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· This work was undertaken to ascertain the feasibility of using organic coatings •. 
: especially epoxies. to protect the steel reinforcing bars embedded in concrete "f 
1 bridge decks from ra~id corrosion. This corrosion is caused by the chloride ions 
! from tne most corrmonly applied deicing salts., sodium chloride and calcium chloride. 
; Altogether. 47 different coating materials were evaluated to some extent, consisting 

\

1 of: 21 liquid and 15 powder epoxies; 5 polyvinyl chlorides; 3 polyurethanes; 
1 polypropylene; 1 phenolic nitrile. and one zinc riCh coating. The chemical and 
physical durabi1ities, chloride permeabilities, and protective qualities of coatings 
were assessed. The bonds between coated and uncoated bars and concrete were measured 
by both puilout and creep tests. 

The results indicate that both epoxy and polyvinyl chloride coatings, if properly 
applied. should adequately protect steel reinforcing bars from corrosion. However, 
only the epoxy coated bars had acceptable bond and creep charucteristics when 
embedded in concrete. The powder epoxy coatings overall performed better than the 
liquid epoxies. and four powder epoxy coatings have been identified as promising 
materials to be used on reinforcing bars embedded in concrete decks of experimental 
bridges. 
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The objective of th'.s project was to determine tn" feasibility of using organic 
co~tings. especially epoxies. to protect steel reinforcing bars embedded in concrete of 
bri~ge decks from corrosion accelerated by chloride ions. The s~udy ~as to include the 
selection and procurement of prCClislng coatiug !!Iaterials; evaluation of the physicochemical 
~urabilities of coatings as well as their protective qualities; the determination of 
~ther coated reinforcing bars would adversely affect the structural integ~ity of concrete 
bridge decks; and the development of performance criteria for the evaluation of new coating 
systeos. 

The coating caterials ~ere restricted to organic formulations. ~ith the exception that 
t~e pi~nts could be of inorganic composition. and the selection was done on a ge~eric 

basis. The cost fepo.tant criteria for selection ~ere: inertness towards r.he constituents 
of c~nt paste and also chloride ions; creep characteristics; film integrity and protective 
,ualit1es; and bond to steel. Altogether 47 different commercially available materials. of 
which 36 were epoxies. were evaluated to some extent. 

~st of the epoxy coatings studied 1n this project had satisfactory chemical resistance 
to test solutions chose~ to s~ulate the aggressive materials likely to be present in 
concrete bridge decks. Exceptions ~ere soce solvent-containing liGuid epoxy systems which 
ex;lerienc~ large weig~t changes when L=cersed in the test solutions. Maay of the epoxy 
coatings even as thin files. were found to be essentially impervious to =hloride ions. 

The abrasion resistances of all but two epoxy coatings ~ere judged to be acceptable. 
Good co.relation between the iepact resistance (determined by the falling weight method) 
and the bend test was obtained. Brittle caterials failed in both tests and conversely 
flex1ble caterials had acceptable 1cpact resistances and experienced minimal damage in the 
bend test. A large variation was observed between the relative flexibilities of epoxy 
coatings. P.owever. in general. the powder epoxy systec had better flexibilities than the 
liqu1d epoxy systems. Polyvinyl chloride coatings had excellent flex1bilities even in 
file thic~~sses ~p to 3S eils. The hardness dete~inations indicated that epoxies are 
tougher materials than the !ew polyvinyl chloride~ that vere submitted for the test and, 
therefore. s~ould be ~re resistant :0 the abuse reinforcing bars normally experience. 

P~er epoxy coatings were observed to provide more uniform coatings with fewer 
holIdays than the liquid epoxy materials. Liquid epoxies tended to flow-off of the tops 
of the deformations of reinforcing bars during curing and accumulated in the low-lying 
regions between deformations. thus leaving the deformations either bare or thinly covered. 
In cost cor~osion studies carried out in the project, corrosion was observed to initiate 
at the deformat10~s. The powder epoxy coatings. vhen properly applied and having a film 
thickness greater than 4 mils. adequately protected reinforcing bars from corrosion. 

Tr~ effect of coated reinforcing bars on the structural integrity of br1dge decks vas 
assessed by pullout an~ creep studies. Epoxy coated reinforcing bars. "ith average film 
thicknesses between 5 and 11 mils. had acceptable bond strengths to corcrete as measured 
10 the pullout te~ts. All but two of the nine epoxy coatings that were !ncluded in the 
creep studies. had acceptable creep rates. ~.e. creep rates comparable to ~hose of uncoated 
bars. !be polyvinyl chloride coated bars had unacceptable bond and creep characteristics. 

Considering flexibility. bond strength. creep characteristics. and minimum corrosion 
protective requirements. it is concluded that the optimum film thickness of epoxy films on 
steel reinforCing bars is about 7 ~ 2 mils. 

Of the materials evaluated under this research study, four powder epoxy coatings 
!ound to be the best candidates for protecting steel reinforcing bars froc corrosion. 
recomcended that these four coatings be further evaluated in experimental bridge 
construction. Performance criteria have been suggested for the evaluation of similar 
coating. 
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1. I~TRODUCTIOS 

1.1 Project Objective 

This ?roject was underraken to determine if organic coa~ings. especially epoxies, 
c~~ld ~ used to protect steel reinforcing bars in con~rete of bridge decks from rapid 
corrosion. 

1.2 Backgrouna Information 

The d~terioration of concret~ bridge decks, in 5-10 years, has become a major problem 
during the past decad~ [1-7 PJ. T!le annual cost of such repairs on Interst:1te highways 
h3S bee~ esti=dted to be m~re than 570 ~Illion In 1972. Often, this early deteriorati~n 
h.4s be..n attributed to accelerated corrosion 0= the steel reinforcing bars induced by 
chlorId~ 10ns from deicing materials [8, 9]. Use of the two most commonly appli~d deicing 
""..terials, calc1'.l!:I chloride and sodi= chloride, has increase<! substantially since the 
early 1960s [10]. Sarmall", steel Is passive towards corrosion when in an environment of 
hIgh basicity (pH of about 13) as in portland cement concrete [11 J; chloride ions, however, 
are able co depassivate steel and thereby promote its active corrosion [11-12]. The 
rpsulting insolu~le corrosion proeucts occupy a substantially larger volume (possibly more 
than a tenfold increase) than the steel from which they were formed; and as a consequence 
large pressures may be exert"d within the coneret" which eventually cause the ;:racking 
and spalling o~ the concrete. Spellman and Stratfull reported [14] that as little as I 
~l of steel ~eir.g converted into its characteristic corrosion products can cause the 
cracking of a 7/8 ~nch thick concrete layer. 

C~ting reinforcing steel with protective materials has been considered previously as 
a practical ceans of recucing the rapid corrosion of the bars, Much attention has been 
given to ~rotecting reinforcing ~ars with cerallic zinc with satisfactory results [15-16;. 
Howev~r. studies [17-lHj sugge~t ~hat zinc m~y be susceptible to rapid corrosion by chloride 
ions in basi~ environ:ents. Caa~ium [19] and nickel [20J have been reported to be 
satisfactory ccatings for reinforcing steel. Their cost, however, may be prohibitively 
high. The use of organic types of barrier coatings for protecting reinforcing bars has 
been recoccer.d .. d [21-22]. TripIer and co-workers evaluated ,. f"'" n.>tl.ll.<",taI1ic coatings and 
s"ggesred tha~ an epoxY-coal tar t~"pe of coating could have potential as a protective 
co"ting !or reinforCing st"e] [20]. 

1.3 Project Program 

The program of this proje~t was established to include: the selectio~ and procurement 
of promi"ing coating ""..terials; evaluatior, of the physicocheClical durabil1t'.es of coatings 
as well as their protective qU34ities; and the dete~ination of whether coated reinforcing 
bars wou.ld affect the structural integrity of concrete brid"e decks. The coating materials 
were evaluated according to the five-part scheme outlined b~low. 

The first part, chemical resistance of cOdtinss, consisted of preliminary screening 
tests performed to choose the most promising materials. Then these selected materials 
were subjected to the ~re exhaustive testing phase, parts 2 to 5. The tests in parts 2 
to 5 we~e performed on coated reinfor~ingmrs ~hich had been coated in the factory by the 
applicators or ~nufacturers handling the respective materials. 

1. Chemical Resistance of Coating 

A. Resistance to water. calciu", chloride, calcium hydroxide. calcium sulfate 
and h'esh portland cement paste. 

B. C~loride permeability. 

~I Figures in brackets indicate the literature ~eferences at the eno of this paper. 
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2. Filo Inceg~icy of Cure~ Coacings 

A. Coverage cruaracceristics; variac ions in fil~ thickness, ecc. 

B. Applicacion methods. 

C. Preparation of steel subst.~ate prior co coati.ng application. 

). ?hysical Durabi:"ties of Coatings on Rebars 

A. A~rasion and impact resistances. 

~l. Flexib ilit ies d"ter'oine~ by ben~ ing coated rebars. 

EI~c~roche~ical ~easu!eoents of Coated Rebars lcmersed in Sodium Chloride Solutions 

A. Appli.e~ ,·olta!';", stuei"s. 

5. Electrical ~otential of coated bar. 

C. Electrical r"sistanc~ of coatin~ film. 

5. Bone T~sts of Coated Rebars E~bedded in Concrete 

~u II out. 

3. Crt'e? . 

2. COATI:-:G :-'.ATERIALS 

2.1 Selection of Coatin~ !'1ateri.als 

T~~ C03tin~ ~t~=Lals to be ~valuated ~re restricted to organic formulations, with 
:h~ e~ce~tion that the pigc.ents could be of inor~anic co~position. and the selection was 
dO:1~ or:. a ,;!,t'n~:"ic basis. '!he most i:."lj)ortant: criteria foz: selection were: inertness towards 
the consti:oenrs of ce~ent paste and also chlorice ions, creep characteristics; film 
inte~~ity anc ?rot~cti~e qualities; ana bond ~o steel and concrete. 

The coatings selected for evaluation are listed in table I (also included are a few 
unsolicitee oaterials sub~itted by the respective firms who I~ndle ~hem), and all are of 
Clr.WT\er c ia I orig in. 'Ihe coat ing :nater ia le have been assi~ned code nu!Obers for ident if icat ion 
purposes. The code n~ber sequence has ~o significance other than indicating the chrono­
logies! order in which the =terials were received. 

The po Iyurethanes and e.,oxies each consis~ of two components. a resin and a curing 
c~ponent, and are classified as thermosettin~ materials because their cure (polymerization) 
is accelerated by the application of heat. Once cured, thermosetting ma~erials no~lly 
retain their shapes up to their decomposition temperatures. The other coatings in table 1 
are classified as thernoplastics as they soften and change shape far below their decomposition 
te",p~ra~ures when heated. Ther~opla5tics usually are one component systems. 

E~phasi5 in this study has been given to the thermosetting materials and especially 
e~oxies because these materials see~ to best satisfy ~he established criteria. Altogether 
]6 epoxy coat ings. both powder and I iquid systems. have been eva luated to some extent. 
The t~rms powder and liquid refer to ~he uncured state of epoxy coatings; when cured. i.e. 
polyt:lerized, they fern hard solids. 

So~e r:\a~erials. especial,y powders. were submitted only in the form of cured films on 
steel reinforcing bars. 
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2.2 Curing ~cthods and Specir.ten Preparation 

.2 . .2.1 T",o-C=ponenc Liquid SysCeT.1S 

Ihe ~poxy liquid syscems co"s:,st of t\,/o ,_=pon.:nts which must be t:1ix"d in the prop"r 
"aci~ ~o utain the optit:1um debrce of polyt:1erization. In the present work, the ratio of 
curi:'l.g cc:o:ponent to epoxy rc!sin, and the ~ixin~ and curiftg til:les, ...:ere closely controlled 
and \o,'e:t"~ th~ sacc as those sp-t;!cified by the manufacturers' accor.lpanying instructions. The 
~poxy resins and. curing cOt!:.pont:nts wcre mixt:'d at room t:emperature, ca. 75°F, relative 
hu=lidity ~::: ca. 50 percen::. u5ing ~ither an electric stirrer for solvent-free systems or 
a r:1eta ~ spatula for so!\,ent-contining syste-!7ls. The [,","0 component uret.hane materials and 
the zinc- fi lIed coat ings vere siclilarly mixed. 

TiL'S:' spt:"cimens of the coa~ ing ::l.3.terials ~rc cast. immediat.ely after r.1ixin~ was -t:ot=1pleted 
and, in addition, steel plates and stcel reinforcing bars ~re coated with th4D films. 
Speci~en discs of 2 lf~ inches in diameter ~i~h ~hickness of ca. 3/8 inches (thicknesses 
of soh'eor containing sys~ens ... ere t'educed to 3/1t> inches) were C.:1st using a1=i",,,,, weighing 
dishes as ".lolds. Th" discs ,,'''re stripped Ero", che mOlds afcer a curing period of s"ven days. 

