesand
the microstructure of them are important problemsto be solvedsince the state of glass fibers
within the composite is differentfrom that in GRC produced by the spray method.

In this study, effectsof variousenvironmentalconditionson the long term performanceof GFR
concretes placed for long times are investigated. Effects of loosening of glass fiber strands
during premixing on the durability of GFR concretes were also discussed. Comparison in
durability between GFR concrete and commonGRC is also made with the emphasis on their
microstructural features.
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2iB2EfBiRm
2.1 Materials

The cement used is ordinary Portland cement. River sand and crushed era,velof which the
maximum grain size is 15mm are used as he and coarse aggregates. Physical properties of
those aggregates are given in Table 1. Two types of alkali resistant glass Rber strands for
premixing ( the glass fiber A and the glass Rber B, hereafter) are used. Physical properties of
glass fiber A and B are given in Table 2. Asseen in Table 2, there is no diHerencein mechanical
properties ofmaments themselvesbetween both types offibers, but individual filamentsin glass
fiber B are more strongly bonded into strands by a certain size than in glass fiber A.

2.2 Mix Proportion of Glass Fiber Reinforced Concretes

The mix proportions of GFR concretes are givenin Table 3. In this study, concretes with high
water:cement ratio and high unit cement content are adopted to acquire the slump valuesof 10
and 5cm for the volume fraction of fibers of 1% and 1.5%, respectively. Water:cement ratio of
GFR concretes was decided considering the durabihty of concrete based on JSCE specification
for concrete [12].

T a.ble1 Physical prope=tieSof Rae and coarse aggregate

Table 2 Properties of glass Rber strands

Table 3 Mix proportion of GFR concretes
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S p ec. G rav ity A b so rp tio n (% ) F .M . G m ax (m m )

S an d

G I aV e1

2 .6 4 1.2 6 2 .4 6

2 .6 2 2 .2 0 6 .2 1 1 5

G lass F ib er A G lass F ib er B

D ia m eter(p m ) 13 2 0

N tLm b er of F ila.m ents 100 160

Sp eciR c G ravity 2 .7 8 2 .7 8

T en sn e S tren g th (k gf/ cm 'A ) 2 500 0 25 0 00

y o tln g 'S M o d tll.1S(k gf/c m '} ) 7 .5 x 10 b 7.5 x 105

L en g th (m m ) 24= 2 5

Slu m p A ir W /C s /a. tlnit C o n terLt(k g /m 3) V j T yp e of

(cm ) (% ) (% ) W at er C em en t S an d G ra.v el (% ) F ib er tTsed

1 0 5 j=1 0 .65 65 20 7 30 9 1 103 5 94 0

10 5 i 1 0 .6 5 6 5 3 33 5 12 7 53 40 6 1.0 G lass F ib er A

5 5 j=1 0 .6 5 6 5 1 86 2 86 1 154 6 18 0

5 5j=1 0 .6 5 6 5 3 58 550 6 92 3 69 1.5 G lass F ib er A or B
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Mixing of concretes was made by the Omi type mier to minimize damages and loosemingof
glass fiber strands caused by miing. Glass Rber strands were little by little added int. fresh
concretes at a low speed of rotation. After adding glass fiber strands completely) the concrete
was further mixed for 1 minute to insure the uniform dispersion of glass fibers. Cylindrical
specim.ens( 4100mT x200mm) and 100x 100x400mm prisms wereproduced. Th.se cylindrical
and prismatic specimens had been cured in water at 20 oC for 28 days) and then they were
placed in five diuerent environments. : (a) in water at 20 oC, (b) in a wet atm.sphere at
20oC, 9097oa.I., (c) in drying- wetting (i.e. the condition (a)-(e) ) biweekly repetitions, (d) in
weathering at Kanazawa, (e) in a dry atmosphere at 20oC and 60,7.a.I..

2Li3k&kh

The fonowing tests were carried out at prescribed ages. Three specimens were used for eachtest.

(1) Flexural Strength Test
Prismatic

type testing machine. DeAectionat the center of span of 300mrLwas measured with LVDT t.
U --O TT-- --J'•`VAIL/AA

obtain the load-deEection curve of GFR concretes. According to a JSCE specification for the
design and manufacture of steel fiber reinforced concretes [13], the Aexural t.ughness.f GFR
concrete was evaluated by the area under the load-deAectioncurve up to 2mm of deAection.

