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- __ B4S pipes are susceptible to failure initiated by corrosion due to their operating pressure under
. ith st::gﬁnsphcric conditions. Repairs, comprising a composite shell assembled around the pipe
illes..T]«,ifu[?‘ w'luch is then II.'lﬁlle(! Wl'l]'l grout, are conmldared a su1tab.le option for cormdled
glase 1m|;s-i]:'dpel presents the Investigation on the mechanical (compression, lens]m’!)‘ properties
in\rc.“i]-?r:- lemperatures qf two infill grouts, aﬂe'r 1000 hour of holf_wel cond:tmn:‘ng. An
jthy abmmiin!;atm;] on _The moisture absorption i:?eha\rlol:tr was also carnec]_nut, revealing the
= Broytg are 3'\'31:1? ')-el about 6% af}er 2520 hours of immersion, The glass transition temperatures of
Mifican; dllclionmﬁf ‘by appruxlmfigcly 20°C. The results suggest that the grouts underwent
Tature, c"*'l'lparéé ls~lrf:ng,t]1 and stiffness dut_e to hot/wet conditioning \fvhen tested at an elevated
W bein, tested | O room temperature. This reduced strength and stiffness is the result of the

3 nclose proximity to their glass transition temperatures.
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» Ifill, hot/wet conditioning, properties.
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INTRODUCTION"

0il and gas pipes are susceptible 1o corrosion due 10 harsh atmospheric conditions. Fibre-reinforced
nised as suitable materials for repairing tubular metallic pipes

polymer composites have been recogl
(Shamsuddoha et al. 2013a), and providing infill to the composite repai is considered a suitable option
for pipeline with metal loss (Palmer-Jones et al, 2011). In such a repair system, the properties of an

infill are critical for its overall performance. The structural grouts derived from epoxy thermoset resing,
hardeners and fillers serve as a protective layer and effectively transfer load in a repair system,
Elevated temperatures found to affect the physical properties of epoxy polymers (Carbas et al. 2013),
The effect of hot/wet conditioning on infill epoxy grout for composite repair of a pipeline should be

studied.

available grouts were selected for mechanical and thermal property
characterisation. These properties were determined for as-manufactured grouts specimens tested at
23°C in a previous study (Shamsuddoha et al. 2013b). The work was extended to observe the effect of
hot/wet conditioning on the mechanical and thermal properties of grout materials that can be used in
prouted repairs, resembling elevated temperature in underwater conditions. The compressive, tensile
and thermal properties of these grouts were determined. The results of the study also Pi'mridé
justification of serviceability criteria according to 1SO/TS 24817 (2006), which is a standard used for

qualification of polymer matrix composite repair materials.

In this paper, two commercially

METHODOLOGY

Materials and Preparation

Two epoxy grouts with different compositions of neat resin, hardener and aggregale Were selected
based on their mechanical and thermal properties at ambient temperature as presented in Shamsuddoha
et al. (2013b). Table | shows the proportions of various ingredients of the grouts. The first grout had
two parts: high viscosity resin with fine filler particles already included, and low viscosity hardenet;
whereas the second grout Was a modification of the first grout, with added coarse filler, Due 10
confidentiality, the grouts were investigated in this article are named as grouts C and
comparison, these names are kept similar to the previous study (Shamsuddoha et al. 2013b).

Table 1. Com osition of the grouts
Ingredients (% Weight) =
part A° Hardener AZEr ate filler

Resin with fine filler’ and Hardener 90.48
Resin with fine filler', Hardener and Coarse filler 4524
0.05 — 300.0 pm, "45 pm — 336 mm, Bisphenol A and/or F epoxy Tesin and

Components

1D

C -
50.00

E

fi

A hand held electric drill mixer was used t0 mix the batch ina plastic container. Fresf_ﬂ)f
were poured into moulds at 23°C. The specimens Were cut and polished to the require

Table 2 shows details of the specimen size. The specimens were removed from the o
hours and cured in & controlled env

ironment at 23°C for 7 days prior to hot-wet con

Conditioning and Testing

was selected to conform to long-term 2
suggested by ISO/TS 24817 (2006). ASTM E1640 provides a number of methods © )
{ransition temperature. According to ISO/TS 24817, the service temperature ofar
non-leaking (Type A) and leaking pipes (Type B) should not be 20°C and