~e~ fil~ of 3-; oil,ll thickness were for",,,d by applying the coatin~s ~i,h a Baker roIl"r 
Ei1::l applicator to the gel side of pho~ographic papet' Ot' to sheets of I"florJJ. The cured 
fil~s were stt'ipped fro~ the ohotogra?hic paper after being i~ersed in wat~r a~ roO", 
~eo?era:ure for 16 hours. Cured iil",s were easil~ s:ripped fron Teflon sheets using a 
thin-blade':: spa~ula. Coating materials ... ere applied to ~ x 4 x 0.050 inch cold-rolled 
sreel pl~tes and to ~o. 6 steel reinforcin~ barsll using a paint brush. The steel pla~es 
had been d"g~"as"d previously using oineral spirits, and the reinforcing bars had been 
sand blastcd to a near ~hi~e surface '23 • 

2.2.2 Onc-Componenc Liquid Sysccms 

The t .. o one- c=;>onent 1 iquid syster..s. a 00 lyv in,'l ch lor ide (?VC) and a pheno I io nit t'ite , 
were ha~dened by the ('vapor-at ion of solvl!nts. Test specimens were formed as previous ly 
describ~d for the t~o-coc?onent sys~crns. 

2.2.3 Powt!r Systei.'l 

No ~lXl.n.': of the C?oxy pm .. "CIcrs was nil?cessary since t.he two Cl'!T1pOncnts are contained 
"'ithin each powde!C "article. The pO"..l<lers ... ere applied to steel and Teflon substrates 
preheac"d to ca. ~OODF" ill an elect:-ic oven by im::tcrsing the substrates into a fluidized 
bed :2~ of the powders. 

Ihen the coatings were cut'ed in the electric oven under the conditions specified by 
the =nufacture::s. When allowed to cool to rooo tCT:1perature, the cured epoxy films ~ere 
easi:y :-emoved f::om che T"flon substrate by using a thin-bladed spatula. Bo~h No_ 6 
steel reinforcing bars and 4 x 4 x 0.050 inch cold-rolled .teel plates .. ~re ~oated ~i~h 
the po.....::lcrs. 

Speci",en discs could r,ot be satisfactorily fabriC.:1ted from the epoxy powers becau5c, 
~hen sufficient masses to make )/16 inch chick discs ~ere heated to their specified curing 
tet:lpet'a~ures, porous so I ids that had expanded over 100 percent y.,.e p"oduced. Even four­
fole: reduction of the rr.asses die: not yiel.! satisfactory specimens. Only one powder epoxy 

11 One t:1i.! equals 0.001 inch. exactly. 

1/ Certain instrumencs and materials arc identified in this paper in order to adequately 
specify thc experimental conditions. In no case does such identification imply 
recom::lendat ions or endorsement by the Nat iona I Bureau of Standards or the F"edera 1 Highway 
Administration, nor does it icply that the .. .aterial or instrut:1ents are neces5arily thc 
best available for the PU"posc. 

11 No.6 steel reinforcing bat's have a nominal diameter of 3/4 inch. 
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did noc exhibit this expansion phenomenon. Possibly. som~ 
v~?Ori:ed at the curing t~peracures causing the formation 
thicK castings. H~er. no di!ficulcies ~re encount~red 
20 eils thic~ were formed f~~ the ?OWder epoxi~s. 

of the curing compon~nts are 
of porous structures in the 
when films that were l~ss than 

2.2.~ Reinforcing Bars Coatec by Applicators 

'Ihe coatings materials that "Jere judged (on the basis of prelil:li'",ry screeni":; tests 
yhich included: resistancc to chemicals; cure tice; film integrity; and evaluation of 
r-elacive brittleness) to have the most pr=ise as potential protective coatings for steel 
reinforcing bars Y"re subjected to furcher testing using bars coated by the applicators or 
oanufacturers submiCting the respective coatings. So. 0 steel reinforcin~ bars. grade 60, 
:our feet in length having tYO different d~formation patterns, y~re supplied to each 
a?plicator. 'Ihe surfaces vf che bars were usually cleaned, ohen by sandblasting; coating 
a??lied and cured; and the bars returned to the National Sureau of Standards for evaluation. 

3. R.EL-.;roRCEME~"I Ah'D CONCRE'IE SPEC~NS 

3.1 Reinforce~er.t 

'Ihe teesile reinforc~~nt in the pullout, cree~, and corrosion tests consisted of ~o. 6 
cefo=ed bars having either a !",rrel (B) or diamond shaped (D) defon:-.ation pattern as shovn 
lor. figure 1. 'Ihe bars were rancOCIly selected and may not all have been the same heat. A 
~ foot length of each type of bar ~as tested to rupture in tension. 'Ihe yield strengths 
deter::lined by the "0.2 percent offset" methO<! were f:,7,600 psi for No.6 re':lars (D) and 
62,500 psi. fo:- No. 6 rebar-s (B). ~hese bars did not exhibit a well-dcfioed yield poiot, 
howe~·er, their stress-strain rcla.Lonships (figur" 2) yere linear up to a stress of about 
6l.,000 psi for the (D) rebar-s and approximately 62.000 psi for the (B) rebars. Tensile 
pr-operties of the bars are listed in tabl~ 2. 'Ihe yield. tensile strength~ and deformations 
of the bars !Oet the require!:lents of ASnI A 615-72 [2:'. for Grade 60 bars. 'Ihe properties 
of defo~tions were dete~ined fro~ three coupons of each type of bar and are given in 
t:ab le 3. 

3.2 Concrete 

The concrete yas procured fro," a traosit-mix concrete company. The mix proportions 
of portland ce!:lent (ty~e 1), sand, and coarse aggregate Yere approximately 1:1.7:2.5. by 
~~ight. The sand was a silicious aggregate and the coarse aggregate was crushed stone. 
Ydxil:luc size of the coar-se aggregate was 3/l. in. ~ater content of the concrete yas about 
5 1/2 gallon per sack of cement and the sl"",p ranged froln 3 to 5 in. Although the concrete 
contained an air entraining admixture, the air content ranged from only 1 to ) percent. 
'Ihree batches of concrete yere used to cast the pullout specimens and the corrosion test 
spcciClens. 

Six standard 6 x 12 in. cylinders were cast from each batch of concrete along with the 
pullout specimens. 'Ihe cylinders were stored and cured in the same manner as the pullout 
specioens, and their compressive strengths were measured at the same time the specimens 
were tested. 'Ihe ccopressive strengtr. was determined in accordance yith ASTM C39-66 [26]. 
The average compressive strengths a~ 27 to 29 days yere 6160 psi for concrete batch No.1, 
6620 psi for batch No.2 and 57)0 psi for batch So. 3. The ranges and coefficients ~f 
variation :27; of t:he strength of the concrete cylinders were 226 psi and 1.5 percent. 
136 psi and 0.8 percent, 355 psi and 2.3 percent for concrete batches Nos. 1, 2, and 3. 
respectively. 'Ihe creep specimens yere cast from two additional batches, batch No.4 and 
5 of concrete, which had average compres~ive strengths at 28 days of 5494 psi and 5665 psi. 
The range cf the strength of the concrete cylinders and coefficient of variation yere 442 
psi and 4_1 percent: and 285 psi and 2.5 percent, respectively. 
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FIGURE 2. Typical stress-strain characteristics of reinforcing bars. 
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TABLE 3. 

Bar S i"," lo'ic t h of Avera~e Avoe:-age Av~rage 

a::.d. Tv".: gap Spacing He ight Project ... d 
( in.) (in. ) (in .) Length 

(in .l 

~" . 601.1 0.06-:. 0.300 0.0 .. 0 2.22 

:;0. 6B1.1 0.0 .. 7 0.':'02 0.038 2.2:-

11 ~ethods 0: ~asuring properties of ciefonnation dnd definition of terms 
are given in ~efe~ence 25. 

11 D cenotes dia~ond defo~tion pattern. 

11 B denotes bar,el defo~~tion pattern. 
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3. 3 Tes~ Specimens 

3.3.1 Pu 110u~ Specimens 

The pullout specimens were 10 x 10 x 12 in. concrete ?risms ~~h the reinforcing bar 
concent:ric with o;he longi~udinal ax!., of the specimens, so that the iength of embedment 
0: the bar in co~crete was 12 inches. This cevelopment length of ~he deforced bar was 
se lectec based on previous studies at l'o"BS : 28: and because the current ACI S~andard 316-71, 
"!!ulldLng CoCe Requirements for Reinforced Concrete" st:ates that t:he de.'Velopment len~h 
should not be less than 12 inche, : 29:. The ~ullout: speci",.,n was designed so that the 
loaded-end slip reached a value of 0.01 inch corresponding to a st:eel stress of approximat:ely 
one hal: 0: its tensUe strength when uncoated bars were embedded in the specimen. Splitting 
of the concrete was min~ized by relnfo:cing the specimen with a cylindrical cage of 
2 x 2 - 12/12 we Ided wire fabric. The cages had a dia:neter of 8 in -, exc:ending t he leng~h 
0: the s?eci~en and were concentric with the reinforcing bar. 

3.3.2 Cree? Specimens 

The creep specimens were the same as the pullout specimens except that the lower 23 
inches of the bars were threaded, thread size 0: 518 inch diameter with 18 ~hreads per 
inch, ~o pe=1t loading co: the specime:-o assecb ly. Altogether 24 creep specimens were cast 
frO!:! concret:e batches Nos. 4 and 5 in t:he same WOIXien forms used to cast the pullou~ 
.;:>eciClens. 

3.3.3 Corrosion-Test Spec~ens 

The corrosion test speci~ens were conc~et:e blocks 2 7/8 x 4 7/8 x 15 inches in which 
~~re ~bedded a 24 inch leng~h of No. 6 reinfcrcing bar concentric with the longitudinal 
axis c,' the block. The bars protruded O"t of the concrete blocks '-lith e:-<posed ends of 1 
inch and 8 inches. The end of the b lock wit h the 1 inch of bar prot rud i..:',..; which was to 
be i::r:lersed in the salt solution, was first coated with an "underwater" ~y,;>e of epoxy 
which bondee! !i=ly to the concrece. Then the 1 inch expcsed end of the !:a:- and the epoxy 
were coated cOQpletely with a heavy layer of s:~icone rubber. The bone! of ~he rubber to 
steel and to the epoxy was very good, although its bond to concrete in a sal~ solution 
is poor. A te=inal was i:l,;erted into the long e!'ld of each reinforcing bar S~ that 
electrical connect ions could be c;ade to a volt",eter or conductivity bridge. 

3.3.4 Fabricst ion anc Curing of Specimens 

, All concret:e pullout spec~ns '-"'re caSt with the reinforcing bar in horizontal position 
in woOden fores which were lined 'with st:ripping oil. The specimens were removed from the 
forms after 2 days and eIOist cured for 14 days with wet bur lap and then room cured at 73°F 
~d 50 ~rcent reLa~ive humidity until tested. 

Two pullout s?"cimens with uncoated reinforcing bars were fabricated from each of 
concrete batch Nos. 1 and 2 and one 5u.,h specimen was cast from batch No.3. Duplieate 
specimens were fabricated for each coat ing o.a~erial from t:be same batch of concrete with 
the exception that only one pullou~ spec10en was fabricated that contained coating No. 1-5. 

The corrosion test specimens were fab-Y-ieated from the same bat:ches of concrete as tl-.e 
pullout specimen.. Coated bars se lected for corrosion test ing coincided (when suf fi cient 
specl.o:ens were avaUab Ie) with those used in the pullout test. 

4. EVAWATION OF COAT INC MATERIALS -
EXPERIMD.'TAL METHODS AND RESULl'S 

DescripCions of the ~est methods used to evaluate coating materials are given in this 
sect:ion along with the experimental results. 