#c.ncrete was.btainedbytheuse.I theuniversaltesting
machine, according to JIS A 1113.

(3) CharpyTest

specimens of GFR concrete were loaded in the third- point bending using an Instron1 + h rT

The modiRedCharpy tester for concrete specimenwas used to evaluate the energy absorption
of the specimen during impact loading [14].

(4) SEM Examination
A sample was

I-I"- lT-I--OvAJl

test. The sample which had been dried in the vacuum drying oven at a room temperature for
24 hours, was coated with gold for SEM examinati.n.

taken from the fracture surfaceof GFR concretespecimensafter Aexuralstrength
1 1 I 1 1 1 1

Big

3P
Fig.1 shows the time dependent changes in Aexural strength of GFR concretes. Flexural
strength of the concretesdecreased with time in au storage conditions. GFR concretescontinu-
ously stored in water seems to have the smallest strength of all specimens,although differences
in Eexural strepgth between the specimensstored under variousenvironments were relatively
small. Comparing the strength of GFR concreteswith that ofusual concretes,as givenin Fig.1,
it is found that the increase in Aexuralstrength by glass fiber reinf.rcement was ,educed with
time. As a result) there were only little differencesin nexural strength betweenthe concretes
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with and without glass fiberS at the age of 6 months.

Typical load- deAectioncurves obtained for the specimens stored in water and a wet atmosphere
are given in Fig.2(a) and (I)), respectively. The shape of the curves was very similar to each
other. There was a,1solittle differencein the deAectionat the maximum load between both, and
the deAection itself slightly reduced with time. Flexural property of fiber reinforced concretes
is generally characterized by the specific values of modulus of rupture (M.0.R.) and the limit
of proportionarity (L.0.P.). The value of M.0.a. and L.0.P. correspond to the maximum load
attained a,ndthe end of linear part of the curve, respectively. The differencebetween the load
at L.0.P. and M.0.R. is the load bearing capacity of glass fibers which bridge matrix crack
faces without rupture. The value of L.0.P. is generally controlled by the mechanical property
of matrix.

cqf70
S60
O

&- 50
J=•`
P40
C)

a30
7g 20
=

6ho
-LL

a+:J5/: -I:/: -:a f"-c

tmoshere

Vf (%)
OO
t1.0

V 0
T l.0

Wet&
Dry
Weathering

3 6 12 36 60

Age (IogMonths)

Fig.1 Changes in Aexural strength of GFR concretes stored in various conditions.

2.0

L̂•`
i•`

3 1.0
A

I
I

I
I

I

Ytt

0 .5

(a)

Vf=1%

^9e(M onth3)- 1
----- 3

-.-.- 6

-..-..- 12

1.0 1.5

DeAection(rrm)

20 0 .5

1

'.I

Y.I

(b)

VJ=1%

Age(Months)•` 1
----- 3

-.-.- 6

-..-..- 12

1.0 l,5

Denection(Trm)

2,0

Fig.2 Load-deAection curves of GFR concretes stored in (a) water (b) wet atmosphere.

The values of L.0.P. and M.0.R. for the specimens stored in waJterand a wet atmosphere are
given in Table 4. There are differencesbetween L.0.P. and M.0.R. at early ages up to 1 month.
However)substantial differences between both values are not present at longer ages. Namely)
the Aexural strength of GFR concretes is mainly controlled by the strength of their matrices
at later ages. A single matrix crack was observed during loading. Neither multiple cracks nor
discrete craLks were observed during testing. Therefore, the toughness in GFR concrete was
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mostly given by the pull-out work of glass fibers which constrain the extension of matrix cracks
by bridging cracks. ftowever, taking account of the reduction of differences between L.0.P.
and M.0.R.) and steepening of the descending part of load-deAection curves with time, it is
concluded that fibers bridging crack faces were broken in turn as matrix cracks extended.

Table 4 Comparison of valtLeSOf L.0.P. and M.0.a. ( Vf-1% )

Fig.3 shows the changes in toughness of GFR concretes with time. Toughness drastically
decreased between the age of 1 and 3 months) followedby the gradual decrease up to the age
of 12 months. After 12 months) however)the contribution of glass Bber reinforcement to the
toughness of concretes was completely lost so that the failure mode of GFR concretes was
brittle regardless of the storage conditions.