{he glass transition temperature (Te). An investigation on the thermal propertics o
grouts suggested Ty values of 53°C and 60°C., and T, of 83°C and 90°C for 1'_"61\ p
respectively (Shamsuddoha et al. 2013b). It is to be noted that the mentioned ﬂf_“c.; din

values as glass transition he grouts

1000 hours of hot/wet conditioning

temperature. The T, values are retrieved from the
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E. For ease of

reference. In this study, Ty i

' ¥ . Ty is taken as the glass transiti

lcaking conditions to determi glass (ransition tempera ili

iemperature is acceptable lﬁ;’l‘léllne “f_helhef this less conservat?ve trlrllreilscelhng s Seegslad pons

O nelbtes o consid:: - (;m];]m ison to the conservative T, measure ure of thq glass transition

s oround the range of 2001‘3 gj&“ict cclnditioning and 65"gC is consiclia::gr;bed n ﬁ\STM D1640.

= ess than the T, of the w iti o mesnenical et
nconditioned grout M
s.

T
able 2. Summary of specimen and test details

Tests Standards/M
Compressive  ASTM C579 cthods N Dimensions G
F Tensile P (2001) 5 25 x 25 mm C‘C’O‘,"C'W Loading rate
DMA ASTM E1640(2-;%1 0) 3 10 x 10 mm DYIIEder 1.3 mm/min
(2009 3 60 x 12 x 5 mm Pr(;fmz?tl'le 1.0 mm/min
. 1C 1°C/min

The compressive, tensile, and thermal properti
e e il nal p pc._mes of the grouts were i
S mb]e_g o ILZ ;1§;?:;?es details of the tests. Relevant sq(zfc;:rl:ined il IQOO hours of
o oot af e 5 (l)ests were carried out using a 100 kN SI\Z"Il]“CSl practices are also
2000 KN SANS servo-h @1 q:aineter cylindrical compressiv i hydrauh(-; festing
o-hydraulic compression testing machine eFSigtel(rnnienlj’ g
: ¢ 1 shows a typical

teSl at ;-|c\f'3l€d tCmpela tule. I]le .'!IPECHHEHE’ were ate t 65 C de a water-bat! S 0
: - t be“lg pla[‘e(l |||1“ ﬂ[e Ie][]]lelﬂt]]le ‘:] 1amoper

prche d a 1msi ate b h fOI‘ at Iea t 3
"."ltt g pr]“] (8] : .

J . 5
lp p 1t1
gr U g
"‘C lllCChall]ca a crma roperties ()1 l][e outs are given in l al)le :;. lhe detalls Of the IeSUItS are

;|,'L ._Sln‘.ngths are found
uli to b
St s‘tr:rii fofund to be 0.42 éf?; aI:IdP 3 ggdGA'S MPa for grouts C and E, respectivel
» an(:i the specimens of grouts C Pa for grouts C and E, respe;ctivel 11~Ye Yol Compressive
moduli of these two o and E are about 32% and 11% respecti y. From the plots, the
poxy grouts at room temperature witholzlicclgllféi.i The compressive
on were found to

U and 106 Mp
mSuddohy ef a, and 5.6 and 11.0
al. 2013b) .0 GPa, respectively for the
: grouts C and E, res i
s pectively