Not all of ~he 47 coating materials which were evaluatE"d were subjected to the same 
degree of testing; some were quickly judged nOt to be acceptable for such reasons as: 
ge 1 t lrnes for t'"'O c""'ponen~ systems longer than eight hours, coat ings Nos. 10 and 11; 
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~O~ file integrity and excessive entrapped air in the cured state, ~os. 12 and 13; the 
t .. ndency 0: SOQe tt--,,=oplastics to soft"" at II.O·F, !los. II. and 1,7; rubber-like expansion 
quallties (500 to 600 percent elongation) of two urett-~nes, Nos. 35 and 36 (obviously 
these tWO coatings ~~uld not pass the pull-out and creep requirements); and extreme 
~rittle"ess of s~ e~xy systems, Nos. 5 and 13, 

4.1 Che~ical Resistance 

".1.1 ::poxy !lisc Specimens 

Disc shape caSt inj;\s of cured epoxy speci~ns (these epoxies are liquids in the uncured 
state) were i~"rse~ in the foll~ing: water; an aqueous solution of 3M CaCl~; an aqueous 
solution 0: 3M SaOH; and a solutlcn saturated with ~oth Ca(OH)2 and CaS04.2H~6, and 
containlng 0.5~ Cacl . These test chet:licals were selected because they are ,""with ~he 
exception 0: SaOH, p?esent in concrete of bridge deckings an1 are probably the ~jor 
che:icals ,,"ost potentially deleterious to e;"J)')' coatings. Ca(OH); 1s a reaction product c,f 
portland ce~ent and water; it stabilizes the si~icate gels which are important constituents 
of durable conretes. CaSO".2H,O is often added as a set-regulator to portland cement and 
also is frequently present in ~012 drainage water. CaCl

2 
is one of the t",o most cOr.J!:lonly 

usee eeicing !:lateria Is. Since t he solubility 0: Ca(OH) 2 is low (0.2M at 2S·C), 3M NaOH 
was used i~ an accelerated-type of test to decennine if hydroxide ions are detri~ental to 
the 10ng-te:1:l "",bed::>ent 0: epox~ .. coatings in COncrete. 

Water, in itself, can ha"e a delete::-ious effect on coating mate,-ials. It "as felt 
that these test so lut 10ns are probab I y as ag;>.ress i,'e or e"en more a"gressive than those 
encountered in conc~e_e. Therefore, materials perfon::ing well in tile i"""ersion tests 
"'i~l probabl, r,ot be de;r.radee by lon~-ter.o e",bedr'lert in concrete. 7'1e specimens were 
~=.ersed in .. 'ater fo~ one or two ",1nute£ and "iped dry before measuring the original 
weights prior to the i~ersion studies. Original weights of the discs varied from ca. 20 
g~a..,.,s for sol've,,_ containing syste"lS to ca. 50 grams for the solvent less epox)' systems. 
The t~?e=a~urEs of the test solutions ~re 75 = 1°F. 

The 1~ersion data are listee in table Go. In some cases two separate castings were 
oade, indicatee by t~~ setS of data with different immersion times. In general, the 
specir:1ens had a','erage ",eight changes in the four test solut ions that were under 4 percent, 
The three oaterials experiencing the larg~st weight changes. Nos. 7, 8, and 9, contained 
so h'ent ~ in the ir uncured states. The sur :aces 0 f bot h 1'0. 7 and 1'0, 9 changed frOt:1 smooth 
to rc,ugh textures during the i::r.1ersion period. No visually apparent surface deterioration 
"as observ"d with the other epoxy speci!!l€ns. 

7he weight changes versus i=ersion tines are plotted in figure 3 for epoxies 1'os, 3, 
(. ;, an.: 16, .... hich represent the different behaviors of the epoxy specimens. No.4 is 
'ty;:>ic.al of ::lost of the SpeCl!':1ens. ".,ith a ~odt:st 'I..-eight increase irrespect ivc of -:.he test 
solution; in contrast ~o. 16 has a gradual loss of weight in all four test solutions. 
~v. i ha~ the largest weight change of all the epoxies tested with weight increases 
ranging fro'" 13 to 19 percent; "hich essentially occu~red durin, the first month of 
L~ers10n. ~o. 3 experienced a gradual .... eight loss except when immersed in the NaOH 
so lut 10n. 

A weight increase probably can be attributed to absorption of the test solution by the 
epoxy specimen; while loss in "eight can be attributed to dissolution of the specimen in 
the test sol~tion, Or in the case of solvent-containing systems, the loss of entrapped 
solvent. It is felt that epoxies exhibiting minor "eight changes, i.e. average under 4 
?ercent, "ill not be degraded by long-term embedment in concrete. 

4.1.2 IC1rnersion Studies 0: Coatings on Reinforcing Bars 

T~.e che::lical resistances of the p"'KIer epoxy and polyvinyl chloride systems lJere 
i:,\vest.'.gated by i=ersing coated reinforcing bars, supplied by applicators. in aqueous 
.0 lut i<'ns oft he fa 11""ing: 3M NaOH; sat urated Ca (OR) ; aM J.5 percent (0. ni) NaCI. 
~~ny of the liquid epoxies, usually applied by the scaIf of the National Bureau of Standards 
u~ing brushes, "ere also included in these immersion studies. The coated bars were 
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'IA.5IL l.. IoIEIGKI' OIAl>GES OF CURED EPOXY DISCS IMI-!ERSED IN AQUEOU'S SOUlTIONS 

PERCENT IoIEIGHr CHANGES 
I=ersion Saturated Ca(OH) 

Code Tit:le \.l'ater 3M CaCI
2 

3M SAOH Saturated CaS04.~H20 
:i=ber (""eks) and 0.5M CaCI

2 

66 2.3 1.7 2.5 3.5 
53 4.2 1.2 3.9 4.6 

2 66 4.2 2.5 3.6 5.2 
53 3.9 2.7 3.8 3.2 

3 66 -2.3 -2.4 1.8 -3.0 
53 -3.2 -~.5 3.7 -3.9 

l. 66 2.9 1.5 2.1 2.6 
53 2.5 1.2 2.2 2.4 

5 66 1.5 J .3 2.1 2.1 
5) 1.8 0.8 0.7 l.7 

6 66 3.7 1.8 2.8 3.6 
5) ).0 1.5 2.5 3.2 

7 66 16 19 13 18 

8 66 -9.1 -6.) -2.7 -5.5 

<; 66 -6.8 -10 5.3 -13 

12 64 1.5 1.0 2.1 2.0 

13 64 3.3 1.0 2.5 2.5 

!~ 57 -0.8 -2.3 0.4 -2.0 
53 -3.6 -4.2 0.9 -4.5 

17 59 3.3 1.0 3.0 3.9 
53 2.6 1.2 2.7 2.6 

18 59 0.8 0.2 0.9 0.9 
53 1.0 0.5 1.0 1.1 
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visually inspec~~ fo~ evidence of sofcening and color changes of ~he coating. disbonding 
becween the coating and sceel surface, and for number and size of co~rosion si~es. 
Temperatures of che test solu~ions were 75 ~ 1°F. The resul~s after one year of imcersion 
are described in ~able 5. 

The ~aCI solu~ion had a more deleterious effecc on che coatings than the Ca(OH)2 and 
~aOH solutions. w1~h the ~aOH solution being the least aggressive. Only one coating, No. 
II, gave any indication of being degraded by the long-term immersion in 3M·NaOH. The 
greater discr~ina~~ng effect of Ca(OH)Z versus NaOH is an interes~ing phenomenon since 
the pH of both solutions (pH of saturace~ Ca(OH)2 is 12.6 and of ~ NaOH is 14.5) should 
be sufficieo~ to passivate steel. The causes of this phenomenon are not p~esently obvious 
and this is an a~ea worthy of addicional studies. 

Coatings wi~h ~atings of 1 o~ 2 (Nos. 22, 23, 24, 25. 30, 31, and 41) adequately 
p~otected the reinforcing bars from corrosion when immersed in any of the cest solutions. 
Fou~ of the coacings with ratings of I or 2, Nos. 22, 25, 31, and 41 were pawde~ epoxies; 
other coa~ings w~th high ratings, Nos. 23, 24, and 30,. were polyvinyl chlorides w1~h heavy 
fil~ ~hicknesses ranging froc IS ~o 35 mils. The poor pe~fo~nce of some bars in ~his 
~est:ay be not because of some undesirable prope~ty of ~he coa~ing itself, but ra~he~ 
because of the i=prope~ coating of the individual bars su~~ as insufficient thickness of 
th~ coating, preexisting holidays, etc. 

4.1.3 Chloride Permeability 

If coatings are to be effective in procecting steel reinforcing bars, che intrinsic 
chlo~ide pe~~hilities of the coatings must be law. Lictle if any data on ~he permeability 
characteristics of epoxy fil~s to chloride ions have been reported previously. 

The chloride pe~eability characteristics of thin films (3-7 mils) of cured epoxie~ 
we~e de:e~ined USing ?erceability cells of the type shown in figure 4. Films selected 
fo~ st,~y Yere carefully handled, and exa~ineL fo~ any defects prior to installation in 
the cell. The cell consisted of two glass compart~ents separated by an epoxy film sand­
~~ched betyeen two glass plates, each having cente~ed 1 inch diameter holes. One compart­
~~t contained 175 ml of 3~ ~aCl and the other 115 ml of distilled wate~. The activity of 
chloride ions passing through ~he epoxy membrane was measured using a ~odel 401 Orion 
Specific Ion Meter. along with a Model 94-17 Orion Chloride Electrode, and a Model 90-02 
OrIon DQuble Junction Reference Electrode. Activity measuremen~s were converted into 
concentration values of oole per liter with a conversion diagram, constructed by plotting 
~asured chlo~ide ion activities versus known chloride ion concentrations. 

The data for IS different epoxies are listed i~ table 6. Many of the epoX)" films, 
Nos. I, J, 17, 18, 31. and 39, appear to be ess~ntially impe~ious to chloride ions (at 
least during the listed exposure ti~es). The accumulative concentrations of chloride ions 
passing through epoxy films are plotted versus time in figure 5 for six different epoxy 
films. Generally, the chloride pe~eability ~ates were highest during the first six weeks 
of exposure. Anexception is the film of So. 38 Yhich initially seemed to be imperviOUS to 
chloride Ions. hoyever. after about six weeks its permeability ra~e began co sharply 
inc~ease and after 39 weeks the accumulative c?ncen~ration of chloride passing through the 
film was about 3 x 10-~. Two other fil~s, Nos. 13 and 16, also permitted sufficient 
chloride ions to ~igrate through so that the concentration io the compartment originally 
containing distilled water approached or ~eached the chloride ion threshold concentration 
of O.OlX which has been reported (30] to induce the corrosion of steel embedded in portland 
cecenc-concrete. 

4.2 Impact and Ab~asion Resistance of Epoxy Coatings on S~eel Plates 

In the preliminary screening phase of the study, the impact and abrasion resistances 
of coatings On steel places were dete~ined to assess the ability of coatings to Yithstand 
harsh t~eatment. 

Both di~ect and reverse impacc resistances of cured epoxy coacings on 4 x 4 x 0.050 in. 
cold-rolled steel plates were dete~ined by the falling weight mechod outlined in ASTM 
Designation GI4-69T (31]. A Gardner Laboratory impact tester was used along with a four 
pound hammer. 
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Cocl" 
Numbe::-

1-1 

1-2 

2 

3 

2 6- 3 

4 

5 

6 

10 

11 

II. 

15 

16 

Ii 

18 

19 

20 

21 

22 

23 

24 

25 

.. ~w, ._, _. ...'" , 

TABLE 5. ~R5ION STh"DlES OF COATL-.cS ON REINFORCL'lG BARS 
(Test Period of One Year) 

AQL"EOUS TEST so l.UT IONS 

by.!.! 
3."! Saturated 3.5 Percent (0.5H) 

A;>"lled NaOH Ca(OH) 2 NaCl 

MFR No chan6e Fey rust spots 8 rust st>"ts 

MFR No ch.a.nge Fey rust spots 10 rust s t>"t s 

MFR No ch.a.nge Fey rust. sPOts 7 1"ust spots 

!."!IS No ch.a.nge F"", rust sPOtS 6 rust s t>"ts 

!."tS No change Fey rust spots 7 rust s t>"t s 

!.1IS No cha:'lge Few rust: spot.s 3 rust. spots 

:'1IS No change Fey rust spots Severely rusted 
on ridges 

!.1IS No change Few rust spOts Severely ruste.:! 
on ridges 

!."BS So change No change Severely rusted 
on ridges 

MFR No change No change 18 rust spots 

MFR Coating No change Severeiy rusted 
cracked 6-
disbanded. 
Color 
leached 
from epcxy. 

MFR Severe Iy ruste.:! 

MFR 3 rust spots; poor 
bond 

,HFR No change 

Io1lS No ch.a.nge 20 rust st>"ts 

!.1IS No ch.a.nge 6 rust sPOts Badly rusted; \ 
coat ing softened 

MFR No change Badly rusted Very badly rusted; 
most of coating gone 

MF'Il Light rust spots 
under coating; 
bond very poor 

MF'Il 12 ru~t spotS 

MFR So change No change No ch.a.nge 

MF'Il So cha:lge No change No change 

MFR No change No change No change 

MF'Il No change No change No change except 1 
rust spot and 
small blisters 
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Code 
N=ber 

26 

27 

28 

29 

30 

31 

32 

33 

34 

3) 

36 

37 

Ap;> lied b)1.1 

MFR 

l1.."R 

MFR. 