Age- embrittlement of GFR concretes also appeared in the results of the impact strength test.
The energy absorption during the impact loading is given in Table 5. The energy absorbed in
the impact strength test decreased with time.

150

fO

IT6)100•`
m
a)
O
=

=Q) 50
=

P

+ Water
AWetAtmospher
I Wet&Dry
T Weathering

i
tL
tt

tt Brittle
tjaifure

i___

3 6 12 36 60

Age(logMonths)

Fig.3 Ejfect of aging in variousconditions on
the toughness of GFR concretes.

Table5iEhuereiC:tngeOlrfAay,g:a:2gslt.3abVde:d:1g?n;:tgifO::s;teicolnHn:
various conditions on

M ajumdar et al. [15,16]have investigated the time-dependent changesin mechanicalproperties
of GRCproduced by the spray suction method. They showedthat the mechanicalproperties of
GRCwas greatly dependent on the storage conditions, and that GRC stored in a dry atmosphere
(18 - 20 oC,409ToR.I.) maintained the initial strength of 28-day old specimen up to the age
of 10 years. However)the Bexural strength of GRC stored in water decreased gradually for
the Rrst year) and thereafter) the strength continued to decrease but to a lesser extent up to 5
years. Even at the age of about 10years, the Aexuralstrength of GRC stored in water slightly
decreased. They reported that the Aexuralstrength of the specimens subjected to weathering
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S to r a g e A g e (m o n t h s ) 1 3 6 1 2

W a te r L .0 .P (k g f/ c m 2 ) 5 0 .7 3 9 .0 4 9 .0 5 1 .0

M .0 .a (k g f/ c m 3 ) 6 4 .5 5 0 .3 4 9 .6 5 3 .9

M .0 .a .- L .0 .P 1 3 .8 l l .3 0 .6 2 .9

W e t A t m o sp h e r e L .0 .P (k g f / c m '3 ) 5 0 .7 5 7 .0 5 4 .8 5 5 .8

M .0 .a ( k g f/ c m u ) 6 4 .5 6 0 .6 5 5 .0 5 6 .9

M .0 .a .- L .0 .P 1 3 .8 3 .6 0 .2 1 .1

V f :0 % A g e ( M o n t h s )

1 3 6 1 2 3 6 6 0

W a.te r 9 .5 8 .9 7 .8

W e t A t m o s p h e r e 9 .5 7 .6

D r y a n d W e t 8 .7 I .8

W e a .I h e r in g 1 0 .0 8 .3

V f :1 %

W a .t e r l l .6 1 0 .0 9 .6 9 .0 9 .1 8 .6

W e t A t m o s p h e re 1 0 .0 1 0 .3 9 .1 9 .0 8 .4

D r y a n d W e t 1 0 .0 9 .9 8 .8 9 .0 8 .1

W e d.t h e r iA g 1 0 .4 1 0 .1 8 .7 8 .8 8 .4



decreased with time contimlOuSlyfor 10 yea,rs. Furthermore, they reported that considerable
reduction in the strain at L.0.P. and the ultimate strain with time occurredin specimensstored
in water and natural weathering. They concluded from these results that the pseudo-ductility
in GRC due to the pull-out energy of fibers disappeared during the storage of specimens in a
wet condition.

Comparing the mechanical properties of GRC produced by the spray method with those of
GFR concretes in this study, the time-dependent reduction in Aexuralstrength, toughness and
resistibility against impact load are found in both. However,the inAuence of curing condi-
tions on the time-dependent behavior of mechanical properties of GFR concretes was not so
well- found as in GRC. Particularly, brittle failure of specimens was observed in any storage
conditions at the age of 1 year whereas such a short term embrittlement was not reported for
GRC produced by the sprau method [15,16]. This early degradation of GFR concretes may
be attributed to small fiber contents in these concretes produced by prernixing, less efRciency
of reinforcement of randomly oriented fibers in concretes and a,wet condition of curing in the
concretes.
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Fig.4 showsthe effectofstorage condition on the reduction ofBexural strength of GFR concrete
with time at the fiber content of 1.5%. The reduction in Aexuralstrength of GFR concretes
with time was dela,yedcompared to that in GFR concretes at the fiber content of 1.0%(Fig.2).
The initial Rexural strength was kept in a dry atmosphere for at least 1 year. However,the
Rexural strength of GFR concretes stored even in a dry atmosphere decreased after 1 year
as specimens stored in water did. The increase in Bexural strength given by the glass fiber
reinforcement was completelylost even in a dry atmosphere at the age about 5 years (FigA).