e gy
, OWs the typ;
= S0mpreggiy ypical compressi
: . IVE Speey ssive stress-strain ¢ .
B un bchaviﬁtxilg]?ns of the grouts sh:nitli:‘]n:lurv'e and failuse pattern of the tested speci
@ g d & § P B m
. dmps:h nder cUm[ljl;e compression specimens gfsflllfeb:hd\:mu}g followed by yield stresses %rll)i
he 1, ¢ bulgi ession, grout YN srouts shows that subs .
n::‘eﬂr ¢ Hqﬁ]::g continues ugil ﬁliﬁ!rﬁxhllb'“f circumferential bulging al’ler{': c{ﬁzm t_‘;}’]leld, =
Lroy ¢ e of the st e which 1s initiated by vertical initial elastic
; speci e stress-strain curve. There is mi cal cracks. The bulging s
increas. ecimen, following yi e. There is minor late : ging starts
S€ i Stroce oy Y DB yield and l ateral expansion in grout F
& stress, but no 1e accompanying r 2 i grout E. For
£6S Causing It not beyond th ving reduction in stress, {1 i
0 Visiblo . M& prolonged strai e peak stress seen at yield. This i » there 1s an
" ed g - " wad. I'h - ,
le Wedge, ged strain. The cracks in the specimens ul{?és dlthEto the mesting
' rout E are randoml
¥
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Table 3. Summary of; nechanical and thermal properties of grouts after hot/wet conditioning * ”
: C E
Properties 25 mm 95 mm 12 ": --cC
Compressive strength (MPa) 93.10 2.47) 45.23 (1.85) ' o K —
Compressive Compressive modulus (GP2) 0.418 (0.030) 0.559 (0.024) 3 ) :
Strain at peak stress (mm/mm) 0.318 (0.004) 0.111 (0.004) 7 & g
Tensile strength (MPa) 12.22 (1.26) 1.29 (0.111) B 4 ;
Tensile Tensile modulus (GPa) 0.381 (0.075) 0.029 (0.004) - ) :
Strain at peak stress (%) 3.05(0.71) 6.44 (0.62) cak )/ i |
s Glass transition, Ty (°C) 39 42 J / :
Glass transition Tan 5 peak, Ty(°C 67 69 ) 2 ! D ‘:_ _____ .
Values in the parenthesis are standard deviations. 0 (:” il S —— -
3 4 T
100 - 1 — Strin (%) ¥ 10
— , 4 - g o C | (a) _
g 80 ’ v, —E Figure 3. Typical tensil - b
: - 7 -Lyp ensile behavior; (a) stress-strain, and (b) fai =
% 60 )/ —— T (b) failure pattern of the specimens
|I E ’ | o 05
2 40 /7 *\(: p aso0d -~ |
2 / p) 3000 | -t _ “ “mC
4 S~ s ' 0.4 v E—
\E 29 / ;" = %.2500 | . I ,";‘*‘\. ’
3 / 4 ] X F N
IS P £ 2000 ' 03 RPN
| 0 1 iz - -8 lg ll ! \ N’ “
|| 0 oq1 02 03 04 £ \ Foa A N
Y Sanmine B A1
. . : . . . @ 500 | T4 ot " \
Figure 2. Typical compressive behavior; (a) stress-strain, and (b) failure pattern of the specimens . Aecincs -7 by
20 40 60 8‘ N e s 0 " )
R emperature (°C)

Tensile Properties

Table 3 provides a summary of the tensile strengths and elastic moduli of {he investigated grouts. Figure 4. Thermal plots; (a) storage modulus

From the table it can be seen the highest tensile strength and stiffness of the investigated grouts for pIscu vs temperature, and (b) Tan & vs temperature

grout C are 12 MPa and 0.38 GPa, respectively. The lowest tensile strength and modulus for grout E DISCUSSIONS
mparison, the tensile strengths and moduli at room

are 1.29 MPa and 0.03 GPa, respectively. For a co
temperature without conditioning were 32 and 19 MPa, and 4.9 and 16.5 GPa, respectively for the

grouts C and E, respectively (Shamsuddoha et al. 2013b).

135! comparison between th
B o . e as-manufactured and hot/wet conditi
dleriug lhf: :;‘[;ir]:;e:icirln;?dgl ;};;n}:])t-wet conditioned sp(:;(iirlrtllé)r?:d"l"sltlaéte(fosmugflzsst(fna i(;OI(;Sidera%le
e : al properties for th este
d.t_o l?e 4_.:)ugﬂi);na:(Ft]'f;wqogsppubiicalion (Shamsuddi:ﬁla;o:: Saf.u;tzldl 2{3)23;(131 ltbl‘:' da'ys’ " tt*:{"»ted a}:
diately upon loading, 1% Stiffhess of the grouls. T;nsileaniﬂ;gr?u.ts R A d’(]ll'l.i;:\:ll fn;l]e .mOdlth i
. i observed in grout & 10 unconditioned grouts g !]13 i e | o o 0%
ain is 0 [ progres eduction in compress grouts. The tensile strength of grouts is gl(?l]t et by mmone tham 50%.
amnsu e ‘:gnﬂyﬁlem‘ Plgnzisn;ecsgzzgl?lils (I]ﬁgher in the coarse aggr;g:lzoﬁ;Tfslggu?yg?;;c iﬂﬁ e
. .. ; 0y Ay 4 I E i ; ' | : 1} |
ke - T
T_!cc the mal:\'?: cn Iﬂggl'eg_al'e and matrix is weaglfer%li:: aﬁd Serticlon s o
"y ies thyg hot-wellr‘eif .sPlltS. the resin matrix is weak:rlt; i sl s e
R i i e g an t_he aggregate particle strength.
ngth of the matrix-grout interface in each of the