MFR. 

NBS 

NBS 

"'SS 

NBS 

38-Blast MFR 

38-Phosp MFR 

39-Blast MFR 

39-Phosp MFR. 

"O-B last MFR 

"O-Phosp MFR 

41 .MFR 

42 MFR 

42-Un- MFR 
coated 

TABLE 5. (Continued) 

3M 
NaOR 

No change 

No change 

No change 

No change 

No change 

No change 

No change 

:';0 change 

No change 

No change 

No change 

No change 

No change 

No change 

No change 

Slight 1).' 
rusted 

AQUEOUS TEST SOLtr.'IONS 

Saturated 3.5 Percent (C.5H) 
Ca (OR) 2 NeCl 

1'0 change 

Badly rusted 

Fey rust. spots 

:;0 change 

No change 

Na'change 

No change 

Rusted 

;'usted bad ly 

No change 
except for 
fey rust 
spots 

No change 
except slight 
softening 

Rust spots 

Rust spots; 
coating 
softened 

No change 

No change 

Badly rusted 

Rusted badly 

No change except 
fe..: ruse spots 

Rusted badly; 
coating soft:ened 

Very baely rusted 

No change excepe 5 
small ruse spots 

No change except 1 
ruse spOt 

Rusted bad ly 

Rusted severely. 
Tubercles 1/"" high 

Ruseed bad ly 

Large rusted areas 

Large ruseed areas 

Large ruseed areas 

Badly rusted 

Rusted badly; 
coating softened 

Rusted 

Rusted 

Badly rusted 

Badly rusted; 
coating softened 

15 rust spots 

10 rust spOts 

Badly rusted 

5 

4 

4 

2 

1 

3 

3 

5 

5 

5 

5 

,': 

5 

3 

4 

3 

4 

2 

3 

5 

11 MFa denotes the firm handling the material applied the coating to reinforcing bars and 
aubcitted the coated bars t~ NBS for evaluation. ~~S denotes coating applied by the 
staff of the National Bureau ~f Standards. 

zt Rating sequence in order of ~ecreasing proeeceive qualities 1<2<3<4<5. 

18 



I' '. , " " 
I 

l 
I 

{ I'
 

, I 

" !.
 

t'
 

I \ I 

.... '" 

~ 
.. 

" 

i I 

'i
';

' 
,'.

'."
 

• 
I 

t.",
 J

 I
, ;"

 >"
 . .':" 

:~~
) I~

~'; 
, :<

 . ;
(l~

 ?:i
'~'

\~'
1~~

~::
 

'" 
I 

I . , 

( 
\" 

H
O

LE
 

C
E

N
TE

R
E

D
) 

, 

FI
G

U
R

E 
4

. 
P

er
m

ea
b

il
it

y
 C

el
l 

C
om

po
ne

nt
s:

 
1

\.
 

B
. 

C
. 

B
 

C
om

pa
rt

m
en

t 
co

n
ta

in
in

g
 d

is
ti

ll
e
d

 w
at

er
; 

E
po

xy
 

fi
lm

 s
an

dw
ic

h 
be

tw
ee

n 
tw

o 
g

la
ss

 
p

la
te

s 
ea

ch
 h

av
in

g 
ce

n
te

re
d

 o
n

e-
in

ch
 d

ia
m

et
er

 
ho

le
l 

C
om

po
ne

nt
 

co
n

ta
in

in
g

 3
M

 N
aC

I 

~('
~""

-:;
{~~

1~~
 .i~

:~):
j"~,

i,~-
t.~,

:;,,
!.i~

~~ ...
 ¥\~

iJ;
,_~

)~'
~~t

(&'
.;i

.t~
i)'

-i-
;1.

it&
i~*

~:.
t~,

;l·
;I'

:{~
~;:

.\~
il~

"\:
";>

I;,
:-\

,l.
~).

 ~C.
~;.,.

; ~\
;.~-

t,-:
-~~-

f',~
·~;,

 ~ 
!.

. 
::

.-
~.~-

.~, 
.
•
 "

 
~ ~

,,' .
~)-

r. 
:
f
j 

-r 
" .

.. 
~:4',

 .~.
 r.!_

\-:~ 
,~~

~~ 
,:..;

,~.:~
 t\.'

 ••
 -,,

:~.~
:.~.