Fig. 5 shows the toughness of GFR concretes with the volume fraction of 1.5%. Toughness
of GFR concrete specimens decreased dming the period from 1 to 3 months under both the
two storage conditions. This descending tendency with time in toughness are similar to that
of the specimens with the fiber content of 1.0%. However,in the specimen stored in a dry
atmosphere, a rela,Livelyhigh toughness at 3 months was maintained up to 1 year, while the
toughness of the specimen stored in water further decreasedwith time. Tlms, the improvement
in toughness due to the Bber reinforcement in specimens in a dry atmosphere was effective
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only during the period from 3 months to 1 year. This result shows that the dependence of
age-embrittlement of GFR concretes on curing conditions was not so conspicuousas in GRC
produced by the spray method. Furthermore) it should be noticed that all specimens aged
longer than 1 year fractured in such brittle manner as in the unreinforcedconcrete matrix) and
that the toughness improvement by glass fiber reinforcementwas completely lost at that age.
The age-embrittlement of GFR concretes was also reAectedin the impact strength (Table 6).
However)the rate of reduction in the energy absorption in the impact test waJSrelatively small
in the specimens stored in a dry atmosphere. As a result) the improvement in the resistibility
against the impact load in the specimen stored in a dry atmosphere remained to some extent.
The diHerencein the splitting tensile strength between GFR concrbtesand usual concretes was
considerably small after 3 months old (Fig.6).

Table 6 Fnergy absorbed in GFR concrete spec-
1menSStored in water and dry atmo-
sphere (kgf.m)
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It is summarizedthat the toughnessof GFR concretesdecreasedwith time as in GRC produced
by the spray method. Particularly, the reduction in toughnessoccurred at relativelyearly ages,
compared to the commonGRC. However)the effectofthe storage conditionon the degradation
of mechanicalproperties of GFR concreteswasnot clear. Majumdar et al [15]pointed out that
the proportion of glass Rbers per unit volumeof hardened cement was an important factor in
the durability of GRC, and that it took a relatively long time for the eSect of a considerable
densificationof the interface due to cement hydration on the mechanicalproperties to exhibit
in GRCs containing large amounts of glass fibers. The addition of relativelysmall amounts of
glassLbers in GFR concretes produced by premixing could lead to early degradation of their
mechanicalproperties. However,a small increase in Bber content from 1.0 to 1.5% failed to
decreasethe rate of reduction in toughness of GFR concretes.

3.2 EHectof Separation of the Strand on the Mechanical P roperties of GFR Concrete

The degree of separation of the glass Rber strand into smaller units can greatly affect the
durability of GFR concretes. Nair[17]investigated the microstructural changesaround glass
fiber strands which remained integral as short bundles offilaments. In such a case)only outer
maments of the strand haNepossibility to suffer the chemical attack by a high alkaline pore
sohtion. Therefore, the deterioration of glass fibers by the chemicalattack may not be so
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significantas a.whole. As a,result, glass fiber strands, whichact as a singlereinforcingelement,
can be pulled out because of less frictional bond strength between strands and the matrix at
early ages. However,at the later ages, the hydration products can deposit in spaces among
filaments of strands. All filaments in a strand can suffer the deterioration due to the chemical
a,ttack as well.

On the other hand, fromthe viewpoint of the microstructural changesdue to the deposition of
hydra*ionproducts in the interracialzone between glass fibers and cementitiousmatrix and in
the spaces within a straJnd,looseningof strands enables hydration products to deposit around
each filament. Photo 1 shows the fracture section of.GFR concrete with the glass fiber A.
Separation of the strand into each filament was found to occur. Individual filament directly
contacted with the cementpaste matrix. Suchseparation ofstrands into smallerunits promoted
embrittlement of GFR concrete due to both of the chemicalattack and the microstructural
changes.

Photo 1 Fracture surface of GFR concrete.
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The degree of loosening of strands can be varied to some extent by the type of size and the
surface treatment of fibers. The size used for glass fiber strand functions to protect surfaces of
glass Bbers from damages during mixing,and to improve the bond strength of Lber to cement
matrix [18,19]. Therefore, the size in the stra,nd aHects not only the degree of separation of
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strands but also the interracial microstructures around glass Rbers [20,21].