typical stress-strain behaviour for each type of grout is shown in Figure 3, Twor

The comparison of the . 4 the.
Grout C exhibited a linear stress-strain relation and ¥

distinct stress-strain relations arc observed.
highest strength. Grouts E transition 10 qon-linear behaviour almost imme
exhibit very low yield strengths compared to grout C. The highest failure Str
The formation of crack in grout C is sudden and a splitting sound is heard. Failures in grou!
slowly compared to grout C and are not perfectly perpendicular 10 the length or straight
thickness. The failure surfaces of grout C have a smooth appearance. The failure surfaces

gpecimens appear jagged and the coarse aggregate fillers are visible.

Glass Transition Temperature
1 Ofthe .
: Onditione
e Bsured gy o roUts Cand E is foun:
thermg C : is found to be abo 0
._ 1 pron. 2nd 69°C, fo be about 39°C and 42°C, respecti
o p_‘;ﬂ;n‘ms of these gl‘:oﬁl;omsl C and E, respectively. The inves{iga:i(;;el])y‘ I}I: s
lcmpc( (Shamsuddoha ctS qT“th’ 1u ;bconditi"“i"g suggested that the T ofytlllec g
TAERS. Accnndin o oo | , indicati = se grouts
or no"‘leﬂkin;' /\‘-Lnr(lmg to ISO;TS)MSli_?E{l;I(l]%él;aih hot-we‘t conditioning reduced the
, the service temperature of a repair
pair

(Type A) a :
nd leaking (Type B) pipes should not be 20°C and 30°C less

summary of the glass transition temperatures of the grouts. The Te a“d_;' ::{E:
to be 39°C and 42°C for grout C and 59°C and 69°C for grout E, respectively: e oﬂ]‘;‘m‘ the
decline in the storage modulus provides a Jower glass transition temperature measur’® t[rigu }
peak. Separate plots of the storage modulus and Tan & Vs. temperature are show? “;,oul
highest value of Tan & peak was observed in grout E with a value of 69°C which is &

than that of grout C.

Table 3 provides a

' ",I ition
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than the as manyfactured glass transition temperature, respectively. It is evident {hat the conservative
glass transition assignment approach used here, taking the onset of decline in the storage modulus, is a
more appropriate approach than taking the peak of the Tan 5 curve (T,). Hence, for the purposes of
pipeline repair and rehabilitation, it is wiser to consider the conservative approach for taking the onset

of decline in the storage modulus for glass transition temperature.

CONCLUSIONS

Two grouts (C and E) were tested for mechanical and thermal properties. Grout E was added with
additional filler to grout C. The grouts were hot-wet conditioned for 1000 hours at 70°C. Compressive,

tensile, and glass transition properties were determined.

Aggregate filled grout experiences higher reduction in compressive properties than that of fine filled
grout due to hot-wel conditioning. More than 90% of the compressive modulus is found to be reduced
when tested elevated temperature after hot/wet conditioning, compared to the unconditioned
specimens tested at room temperature. Tensile strength and stiffness decrease by more than 90%
compared to the unconditioned specimens, except the strength of grout C which reduced by 62%.

The T, values provide a conservative, however appropriate, measure of the glass transition
temperature the investigated grouts. The large reduction of strength and stiffness is due in part to the
tests being performed in close proximity to the glass transition temperatures. Hence, for the purposes
of pipeline repair and rehabilitation, it is more appropriate 0 consider the conservative approach for
taking the onset of decline in the storage modulus for glass {ransition temperature.
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