J'.~
~~~ 

'~"
 ~,

1,1·
 .".

-'-_
t·i.

t~';
~Q.'

il.~
;"""

l_.z
(',W

.'J:
·,·,

jfkJ
jf.,

i:«.
'~.j

}_~'
{l~*

,~::
~*':

t(i~
'\'g

, 



. " . ''';;' .... , .. -~',~-","',.;;. 

IABLE 6. PERMEABILITY OF CHLORIDE lOSS 'IHROUG!i EPOXY FIL'!S 

Code IlUcknesB Exposure II 
Pe=eabi17~y Concencracious-

S=ber Thickness !mlls~ Tillie !weeks2 ~oles Eer licer2 Unic&! 

1 3 50 <5 x 10-51/ <2.5 :It 10-6 

2 3 23 1 x 10-4 
9.7 :It 10-6 

3 3 16 <5 :It 10-5 <8.5 :It 10-6 

4 3 23 1 :It 10 
-4 

9.7 10-6 :It 

6 3 23 1 x 10-4 9.7 :It 10-c 

11 3 12 4 :It 10- 3 7.5 :It 10-4 

13 3 21 1 x 10-2 5.0 :It 10-4 

16 7 23 2 :It 10-3 6.2 x 10-4 

3 10 8 x 10-1 2.3 :It 10-1 

17 3 50 <5 x 10-5 <2.5 x 10-6 

19 7 37 N. C.Y 
29 10 37 1'. C. 

31 10 37 N. C. 

38 2.5 39 3 x 10-3 
1.8 x 10 -5 

39 2.5 39 ~. C. 

40 2.S 39 6 x 10-2 -4 
3.2 x 10 

11 Concencracion of chlorice ions in che chamber originally concaining only 
disc111ed ~~cer. 

21 Pe=eab111cv units are: (gr= per day)/exposed area (1n. 2)/f111:1 chickness (m11s); i.e. 
theorec1ca11y ~quare inch and a film chickness of one mil. 

31 Millivolc readings were near the region of dis~illed ~ater and the lover limit of 
the chloride ion concentracion .as esciosced. 

~I N. C. denotes chat no changes from che original millivolt values yere measured. 
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Th~ ~pac~ ea~a are p~esen~ed in table 7. The reverse impact vas fo~d to be more 
se"e~e ~ha.n ~he ci~ect !.mpact and p~obab ly gives a better indicat ion of the flexibility 
0: a coa~ing. Reverse im~c~ values lover than 40 in. lb. are judged ~o be indicative 
of b~i~tle catetials. It is felt that the impact values for some powder materials (Nos. 
25. 28. 29, 31, anc! 38-40) are tOO lov and are not reliable indicators of thel.r properties. 
Possibly, the l~ values can be attributec! to ~or adherence to the surface of the steel 
plates used in this i::1pact :est. The bend testing of coated reinforcing bars, .and also 
!n~ct tests o~ coated ba~~, aiscussec! later, are considered to yield more reliable 
=esu.lts. 

The abrasion ~esistan~es of epoxy coatings on sloilar steel panels were dete~cined 1.::1 
acco~dance ~ith ASTX Designation 01044-56 :32: by using a Taber Abraser and Taber CS-IO 
wheels ,..1::;-, 1000g load per wheel. Afte~ each 200 cycles ~he wheels and specicens were 
gen::ly cleaned with a soft brist Ie brt:sh. The abrasion cata are given in table 7 in units 
of weigh:: loss in ~g per 1000 cycles. Two of the solvent containing caterials, Nos. 3 and 
16, had ,..eight losses over 100 eg indicative of poorer abrasion resistances than the other 
C?oxy coatings tested. 

4.3 In~pec:ion of Coa~ings on Steel ReinforCing Bars 

The coatings a~plied to reinforcing bars by the a~plicators were ins.~cted i~ediately 
after recei?t for the following: file thic~ness, nucber of holidays~1 per unit bar length 
(~ ft.), and for their general ap?earance. The file thicknesses were measured with a 
Xi~~otest ~odel 790000 Xagnetic Gage, a~c! the n~ber of holidays ~as determined with a 
~7 1/2 ~olt holiday detecto~. 

The results 0: the ins?ection are listed in table 8. In general, the powder epoxy 
coatings yielded £il:::s of co~e unifor::: thicknesses and with fe"er holidays than the liquid 
epo~; coatings. Ho~~ver, =he files of both powders and liquid epoxies have excessive 
n .. ::bers 0: holidays (core tha~ 10) when their file thicknesses are in the range of 1-4 
",11s. 

4.~ Physical Testing of Coa=ings on Reinforcing Bars 

The abilt=!.c~ of coatir.~,.- "t. ~einforcing bars to withstand rough hancling ...-ere 
assessee on the bas is "f bend test;, i:l?ac.t :::ests, and hardness ceasurecents. These tests 
"'ere carried Out either on the 54:::e speci::>ens list"J in tab 1." ~ or on cOr:l;>anion specimens. 

4.4.1 Bend Tests 

~o. 6 !:lars coatee by applicators .. -ere be"t at a 120· angle "'ith a radius of curvature 
0: ca. 3 in. using a Green Lee Tool Co:::pany :-lode 1 770 Bar Bender. Portions of the bars 
co~i"g in contact with the beneing ~dchine were protected with rubber tubing of 1 1/2 in. 
o.d. and 3/~ i.d. to avoid r:lechanical danage to the coating, so tha~ any c~acking in a 
coating occurring c!uring the bend test could be attributed to strain failure of the 
coating. The tests ~re per:o~ed at 72 = l·F. 

Crac~ing and disbonding took place on the area of some ba~s that "as under tension 
dur~ng the ~ending (table 9). The four different pol]~inyl chloride coatec rebars (~os. 
23, 24, 26, and 30) gave excellent perfo~nces even though their file thicknesses ranged 
from 2 to 35 eils. A greater variation was observed for the epoxy coated rebars as sOme 
perforr.led ... ell "hile a fe ....... -ere classified as failing. Generally, the epoxy coatings 
...-hich did not perfo~ well ~re either the m0st bri~tle epoxies or their cured film 
thicknesses ""~c over 10 ",ils. The effect of the fU", thickness is well illustrated by 
cO:lparing ~he coated reinforcing bars ~os. 22 and 31, which were both coated with the 
sace ~tcrial applied by different application ",ethods. No. 22 has a film thickness of 
~. 25 :::ils (applied by the fluidized bed technique) while the film thickness of No. 31 

Holidays are defined as pinholes normally not visually discernible. 

., 22 

.... ~ ... :;.--.:," .' .... - - .- \". r/ .. : '" ~ 



- . 

'!ABLE 7. AlmAS lOS A."\D IMFAcr RESlS"IA.-.cE OF ctiRED EPOXY COA-::INCS en: STEEL p~! 

IMPACT RESIS'IA. ... '"C!II ABRASION RESIS'IANCE1! 
~e FUI:I ~c:kne •• Rever.e I=J!.c:~ D1rec:~ IIIIP&C:~ ;;e1gh~ lc.s per 1000 cycl .. ", 

Su::ber ~ .. 1182 ~in.1b·2 ~1n.1b.~ ~5) 

:' 
1 7 20 90 71 

2 7 4 12of!.' 56 

3 8 40 160 107 

4 5 4 40 70 

5 7 8 20 58 

6 6 4 20 71 

11 6 89 

16 5 8 50 148 

Ii 6 7 SO 58 

18 7 12 110 52 

19 1 >160 >160 51 

4 160 160 

25 i 4 60 70 

28 8 40 60 88 

29 8 50 60 57 

31 6 20 80 35 

38 i 20 80 

39 a 20 40 90 

40 11 20 ~I 

41 i 85 

11 Epoxy coaeings applied co 4 x 4 x .050 inc~ steel plates (cold rolled). 

II FoYr po~d haccer dropped :roc increasing heighes until coating was ruptured. 

11 Taber CS-10 vheels, vith 1001' ~ !:<>ild per vbeel. 

~I Bond at ~he s~eel-epoxy ineerface severed ae 10 ·,.'i-lb. '. 
11 Coseing sbaeeered off of steel panel. 
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3z1! 

33 

TABLE '!. R.!::SL"l.TS OF' BE:'llL-';C COATED REINFORCI!'G BARS1.! 

Fib 
Thic~n~ss (~ils) 

.\.-5 

5-15 

2-5 

20-)0 

40-50 

10 

10-12 

2-~ 

I. 

4 

25 

35 

6-11 

;:-3 

8 

1-2 

3-4 

15·18 

8-9 

l.-6 

3-4 

Slight c~acking near edge of defo~4tion, length 
of cracks ~ere ca. 1/8 inch. 

Complete failure In bend area. Almost complete 
disbonding. 

Few s~11 cracks ca. 1/8 inch long. Cood 
p~r forr.tance. 

Severe crackir.g at al.r:1ost eve::-y transverse 
defor~tion in bend area. Lengths of cracks 
were 1/2 to 3/~ inch. 

Seve~e cracking at deformations. Cracks were 
ca. 1/8 inch wide and undercutting disbond~ent 
between the filQS and steel took place. 

Seve~e cracking ~hich extended fro~ longitudinal 
deformation. Disbonding between the coating 
and steel was observed. 

Sa!:lC as :-;0. 10. 

V~ry fine cracks I good per fomancc .. 

Cracking started at 20" bend. Total disbond!:1ent 
in area under tension. C~plete failure. 

~o cracking. exce I !t..:nt perfcnn.ance. 

~o cracks ~ excellc~:t ?crfonia,nce. 

Substantial c~acking extending fro~ longitudinal 
to lon~itudinal dcior!:IGtion, some disbondinb 
between the coating 3nd steel =5 observed. 

~o cracks, exc~llent p~rfonmance. 

:-;0 cracks, excellent performance. 

~.any s=ll (ca. 1/8 inch long) thin c.t·acits, 
considered as ~odc~ate crackin£. 

~o cracks. exce 1 Lc.nt ;:»er formance .. 

Substantial cracking extending fro~ longitudinal 
to Longitudinal deformation. ~ome disbonding 
'Was observed .. 

A. Slight cracking, good performance. 
B. Substantial cracking and disbonding 
. __ bse:-vedli. 

Xo cracks, excellent performance. 

Xo cracks, excellen~ performance. 

:-;0 cracks, excellent performance. 

Complete failure as tot31 disbonding in bend 
area; probably attributable ~o disbonding 
between mi 11 sea le and stee 1. 

No cracks. exce llent perfor.nance. 
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Coc:Ie 
S"",ber 

4! 
38 A"4/ 

It-

4/ 
39 AT! s: 
40 Af::.! 

40 rfo! 

File 
Thickness 

2-4 
2-4 

2-4 
2-4 

2-4 

2-4 

3-i 

3-4 

3-4 

'tABLE 9. (Cont in,;ed) 

(ei h) Results of 120· benal/ 

No cracks. excellent perforcance. 
Severe cracking on every deforcation in area 
under tension during bending. 

No cracks, excellent perforcance. 
Two or three 1:11&11 cracks. Good perfon:l8.nce. 

Excellent perfo~ce; no cracking. 

Failure. Phosphate coating adhered poorly to 
the steel substrate. Cracking of epoxy 
coating in cOClplete area under tension during 
bending. 

Excellent performar.ce. no cracking 

Substant ia 1 era eking. 

Slight "popping off" of coating. 
Good perforoance. 

JJ Nucber 6 steel reinforcecent bars COated by applicators or coating producers. 
Cnless otherwise stated the eill scale was removed by sandblasting. 

II Crack rating in order of decreas1~g performance: Excellent>Good>~oderate>Substantial> 
Severe>Complete failure. 

11 ~~ll scale was not r~oved. 

~I Surface of A sandbl~sted p=ior to application of coating material. 
Surface of B sandblasted and phosphatized prior to coating application. 

2/ Bars heated to 190·C prior to app1.oing powder ("<lating. 

~! Saoe coating material as 41, but applied to cold reinforcing bars. 

28 

,,.. .- ~," 



- '., ... " ..... ,u. 

~. CA. 8-9 ci1. (ap~11ed using an elecrrostatic spray gun). Yhen benr. substanrial 
cracking was observed in the f1:m of No. 22. while No. 31 was COU!?letely free of cracking. 

Another factor affecting the bending characte~i.tiC8 of coated reinforcing bars is 
the c~pe of surface preparation of the substrate prior to application of the coarings. In 
two series of coated reinforcing bars. No. 2BB end No. 32. epoxy coatings were applied ro 
un~repared surfaces vhich were nill covered with lIIill scale. Al.%:Iost rotal disbondment \la. observed when each series of bars .... s bent; while rhe epoxy adhered tenaciously to 
the cill scale. the cill scale was d:!.sbonded from the sreel subsrr&te. A portion of rhe 
coaud rebars Nos. 38. 39 &Cd 40 were both ss.nd blaned &Cd phospharued prior to being 
coated while the recairu!er were just sand blasted. The sand blasced coaced reb&rs gave 
no indicaciona of coacing failurea when bent while the phosphat1zed bars were susceptible 
to varyi:!g &I:IO=ts of failur', in the coatings. 

The teeperaCure of the steel substrate, when being coated. can affect the flexibility 
of tne cured epoxy coating. For example, Nos. 41 and 42 rebars were coated with the same 
Cl&te~1al. However. No. 41 rebars were heated to Jl.2 G ? and il:lmediately coated while No. 42 
rebars were at aabient tecper&cure when coated. The epoxy coating ... as chen cured at 319 G F 
on both sets of rebars. Excellent flexibility ~s exhibited by No. 41. whereas No. 42 
c~acked bad 1)" when bent. 

4.4.2 Impact Tests 

The resistances of coatings on reinforcing bars to illlpact were determined by dropping 
bars Cn concrete snd by the falling ... eight cethod. 

4.4.2.1 Dropping Coated Bars on Concrece 

An 18 in. length of coat~d No. 6 reinforcing bar ... as dropped on a slat of concrete so 
that i:pact occurred lengthwise &s follows: 

1. A single bar ... as dropped One octer from a horizontal position to the coneret~. 

2. "Ihe sa~e bar _s dropped froc a height of tva meters. 

J. A cccpanion specicen vas taped loosely between t~ bare ~o. 7 bars of the same 
le:lgth and the assccbly ... as dropped froc a height of 2 ceters to the concrete slab. 

4. The bars were inspected after each drop for the following types of dacages: 

A. Shattering of the coating to expose bare metal. 

B. Cutting of the coating to expose bare cetal. 

C. Cracking of the coating. 

D. Disbonding of the coating from the steel substrate. 

The coatings were rated on a relative basis and the results are given in table 10. 

4.4.2.2 Falling ~eight Method 

The test cethods outlined in ASTM Designation G14-69T :31] ...ere followed. A Gardner 
Laborarory icpact tester .... s used along with a four pound hammer. Impact occurred on the 
l~-lying areas bet ... een the deformations. 

The ty?e and extent of jamage to the coating caused by an impact of 120 in-lb vas 
visually assessed and also the area of damage .... s measured (table 10). \Jben cOIIIpared witl1 
other tests in this study. it is felt that ~th an :!.=pact of 120 in-lb the area of damage 
should not exceed 0.15 in2 for an acceptable coating. 
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TA!lLL 10. DROP RESISTANCE.!i AND IMPACT RESISTANCE11 OF COATINGS ON REBARS 

Code 11 FU", 
S~be~ Thickness (eils) 

2 

3 

, -
5 

10 

11 

16 

17 

18 

19 

22 

£3 

24 

25 

27 

28 

29 

30 

32 

5-15 

2-5 

10-20 

10-15 

10 

10-12 

2-l. 

4 

4 

25 

2S 

3S 

6-11 

8 

1-2 

1-2 

~S-18 

8-9 

4-6 

Damaged 
Area (in. 2 ) 

0.110 

.028 

.082 

. 383 

.079 

0.188 

.038 