ComparisonbetweenAexuralstrength ofGFR concreteSwiththe glassfiber A and the glassBber
B is shownin Fig.7. The decreasing tendency in Aexuralstrength with time in the specimens
with the glass fiber A and B was not so different from each other.

Fig. 8 shows the comparisonin toughness between GFR concretes with the glass fiber A and
B. Significant diqerences in toughness werenot seen between both GFR concretes except the
value at the age of 6 months. Brittle failure occurred in specimens with the glass GberB at the
age longer than 1 year. Namely,the improvement of toughness by the use of the glass Rber B
was lost after 1 year.

Little diHerencesin tensile and impad strength between specimens with the glass Bber A and
B were found (Fig.9, Table 7).

Consequently, it is concluded that improvement of a stra,nd by the use of a speciBcsize failed
to prevent GFR concreteSfrom their early degradation in mechanical properties.
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Photo 2 (a) and (b) show the fracture surfacesof 28 days old specimens with the Gbercontent
of 1.0% and 1.59To,respectively. Hydration products were deposited on the surfaces of glass
Gbers,but the severedamage offiber such as etch pits and the reduction in crosssectional area
of fibers caused by chemical attack were not found (Photo 2(a)). As shown in Photo 2(b), a
layer of well oriented Ca(OH)2 CrystalsOfabout 5pm in width had been already formed at the
interfaLebetween filaments and concrete matrix.

Photo 3(a) and (b) show SEM micrographs of fracture surfaces of a GFR concrete stored in
water for 3 months. Much hydration products are found to be deposited on the surface of a
mament (Photo 3(a)). However, all of glass fiber filaments were not covered with hydration
products. As Shown in Photo 3(b), in some regions, Ca(OH)2 Crystals Werefound in the
interfacial zone around a filament, while only a little hydration products weredeposited on the
surfaces of glass Bbers.
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Photo 2 Fractllre $11rfacesof GFR concrete at the age of 28 days., (a) leSShydration products
on the surface of a Rlament (b) deposition of Ca(OH)2.

photo 3 Fractllre SurfaceOf GFR concrete aged 3 months in water ; (a) much hydration
products on the surface of a Blament (b) growth of Ca(OE)2 at the interface.

photo 4 shows the fracture surface of the GFR concrete cured in a dry atmosphere for 3
months. Most offilamentswerebroken evenin GFR concretesstored under a dry envir6nment.
Generally,glassLber strands are pulled out from ma,trixin several-month old GRC when the
GRC produced by the spray method is stored in a dry atmosphere. LessdensiRcationof the
interracial zone and the formation of vacant spacesbetweenfilaments in GRC products stored
in a dry environment make it possible for the glass fibers to be pulled out without breaking.
However,in GFR concretes, such extractiQn Of filaments from the cempnt matrix without
breaking was impossible even if the GFR concrete specimenswere kept in a dry atmosphere
for a relativelyshort term.

Photo 4 Fracture surface of 3 months old GFR

concrete in a dry atmosphere.
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Photo 5 Fracture Surfacesof GFR concretes at the age of 1 year; (a) in water (b) in wet
atmosphere (c) weathering (d) in the cycle of wetting and drying.

Photo 5(a) - (a) show SEM micrographs of the fracture surfaces of GFR concretes with the
fiber content of 1.09Towhichwere stored in various environments for 1 year. All of the filaments
in GFR concretes stored in any condition were broken. The length of the portion of broken
glass filaments extruded out of the matrix was shorter than 100pm at most. On the other
hand, mirror zones suggesting tensile failme were foundin the cross section of filaments within
1year old specimens (Fig.10, Photo 6). The mirror zoneradius is related to the tensilebreaking
stress, as given in Eq.(1) [22,23].

qf - Ar-1/2 (1)

where,

o.i : tensile strength of a filament
r : mirror zone radius
A : mirror zone constant

Mirror zone constant (A) is expressed by the use of the stress intensity factor (KID) and half
of the critical Raw size (a), as given in Eq.(2).

A - KID(:);
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Mirror Zone

Mist Zone

S uckleZone

Fig.10 Schematic illustration for mirror zone.

photo 6 Fanure sectionof glassB1amentsshowingmirror zone; (a) in water (b) weathering.