.028 

.03<1 

.028 

0.234 

.on 

.110 

.049 

.077 

0.038 

.028 

. 110 

.110 

• 049 

L'1?ACT RESISTANCE 

Type and ~verity of Damage 

Not t:est:ed. 

Shattering and disbanding of coating 
prapagat: ing from at"ea of iClpact:. 

On ly indt.:r:.tatian ~n coat ing and rebar 
at impact at"ea. 

Shattering and disbanding of coating 
propagating fro", area of impact • 

Large aea~t of shattering and 
disbanding of coating surt"ounding 
area of impacc. 

Shattet"ing and disbonding of coatir.~ 
at 1cpact area. 

Sha~tering and disbanding of coating 
pt"opagating ft"om area of impact. 

Slight shattering and disbanding of 
coating at impact area. 

Sl~ght shattering and disb,)nding of 
coating at il:!pact art'a. 

Slight shattering and disbonding or 
coating at impact area. 

Only indentation in coating and rebar 
at impact area. 

Large a",o~t of shattering and disba 
disbanding of coating surro~d1ng 
a rea of impact. 

Large ind~ntation in coating. 

Large indentation in coating. 

Shattering and disbonding of coating 
at impact area. 

Coating shat:t:ered at area of impact 
with slight propagating of 
shattering from impact region. 

Slight ~hattering and disbOnding of 
coating of impact area. 

Slight shattering and disbanding of 
caat:ing at iepact area • 

Large indent:atian in coating 
accompanie~ by slight cracking 
at i"'?8ct area. 

Shattering and s~e disbanding of 
coating at impact area • 

Cracking in coating at impact area, 
slight: cracking extending from 
impact region. 

30. 

':"~ , -.' 

Drop 31 
Resistance-

Good 

Poor 

Good 

Poor 

Poor 

Poor 

Poor 

Fair 

Fair 

Fair 

Fair 

Excellent 

Excellent 

Excellent 

Good 

Good 

Fair 

Good 

Poor 

Excellent 

Fair 

-, ~--' 



CO<!e Film 
S be 1/ Thickness (oi Is) • uc. r-

)) 3-4 

38 2-4 

39 2-4 

40 2-4 

lol 3-7 

lo2 3-4 

i.) 3-4 

, . 
TABLE 10. (Continued) 

Damaged 
Area Un. 2) 

.028 

0.0)8 

.028 

.079 

.0)8 

.028 

.038 

L~PACI RESISTANCE 
, 

Type and Severity of D.1lIIB.ge 

Shattering of coating at impact 
area. 

Shattering of coati~g at impact 
area, slight cracking extending from 
i.cpact region. 

Only indentation in coating anJ rebar 
at impact area. 

Shattering of coating at L~pact area, 
sligh~ cisbonding extending from 
impac( region. 

Shattering of coating at impact area, 
slight cracking extending from 
inpact area. 

Only indentation in coating and reba~ 
at impact area. 

Smashing of coating at impact area, 
slight cracking extending froc 
impact region. 

1/ COated reinfo~cing ~ars dropped from heights of 1 and 2 meters on concrete. 

2/ Falling weight cetnod A~ Designation G-14 with impact of 120 in-lb. 

)1 

Drop 3/ 
Resistance-

Excellent 

Excellent 

Exce llent 

Good 

Good 

Good 

" 

" 
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The criteria of O.lS in2 permissible area of damage was only exceeded in three cases, 
namely, by coatings Nos. 5, 11, and 22. Both No.5 and No. 11 were previously classified 
as brittle ma~erials o~ ~he basis of their performance in the bend test. The poor performance 
of No. 22 probably can be attributed to i~s large film thickness, ca 25 mils; the same 
material yith a film thickness of 8-9 mils, No. 31, had acceptable impact resistance. 

There is a fairly direct correlation between the results of the drop and impact tests 
with a fey exceptions such as coating No. 22. Although the results of the impact test are 
easier to quantitatively evaluate, the drop test more closely simulates the rough handling 
COated reinforcing bars will prObably experience. 

4.4.3 Hardness Determination 

The hareness value of a coating gives an indication of the relative resistance of the 
coating to the type of mechanical damage which results in scratching, cutting, indentation, 
etc. of the fil~. The hardness of coatings on reinforcing bars was determined by the pencil 
method and the indentation !IIethod. 

4.4.3.1 Pencil ijardness 

Pencil hardness values vere determinec using a series of lead pencils that cOV(;(:: the 
range of H to 8R, with steps of one hardness increment. The hardness is designated as the 
softest lead that imparts a scratch in the coatin~. All of the epoxy coatings had ratings 
above 8H; while the polyvinyl chloride coatings were softer, with hardness values of H for 
polyvinyl chloride COStings :'os. 24 and 30, and a valUe! of 8H for coating No. 23. 

4.4.3.2 Indentation Method 

The ~icroharcnesses of coatings on steel reinforcing bars vere also measured by t~e 
indentation method to determine the ~~oop Hardness n~ber, which is more quantitative and 
reproducible than the pencil "nardness. An apparatus of the type described in ASTM 
Desi~nation DI47'-68 :33", follo~ing the methods outlined therein, with a 10 gram load, 
~as used for this d~te~ination. 

The Knoop Hardness X~~ber .(KHN) is calculated with the equation: 

..1:.... 
Ap 

(1) 

where L is the load applied to the indenter in kilograms; 1 is the measured length of 
the long diagonal of the indentation in the coating in millimeters; Cp is a constant with 
the value of 7.028 x 10- 2 ; Ap is the project~d area of the indentation. 

The resul~s for five coatings on rebars are given in table 11. No. 30 is a pOlyvinyl 
chloride and has a relatively low hardness of 6.7 KEN, while the other four coatings are 
powder epoxies having hardnesses above 18 KEN. As previously discussed, No. 22 and No. 31 
are rebars coated ~th the same epoxy material applied by different methods which yielded 
different film th1ckness. The :ilm thickness of No. 22 is ca. 25 mils and the film 
thickness of No. 31 is ca. 8 mils. The microhardness was determined to be 20.7 KEN for 
both coating films, therefore, it seems that ~he microhardness of the coating film alone 
~as being rneasurerl and not the composite hardness of the coating and the steel substrate. 

4.5 ~lectrochemical Tests 

Electrochemical tests were undertaken to quantitatively rate the relative performance 
of coatings exposed to solutions c"rrosive to steel e-ubedded in con-.:rete. 

4.5.1 Applied Voltage Studies 

The ~[fects of electrochemical stresses on coatings on reinforcing bars were assessed 
by applied voltage studies. Such stresses can be induced in the field by cathodic pr~tection 
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Table 11. Inden~ation Hardness of Coatings on R~inforcing Bars 

Code Hardness 
Number KH.xll 

22 20.7 

29 1~.8 

30 6.7 

31 20.7 

39 21.2 

11 Knoop Hardness ~umber 
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devices. stray currents. or by corrosion processes. The cathode aDd anode were No. 6 
reinforc~g bars. 6 inches long. both coated with the same ~ter1al. The electrolyte was 
an aqueous solution of 7 percent ~aCl. A potential of rwo volts was applied and the 
electrodes we~e visually observed periodically for evolution of hydrogen gas at the cathode 
and for evidence of corrosion products of iron at the anode. Before immersion. any bare 
ends or obvious mechanically dacaged areas on the electrodes were covered with a film of 
silicone rubber. and no intentional holidays were induced. The sources of any corrosion, 
therefore. were holidays in the films. The applied voltage method also serves as a 
sensitive holiday detector and can be used to ascertain whether holidays are developing 
in a film because of degradation of the coating. A typical experimental set-up is shown 
in figure 6A. In this photograph, taken at the beginning of the test. the bars are coated 
with material Xo. 16. After 30 minutes of application of 2 volts copious amounts of 
corrosion products were observed (figure 6B). 

The =esults of these voltage studies are pre~ented in table 12. Altogether 31 coatings 
were investigated and 19 of these permitted the evolution of hydrogen ~as within 15 
~inutes. ~o holidays developed in three of the polyvinyl chloride coated specimens. ~os. 
23. 24. and 30. nor in twO of the epoxy coated specimens, ~os. 22 and 31. during a test 
peri<'d of over 90 hours. 

4.5.2 Electrical Potential and Electrical Resistance 

Alternate means of assessing the protective qualities of barrier coatings are electrical 
potential measurements ane the electrical resistance of the coating films. Such ceasurements 
were made on both coated reinforcing bars partially immersed in 3.5 percent aqueous solutions 
of ~aCl and on coated bars embedded in concrete specimens partially i~ersed in 3.5 percent 
XaCl solution. The electrode potentials were measured using a Cole=an Model 37A pH meter 
with a saturated calocel electrode (S.C.E.) as the reference electrode. as illustrated in 
figure 7. Xeasurements of electrical resistances were taken using a Yellow Springs 
Instrument Campany ~odel 31 Conductivity Bridge along with a platinum electrode. figure 8. 

4.5.2.1 Coated Reinforcing Bars in 3.5 Percene 
Solution of Sodium Chloride 

The coated bars were partially immersed in aqueous solutions of 3.5 percent NaCl in 3 
liter polyethylene buckets fiteed with lids. T~ holes were cut in each lid. one for ehe 
reinforcing bar. the other for the reference electrode. 

The el~ctrical potential and electrical resistance data are preseneed in table 12. 
Low resistance values. bel~J 500 ohms, are indicative of coating films which either have 
many holidays or are permeable to water and/or chloride ions. The measured c~rrosion 
potential of uncoated steel reinforCing bars was -634 mv vs S.C.E. after 1000 hours. All 
of the speclioens had elect~ical potentials belo~ these values. even though numerous 
corrosion sites were visually observed on all of the specimens which had resistances bel"" 
500 ohms., The electrical resistance values appear to be more reliable indicators of the 
corrosion State of ehe coated reinforCing bars than ehe elecerical potential values. 

The thicker films (above 15 mils), Sos. 22. 23. 24, and 30. were free of holidays and 
had resistan'ces above 24 x 105 ohms. which a<'e beyond the range of the roeas<;.ring device. 
These H1CLS were in effect perfect insulaeors p<'eventing the c..o,," of current, therefore. ... 
the electr:ical potential of ehe protected bars could not be meas'Jred. 

Potential and resistance data for three sets of rei~forcing bars. each set coated with 
a different epoxy (Nos. 1, 25 and 31) are plotted versus test time in figures 9. 10 and 
11 (initial plotted values measured after 24 hours of immersion of coaeed bars). The wide 
variance in the initial millivolt and ohmic readings of duplicaee and triplicate specimens 
eecreased =apidly during the first 200 hours of testing and after 1000 hours good agreements 
were o~tained for companion specimens. A rapid decrease in the resistance of a coating 
probably can be attributed to the emergence of holidays. while an increase in resistance 
is probably indicative of some t)~e of healing mechanism. 
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ToUILE 12. ELEC1'ROCH~Ic.u. SIUDIES DF COATED 
REI~1'ORCI~ SARS 

Coee Ti::Ie t:o 
(&)11 

Resis~anc:e (Ohms)~1 'l.'Dl~ase <c11:1VDlt:s)11 31 
~u::1:,e:: Evolve H., 1 hour 1000 hours 1 hour 1000 bours Ra~i .. gs-

at. Cathode 
(hours) 

1 <1/4 537 200 ...o~~'(j •• -570 3 

1 <1/:" 150 190 -588 -576 3 

3 <Ill. 400 180 -615 -604 3 
.:. <li2 700 260 -470 -555 3 

5 <l14 1.1 " 103 425 -513 -61i 3 

10 <1/4 3 

11 <Ill. 9.6 " 103 800 -497 -560 3 

16 1 400 250 -516 -593 2 

Ii ,114 1. 5 x 103 700 -430 -545 3 

18 <IIi. 93 240 -516 -604 3 

19 24 !.15 225 -503 -568 2 

22 < 64s!=-1 25 x 105 y 25 x 105 '::./ ~. R. il ~. R)J 1 

23 <1209 25 x Ie5 y 25 x 105 9 ~. R)J N. R.11 1 

2.:. < 43r:/!.1 13 x 1059 25 x 105 y .. R)/ ~ . R.11 1 

25 6 2 x :LOS 25 x 105 y -613 -541 1 

26 'Ill. 3 . 
27 <III. 3 

2S <II.:. 250 240 -640 -60& 3 

19 <Ill. 475 300 -SIS -565 2 

)0 >1&99 25 x 105 y :5 x 10:' '=-' ~. R)/ ~. R)/ 1 

31 > 9&,:-1 25 x 105 y 1500 -532 -588 1 

32 <114 SOO 540 -617 -573 3 

33 <Ill. 550 400 -516 -565 3 

38 rtl <Ill. 360!-1 2l~1 -514!..1 -58~1 3 

38 .).1 <Ill. 3SrJ..I 220Y -4S1J'/ -60~J 3 

39 ~I <Ill. 1SrJ..I 24~1 -557!'/ -61rP-1 2 

39 .).1 3 4101./ 23rP-1 -557!'/ -64-#1 2 
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TABLE 12. (continued) 

Code 
Sw:o!>er 

Ti.I!Ie to 11 
Evolve HZ (g)­

at Cathode 
(hours) 

Resistance (ohms)ll 
1 hour 1000 hours 

21 
Voltage (1111111vo1ts)- 31 

1 hour 1000 hours: RaCings-

40 ~I <Ill. 

40 .).1 1/2 

:'1 1/2 

:..;il '114 

Uncoated i=lecl1ate 
ba:-

2802-1 

2902-' 
3.8 " !C

S 

400 

200 

200~/ 
2:'O§.l 

3.0 x 103 

370 

370 

-S13Zl -60SY 3 

-4811.1 -606~/ 2 

-451 -570 2 

-526 -579 3 

-648 -634 4 

II Potential of 2 volts ~as a?plied to coated bar. Bars partially tcmersed in 7 percent SaCl. 

;'1 Bars partially i=er"ed in 3 1/2 percen:: ~;aCl. Listed data are average values. 

11 Ratings sequence in order of 4ecreasing corrosion protection: 1>2>3>4. 

::,1 Resist.:lnce values beyond capacity of lIIeasuring device. 

21 s. R. denotes no reading possible. i.e. no current flow because of holiday-free f1lm. 

~I B represents sandblasted surfaces. only. ~ile p indicates that the surfaces were 
phospnat1zed before applying the coatings. 