In order to estimate the tensile strength of glass fibers in GRC, Jaras[23] have applied Eq.(1)
to the cross sections of filaments which appeared on fracture surfaces of GRC. They reported
that the mirror zone constant for AR glass fiber (GemFIL) was 2.37MNm-3/2.using this value
for filaments in fractured surfaces in this experiment (Photo 6), the strengths obtained ranged
&om 12000to 14000kgf/cm2. This value is as large as about $09Toof the nominal strength
of glass fiber strand used in this study. The ratio of mirror zone radius to Raw size generally
ranges from 10 to 13 in silicate glasses [23]. Thus, it ma,ybe deduced tha,t the reduction in
tensilestrength ofglass maments in this experiment was due to the presenceofAawof 0.3 - 0.6
pm in size in glass fibers in the composite since the mirror zone radius measured by the use of
SEMmicrograph ranged from 2 to 3 pm. Etch pits by a chemical attack on the surfacesofglass
Blamentsis consideredto be a Rawin these glass fibers. However,the evidencefor any chemical
attack to the glass fiber haNenot been reported in GRC specimens cured for relatively short
times. Glass maments removedfrom 1- year old specimens of GRC maintained their original
tensile strength [24]. Furthermore, the tensile strength of a glass fiber immersed in a high
alkalinesolution was retained for a long term [25]. Therefore, the reduction in tensile strength
estimated from the mirror zone radius of glass filaments in this study may be attributed to
Aawsin Rbers made during mixing of the GFR concretes. However,such naws have already
existed at early ages. Therefore, the degradation of the mechanicalproperties of GFR concretes
with time cannot be explained only by the presence of such Aawsin glass fibers.

Bentur[3] has summarized the effectivenessof various mechanisms responsible for the loss in
strength and toughness with time , as given in Table 8, consideringthe deterioration due to
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both chemical attack and micros.tructuralchanges. The results in Table 8 are deduced by
relating the results of SEM examinationsand the tensile strength tests ofglass maments within
the composites to the mechamicalproperties of GRC produced by the spray method. However,
as mentioned previously,looseningand separation of strands in GFR concretes promoted the
growth of hydration products around.each filament at early aJgeS(Photo 7). Therefore, the
degradation in mechanicalproperties in early ages is due not to physical damagesbut to the
deposition of hydration products.

Table 8 Effect of aging mecha.nismson redllCtionin mechanical
properties of GFRC (after Bent11r3))

Photo 7 Fhcture surface of 1 year old specimensstored in water ; (a) smooth surfaces of
glass maments (b) depositionof Ca(OH)2anhe interface.

4.CONCIJUSIONS

GFR concrete is a promising composite applicable to concrete structures in the construction
fieldif the durability problemcouldbe solved. In order to elucidate the mechanismsofdurability
ofGFR concretes, the effectsof the storage conditionsand the Rlamentizationof the glass Rber
strand on the durability of GFR concretes produced by premixing were investigated. Major
results obtained in this study are summarized as follows;
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(1) Strength, toughness and the resistibility against impact load of GFR concretes produced
by premixing decreased with time. Particularly, the reduction in toughness with time waJS
considerably significant.

(2)The effect of storage condition on the degradation in mechanical properties of GFR concrete
was not explicitly shown. The reduction in toughness of GFR concretes was found to be inhib-
ited during the period from 3 to 12 months under a dry atmosphere. However,all specimens
of GFR concrete fractured in brittle manner a,t the age of 3 years, regardless of the storage
environments.

(3) Relatively rapid progress of age-embrittlement of GFR concretes could not be delayed even
when a specificsize in the glass fiber strands was used to minimize loosening and separation of
strands.

(4) SEM examination revealed that hydration products deposited on the surfaces of glassLbers
increased with time. This increase in the amount of hydration products suggested the increase
of bond strength of glass fibers to the matrix.

(5) Physical damage of glass fibers due to premixing seemed to lead to the decrease of tensile
strength of filaments within the composites. However,sufBcient strength as a reinforcement
was retained in such a damaged filament.

(6) Loosening and separation of the glassfiber strands were inevitable in the processof premix-
ing, resulting in easy deposition of hydration products in the vicinity of maments. Therefore,
rapid densification in the matrix at the interracial zone around dispersed filaments may be
responsible for the early degradation of GFR concretes.

(7) The integrity and dispersion of glass fiber strand in GFR concretes are greatly diHerent
from those in GRC produced by the spray method. These differencessignificantly affect the
time-dependent changes in mechanicaJlproperties of the composites.
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