~I Initial ~easurecent taken after 1=mersion tioe of 120 hours. 

~ ~easured after 696 hours. 

~, S~e coating material as ~o. 41. however. applied to cold bars: coating ~~~:~cd to bars 
heated to 19GoC 1~ the case of ~o. 4. 
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FLGURE 9. Electrical potential and resistance ~asurements of reinforcing bar coated 
with Qaterial No. 1 immersed in 3 1/2 percent NaCI. In the ordinate caption, 
M.V. vs. S.C.E. denotes millivolt reading taken using a saturated calomel 
electrode as the reference. 
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FIGURE 10. Electrical potential and resistaDce measurements of reinforcing bar CO~ted ~th 
material No. 25 immersed in 3 1/2 percent NBCI. In the ordinate caption, 
H.V. vs. S.C.E. denotes millivolt reading taken using a saturated cal~l 
electrode as the reference. 
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FIGL~ II. Electrical potential and resistance measurements of reinforcing bar coated vith 
material No. 31 immersed in 3 1/2 percent NaC!. In the ordinate caption, 
YO.V. vs. S.C.E. denotes millivolt reading taken using a saturated calomel 
electrode as the reference. 
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~.5.2.2 Coa~ed R.info~cing Bars Embedced in Concret~ 

The cor!"osion-test "pec1.CJens, figu~e 12, consist1.ng of reinforcing bars embedded in 
2 7/8 x ~ 7ig x 15 i~ch concrete blocks were par~ially ic:ersed'in an aqueous -solution of 
3.5 pe.ce:1: ~aCl. The solution "'as contained in a 105 gallon polyethylene-l1n.:d, 
::~be.glass ::-einforcec, polyester tank, ~ x 2 x 2 ft. The bars ""'re in a vertiC'll position 
with their lower ends, protected by silicone sealant, fitted into 1 inch diameter holes 
drilled in 1 ft x 1 it spacing racks of 3/~ in. thick carine plywood. The racks rested 
on a sheet of =arine pl)""'ood laid on the floor of the tank, and spacing racks ",ere placed 
on tOp of ~he specieens (figure 13). The lower 13 inches of each specieen was ~ersed 
in the ~aCl solution. with the upper 2 inches of the concrete being above the level of 
the solution. 

The electrical potentials aDC electr~eal ::-esist£nces of the corrosion-test specimens 
are listed in table 13. The results are in general agreernent with the prOtective ratings 
given in table 12. ~o evidence of cracking in the concrete cover nOr of rust stains ",ere 
observed. 

In Section ~.5.2.1 it was noted that electrical potential eeasurements do not seern to 
accurately indicate the cOrl'osion state of the coated reinforcing bars. The uncoated bars 
have potentials 0: -180 and -207 cv after 34g0 hours (table 13), which are considered to 
be in the passive region :34:, ",hile ~ny of the coated bars have ouch more active 
potentials. 

Resistance :::leasuremen:s a~e probab ly :::lore re 1 iab le ind ieacors chan potent ia 1 measurements. 
!fince the resis:ance vah:.es are ?=iO\&rily dependent on che incegrity of the coating files. 
The res~stance of a film ... ill sharply decrease i: holidays develop or decrease mOre slowly 
if the file is gradually overall deteriorating. The r~sistance or the ?rotect1ve layer of 
=ter-soai<ed cO:'cre~", is low -35:, certainly ::uch lower than the resistance of a goc-d 
protective coating on a bar. The corrosion-test specimens ~ith the uncoaced bars had the 
lowest resistance values ~easured, 220 and 230 ones; vhile the speci~ens with bars protected 
vith coac!.n~ );10. 30, a~si!ned a ?::-otective rating of 1, gsve the highest resistance values 
of 2.1 x 10 and 1.6 x 10 ohcs. However, it is difficult to underscand why many of the bars 
e:bedded in conc,cte had lo~~r :::leasurec resistances than the unclllbedded bars (Section 
4.5.2.1). 

5. 00!'.1) S'IR£!>GTH A.,,\"D CREEP DETER..'UNA'!IONS 

An ~portant pha.e of the ,::-oject was the dete~ination of the bond between coated 
=einforc1ng bars and concrete 'and of the creep characteris:ic~ of coated bars in concrete. 
Probably, the main r.,aSOn that little conside=aticn IoI3S previously given to epoxy ~terials 
as ~rotective coatings f~r reinforcing bars was the supposition that the coated reinforcing 
bars ,,'Culd have unaccep~able bond strengths to concrete :22:. Few, if any, rep"rts have 
been ?ublished of any type of structural testing perfonoed on epoxy coated bars emb-:dded 
in concrete. The bond with coated bars should not be Significantly less than that between 
uncoated ba=& and concrete if coated bars are to be used in e~tablished bridge deck design. 
The structural characteristics of coated bars in concrece have been compared vith the 
properties of uncoatcC: bars by pullout tests and creep tests. 

5.1 Pullout Studies 

The pullout tests are t~.ts in which increaSingly higher loads are applied in equal 
increcents to the reinforcir.g bar until either the bar yields or the bond strength bet"",en 
the -einf"rc1n& bar and cor...:re:e is greatly exceeded (estilll&ted by measuring the slip of 
the reinforcing car relative to the concrete prism). 

Altogether 34 pullout sp,'ci:nens ",ere tested consisting of 5 specimens with uncoated 
reinforcing bars, 23 specimen,. IoOith epoxy-coated bar5 and 6 specimens 'With polyvinyl 
chloride-coated bars. 
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FIGliRE 12. Cor!."osion-tl~sr s)(·ci:-,,~.:n \,'Lth CP.1.t.'-"C lAC'in(orcing b.:lr I.T"1hedcl'd in concrete 
block oi cim..:n"ions 2 ,is x !. 7/:-; x 15 inches. 
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FIGt"RE 13. COrrosion-tt;~t specimens i~ers(:d in 3.5 !1crcent solL,tion of N~Cl _ 
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',' Table 13. Elecrrical Potential and Resisrance Measurements 
of Corrosion-Test Specimens in Aqueous Solution 
of 3.5 Percent NaCl 

Exposure Time (Hours) 

2t. 3480 
Electrical Electrical 

Coat in:; !'otenria 1 :I/ Resistance Pot:enrial 1/ Res:i.stance Protecrive 
Code No. 1/ (MV) (ohms) (MV) (ohms) Raring 1/ 

102 ., 
1 A -345.0 3.8 x -283.0 3.9 x Wi ) 

B -408.8 7.0 x 102 -362.4 8.2 x 10 

1-1 -337.0 2.5 x 102 -215.0 2.5 x 102 

I-S -484 .5 4.8 x 102 -371.5 4.2 x 102 

3 A -285.6 3.1 x 102 -432.4 2.2 x 102 3 
B -260.3 2.7 102 -365.5 2.4 x 102 

A -339.2 2.4 -- WI. - 142 _ 3 1.1 x 105 3 
B -130.0 l.0 x 105 -115.5 1.4 x 10

4 

18 -575.6 6.0 x 103 -003.0 9 1.0 x 104 
3 

" 102 19 A -t.8t. .0 5.0 x 10~ -399.5 5_4 x 2 
B -438.0 6.1 x 102 -282.0 6.0 x 102 

25 -542.7 4.1 x 102 -271.4 9 5.1 x 102 

27 A -654.6 1.3 x 104 -167.0 9 7 -2 x 104 3 
B -571.5 6.8 x 10 3 -542.0 1.1 x 10

4 

102 1./ ? 
28 -461.5 5.2 x -262_8 - 5 _4 x 10- 3 

29 -376.3 6a4 x 102 :./ 7.8 x 102 2 A 
? 

-163.0 -
102 

B -403.4 6.6 x 10- -360.5 5.4 x 

30 A -058.0 l.Ox 105 :2/ 4' 2.1 x 105 1 
B -448_2 1.5 x 105 -127.4 -' 1.6 x 105 

31 A - 359 _8 1.5 x 103 -038.5 !!/ 9_8 x 104 1 
B -092.2 9.8 x 103 -013 .5 6.2 x 104 

38 -392.7 3.2 x 102 -165.7 
? 

4.1 x 10- 3 

39-Phos A -S13.0 4.9 x 102 -348 _0 4.7 x 102 3 
B -S36.2 5.0 x 102 -402.0 1..8 x 102 

':'O-Phos A -282_2 2.5 x 102 -256.6 2.2 x 102 2 
40-Phos B -382.5 3.4 x 102 -325.5 2.7 x 10:t 

40 A -431.8 2-9 x 102 -398.0 3.1 x 102 3 
B -377 .0 2.8 x 102 -316.9 2.3 x 102 

4~ A -540.5 6.0 x 103 -432_2 1.3 x 104 
2 

B -575.9 S.4 x 102 -324_4 2.5 x 104 
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Exposure Time (Hours) 

24 3480 
Elect:::'ica1 Electrical 

Coating ?otent: 1a 1 2./ Res1s::ance ?ot:ent:ial 1/ Resist:ance 
Code No. 1/ (MV) (ohms) (MV) (ohms) 

Uncoated A -334 .2 2.7 x 102 -206.6 2.3 x 102 

B -264.0 2.6 x 10
2 -160.3 2.2 x 102 

1./ A anc B denote du?lica~e speciClens. 

2,./ ::lect:cical pot:ential vs. S.C.E. 

=.1 La:-ge shifts in electrical ?otential at~r1buted to sealing seall holes in the 
silicone seal. 

:il No:: ?ossible ::0 ceasure. 
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5.1.1 Pullou, 'I'es, Procedures 

Pullou, s~cimens were ,es"ed i~ a 200,000 lb. capaci,y universal elec"romEcnanical 
"es"ing machine 27 "0 29 days after fabrica, ion. A pullou, specimen positioned on the 
testing ~chine is shown in figure 14. 'I'he pullout specimen shown in figure 15 is seated 
on lea,her cushions on t~ segcents of a 2 in. base plate attached "0 a spherical bearing 
block. Free- and loaded-end slips of "he rei~5orcing bar were measured vi,h 1 x 10-4 in. 
cicrOQeter dial gages and es,ima,ed ,0 1 x 10 in. A, the loaded end of the specimen, 
t~~ dial gages ~~re attached to a steel bar fastened to the face of "he con~rete by bolts 
secured into inserts caSt in the concre"e. 'I'he gages bore on a steel yoke fastened to 
the reinforcing bar about 1 in. bel~ the face of the concrete. 'I'he bar supporting the 
dial gages and the yoke was free to move in the recess in the base plate. The average of 
the t~ gage measurements gave the displacement of the point on the reinforcing bar vhere 
"he yoke was attached. "ith reference to the face of the concrete. Slip a, ,he free end 
-.:as oeasured with a gage tha, bore on the exposed end of ,he reinforcing bar (any coating 
cat~rial on the exposed end of the reinforcing bar was removed prior to teS'ing). 'I'he 
gage· was :::ounted on a support a""ached to the tOP face of the concrete by bolts secured 
into inserts cas, in the concrete. 

Loads were applied in increments of 2,000 pounds to the reinforcing bars in the pull­
out tests until failure occurred either by yielding of the steel or excessive slip bet"",en 
::he bar and concrete· 

The relationships between applied load and the free-end and loaded-end slip are plo"ed 
in ::igure 16 for ,he 31. pullou, specioens ,ested. Roman numerals deno,e the concrete 
bal:ch nur:>ber while the A~abic n=bers next to the plo,s identify the coating ClAterials 
(lable 1). 'I'he loaded-end slip was larger than the free-end slip for all specimens tested 
pri=rily because slipping initiates at the loaded-end and extends t=ard the free-end as 
the load is increased or loaded. 

Bond failure in a reinforced concrete oember is defined as excessive slip. or 
~ov~en::, of the free or loaded end of a bar stressed in ,ension caused by only a slight 
increase in the applied load [28]. Therefore, ~he larg~ slips shown in figure 16, occurring 
at about 28000 pounds. are indica~ive of bond failures. 

The ~oce of failure, critical bond streng~hs. and critical bond stresses are given 
in :ab1e l~. The critical bond strenbths and critical bond s~resses are defined as the 
values corresponding to either a loaded-end slip of 0.01 in. or a free-end slip of 0.002 
in., ... ·hichever is lower (28:. 

The critical bond strengths corresponded to applied loads ranging from 17,000 to 
21,600 lb. for uncoated bars and for cOa~ed bars, except those coated with materials 
Nos. 22, 23, 2~, and 30. 'I'he average a~plied loads corresponding to ~he critical bond 
strengths for bars cOated wi~h the latter ~~terials vere 9,000, 1,100, 60 and 5,700 lb. 
respectively. Note that the code of failure was yielding of the reinfOrcement for all 
pullou~ specioen~ except those containing bars with coa,ings Nos. 22, 23, 24, and 30. 

Sond stresses were coeputed fro~ the formula [28: 

U E 

(2) 

vhere f is the stress in the reinforCing bar, A is the nominal cross sectional area 
of the bar,SZ. is the nominal perimeter of the bar a~d L is the length of embedment of the 
reinforcing bar in tr.e pullout specimen. Values of A and 1:0 for each of the tyO types 
of rebars are giv~n in table 2. 'I'he value of f is g~ven by 

s 
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-p­
A 

a 

where P is t:he load or tensile force applied to t~~ l"einforcinf. bar in pounds. 
The~efore, equation (2) CL~ be reduced to 

u· ? 

:: L o 

v~ich was used t:o calculate u froc the pullout tests. 

(3) 

(4) 

Values c: bone atress developec in the pullout specimens vere compared vith allovable 
values given in codes and specifications. The American Concrete Inst:itute Building Code 
318-63 :36: allOYed a ~~rking bond stress design for deforced bars (ot:her than tOP bars) 
co,,£0=1ng ::0 ,;5n( A 305 : 37: calculated f~O!:!, but not greater t:han, 500 psi 

4.8 " f' 
c 

D 

wher~ f ' is the strength 0: the concrete and D is the nominal dia~eter of t:he bar 
in inches. ~sing the value of : ' as 6170 psi (average of the strengt:h of the t:hree 
ba:d,es 0: concrete used in the ~ullou:: studies) the bond stress, u, is 490 or about 
500 psi. 

The Sta~~ard Specification for Highway Bridges Adopted by the ~ericac Association 
of St.!lt:e !!ighl.lay Officials : 38: staas that slabs (decks) designed for bending ",ocent 
in accordance ~ith the given provisions shall be considered sat:isfact:ory in bond and 
shear. In another section of t:his Standard Specification on concrete desi~, the 
allO\:able bond stress for te~.sion bars confor=.ing t:o AASHO Y.,Jl : 38j and ASI'M A615-72 
: 25: is 

4.8 r~ 

o 

, 500 psi caxi~ 

and is t:he saQe as that given by the ACI 318-63 Code [36:. 

(5) 

(6) 

The crit: ical bond stresses and bond stresses corresponding t:O one half the maxic= 
applied loa~, Ce/2, were greater than 600 psi (t:able 14) for all pullout: specicens except: 
those having bars coat:ed with ~ter1als Xos. 22, 23, 24, and 30. 

An eval~tion of the pullout: tests ~esults indicates tha~ epoxy-coated re1nfor~ing 
ba~s have bond st:rengths essent:1ally equal ~o uncoated bars when the filM ~hicknesses 
are a~proxicately 10 eils or less. Bo~h liquid and p~Jder epoxies perforocd equally well, 
and the application Qethod did not significantly affect the bond strength of coated bars. 
The polyvinyl chloride coated bars had bond strengths conSiderably less t:han that for 
uncoated bars and bars with these coatings are not recomcended for st:ructural use. The 
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lawer boQd scrcngchs for polyvinyl coa~ed bars are atcribuced in part to the thermoplastic 
Dature of the polyvinyl chloride. The thickness of the polyvinyl chloride films YaS greater 
tban Qost of the epoxy filQs but thicker fil~ are normal for therooplaatics [39]. 

S.2 Creep Scudies 

In concrast to the pullout tests. the creep tests ~re performed vith two specific 
stress levels in the reinforcing bars. Tyenty-four specimens were studied vhich consisted 
of 18 reinforCing bars coated in duplicate with 9 different epoxy materials; 2 reinforcing 
bars coated with a polyvinyl chloride material; and 4 uncoated reinfcrcing bars. The tWO 
levels of tensi~e stresses were IS,OOO and 30,000 psi (in the steel reinforcing bars). 
These str~ss levels were selected because the lower value represeots the stress to vhich 
rebars in bridge decks are norca.lly subjected and the higher value represents a stress 
,.-hlch may be included in future brldge deck designs using high strength steel. 

S.2.1 Creep Test Procedures 

A creep speciQen with the loading assembly attached is illustrated in figure 17. 
Tensile stresses of either 15.000 or 30,000 psi (in the steel reinforcing bar) were 
attained by cOQpressing the spring with a 30 ton hydraulic ram. The stress level in the 
reinforcing bar ,.:as :::Ionitored with both the load ce 11 and :he strain gages attached to 
:he reinforcing bar. ~~en the desired tensile level was rea~hed, the upper nut on the 
threaded reinforcing bar was firmly tightened against the steel bearing plate holding the 
spring in a compressed position. Subscquently, the lo~r nut was released and the hydraulic 
rae. load cell and spacer assem~ly were removed. Releasing the loading apparatus caused 
a negligible decrease in the tensile stress in the reinforcing bar. Shown in figure 18 is 
a cree? specice~ under test at a tensile stress of 30,000 psi. 

The creep speci:::len in figure 18 was seated on leather cushions on two segments of the 
tes: fra:::le (figure 19). The dial gages were of the same type and attached in the same 
way as described for the. pullout specimens. The free-cnd and loaded-end s lip were also 
Qeasured. 

The ciQensions of the steel spring used to exert the tensile loads in the reinforcing 
bar were: height of 8 inches; outside diameter of 5 1/4 inches; and the steel colls had 
a dia:::leter of 1 3/16 inches. The springs were calibrated (load v~ displacemen:) using the 
device_~hown in figure 20. The compressive displacement of the springs was measured with 
1 x 10 in. ~icro:::leter dial gages. The loac~~s exerted on the springs with a 60,000 lb. 
ca?acity hydraulic universal testing ",",chine. Loads were in the range of 0 to 14,000 lb. 
(14 kips) and dial gage readings of spring disrlacement were taken at intervals of 1 kip 
between 0 and 5 kips and 8 ,0 12 kips, while between 5 to 8 and 12 to 14 kips the intervals 
were 0.5 kips. ~o~~ts of displacement were determined from the average values of the tWO 
dial gages located dia::letrically opposite "" the calibration device. The 24 springs had 
nearl~' the same dis;>lacement response to loading as indicated by the plot in figure 21, 
which gives the range in displacement for cor~esponding load application. 

The strain gages, to monitor the tensile stresses, we~e attached to the reinforcing 
ba~s approxi!l!3tely 3 inches from the concrete prist:\ with an epoxy adhesive. The gages 
~ere covered with a protective coating of wax foll~d by a coating of an epoxy material. 
T~~ strain gages, electrically connected in series, were attached diamet~ically opposite 
on each bar. These gages when attached as recommended by the manufacturer are claimed by 
the ~nufacturer to have only a small intrinsic creep of 10 U~ (microstrain units)/year. 
The strain values were measured with a Vishay Instruments Strain Indicator Model P 350 A. 
Strain ceasurecen:s were converted to stress values in psi using a calibration d~gram 
obtained frOQ tensile tests of reinforcing bars instrumented the same as the bar in the 
creep specimens. 

The tensile stresses in the reinforcing bar were also monitored periodically by 
compa~ing the heights of the compressed springs with the heights of the springs immediately 
after the application of load. These data ~ere cocpared to the dial gage readings which 
indicate the slip of the reinforcing bar relative to the concrete prism. Based On the 
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FIGURE 17. Schemacic of creep specimen. Size of specimen is the same 
as the pullout specimen. 
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FIGt~ 18. Creep speci~en loaded to a tensile stress level of 3G.OOO psi 
(in the steel reinforcing bar). 

60 

..... ~ . 



:'. 

/1-
10" ~--------------------~ 

10" 

17 .. 

Test Frame 

FIGURE 19. Schematic 0: creep test frame. 
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SPRING CALIBRATION APPARATUS 

FIGURE 20. Apparatus for calibrating steel springs used to exert tensile 
stresses in the creep study. 
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calibration of the displaceoenc response of springs ~o loading, any increase in the heighc 
of ~he co~resse~ springs could be dlrec~ly related ~o ~he amount of loss of ~~nsile stress. 

After 45 days 0: testing, the average relaxation in tensile stress was 205 psi and 701 
psi for speci=ens having tensile stress of 15,000 psi and 30,000 psi, respectively. 

5.2:2 Results of Creep Studies 

The creep tests s1culate ~ore closely the structural rigors an acceptable coating must 
endure over a long period of time, than do the pullout studies. In the creep test, tensile 
stresses were ~intained whereas in the pullout test increasing increments of load were 
applied until failure occurred. Creep properties of reinforcing bars embedced in concrete 
have nOt been well characterized. The performance of coated bars in the creep tests has been 
assessed, therefore. by cocparing their slip-time relationships with those uf uncoated bars. 
It is the opinion of the authors that the slip-time relationship for coated bars should ~ot 
vary si~liicantly froc the slip-ti::le relationship measured for uncoated bars for nor=lly 
expected steel stresses. Furthermore, there should be no significant increase in the 
cagnitude of either free-end or loaded-end slip of the coated bar as compared to the 
uncoated bar. These criteria will be more quantitatively developed later in this section. 

5.2.2.1 Slip-Time Relationships 

Both the free and loaded-end slip of coated and uncoated bar~, at tensile stresses of 
15.000 and 30.000 in the bars. are plotted versus time in figur~ 22. Rates of slip 
(a~logous to creep) usually were highest during the first tYO days after loading the 
s?ecicens. and thereafter. the rates gradually decreased. However, even after 45 days. 
ceasurable slip was still detected for all specimens. Similar to the behavior of the 
pullout spec~ens, the loaded-end slip-time relationships were significantly larger than 
the free-enc slip relationships for all creep speCimens, with the exception of the 
bars coated with caterial ~o. 30, primarily because slipping initiates at the loaded-end 
and slip propagation to~ards the free-end is hindered by the deformations interlocking 
and bars in the concrete. The free-end slip time curves. at tensile stresses of both 
15.000 and 30,000 psi. with the bars coated with material ~o. 30 (a polyvinyl chloride 
coating) were essentially identical to the respective loaded-end slip-time curves; 
therefore. these co~ted ba~s were not interlocking in the concrete and probably would not 
have acceptable reinforcing properties if ecbedded in concrete. 

A cooparisan of the slip-time curves in figure 22 indicates that with the possible 
exceptions of materials ~os. 1 and 18. the epoxy coatings did not have a detrimental 
effect on the ~gnitude of the slip-ti=e relationships developed with uncoated bars. In 
contr:::_.~. ob·'iously the bars coated ".-1th the polj"Vinyl chloride material. No. 30. developed 
unacceptable slip-time relationships. 

5.2.2.2 Slip Values at 45 Days 

Free- and loaded-end slip data. at 45 days, of coated and uncoated bars are listed in 
ta~le 15. The slip data obtained at the tensile stress level of 30.000 psi will be 
ecphasized. The respective slip values for both the coated and uncoated bars attained at 
the tensile stress of 15.000 psi were about 10 to 50 percent of the values obtained at 
30.000 ?sj stress level. Furthermore. the same conclusions are derived by analyzing 
~ither se~ of data. 

Three creep specimens with uncoated bars were tested at the 30.000 psi stress level 
and average loaded-end slip was .00164 inch and the average free-end slip was .00077 inch. 
at 45 days. The ag~eement between the three loaded-end slip values and also the three 
free-end values was excellent for this ty?e of experiment. The range and percen~ ccefficient 
of variation for the loaded-end data was 0.00022 inch and 4.0 percent. and .00013 inch 
and 7.1 p~rcent fo= the free-end slip data. Because the variation in concrete strength 
was minor. no compensating adjustments were made in the slip values. 
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Coating 

Table 15. C~~ep 0: Coat~d and Uncoated Bars 
&.!bedded in Concrece Pris",s at t.5 Days 

Slip = 
Co~prc:ssi'\,·~ 5tcl!1 Sli? at Slip at R.:tt io 
Srren>;th O! Stress Loadec End Free End 

Coated Bar y 
Uncoated Bar 

Xo. Coner-etc ( psi) (inch) (ineil ) Loaced End Free End 

5665 15.000 .001t.4 .00079 2.1 2.2 

5665 30.000 .00260 .00150 1.6 2.0 

IS 5' l.' -.- 15,000 --- 1./ .00063 1.8 

IS 5' ~, 
-.~ 30.000 .001t.'? . 00 lIS 0.90 1.5 

1~ 5665 15,000 .00053 .OOOOS 0.77 0.22 

19 5665 30,000 .00 Ill. .00063 0.70 0.S2 

25 549t. 15.000 .00080 .00031 1.2 0.86 

25 SL.9~ )0.000 .00150 .000S5 0.91 1.1 

2S" SG.SO!. 15.000 .00079 • 0000 7 1.1 0.1<: 

29 5t..9:' 30.000 --- 1./ .0010) 1.3 

30 5 ~ ... ' -.- 15,000 . 001.)t. .00384 6.3 10.7 

)0 5'-9" 30.000 .01215 .01229 7 .t. 16.0 

31 5665 15,000 .00059 .00008 0.86 0.22 

31 5665 30,000 .00134 .00026 0.S2 0.34 

38 5655 15,000 .00069 .00017 1.0 0.l.7 

3B 5665 )0,000 .00168 .00080 1.0 1.0 

39 5665 IS ,ODD .00080 .00017 1.2 0.l.7 

39 5665 30,000 .00158 .00097 0.96 0.Y9 

41 54<:4 15,OuO .00110 .00008 1.6 0.22 

41 5494 30.000 .00212 .00100 1.3 1.3 

t.:.c. 5t.'>4 15,000 .00069 .00036 

t.:,C. Sl.. S'!. 30.000 .001 i6 .00071 

t.:.C.-l 5665 30,000 .00163 .00084 

t.:.C.-2 5665 30,000 .00154 .00076 

~/ Slip for uncoated bars at tenSile stress of 30,000 psi is average of 3 speci~ens, 
~.e. slip of .00164 i~ch at loaded-cnd and .00077 inch at free-end. 

2J !'lalfunccion of dial gage. 
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·he slip at the 30,000 psi stress level for the nine specimens with epoxy coated bars 
ranged :r"", .00114 (No. 19) to .00260 (No.1) for the loaded-end and from .00026 
(So. 31) to .000i9 inch (So. 1) for the free-end. Excessive slips of .0122 inch for 
the loaded-end and .012) for the free-end developed for the specimen vith the polyvinyl 
chloride coated bar (~ter1al No. 30). The sli~ of the coated bars are compared yith th~ 
average slip of the uncoated bars by computing the follOYing slip ratio 

(7) 

slip :'atio 
s lip of coated bar 

average slip of uncoated bar 

fOr both loaded and free-end sl~p. These respective :'atios are listed under columns 
6 and j in table 15. At the )0,000 psi stress level, the ratios for the loaded-end &lip 
:'anged froo 0.7(' to 2.1 for epoxy coated bars and \Jas 7.4 for the pol)'Vinyl chlori.de coated 
ba:'. The si~ilar ratios for the free-end slip of epoxy coated bars varied fro~ 0.34 to 2.2, 
~nd ~as 16.0 for the pOl)'Vinyl chloride coated bar. 

~nequivocal in~erpretat10n of the significance of the ratios of slip of coated bar to 
average slip of u~coated bar is difficul~, because criteri~ for allawable creep of uncoated 
:'einforcing bars, subjected to tensile stresses, h3ve not been established. Obviously, the 
high ratios of 7.4 and 16.0 for the polyvinyl chloride coated bar (caterial No. )0), Should 
preclude its use as orotective coating for concrete reinforcement. Probably. all the bars 
coated with e;>oxy ""'terials, .... ith the possible exceptions of Nos. 1 and 18, had acceptable 
s!i;> ratios. Values of the slip ratios :'or the bar coated with No.1 was about 2.0 for 
both the free and loaded-cn~ slip. The slip ratio of 2.0 fo:, the loaded-end is about two­
fold grcacer chan the ratio ",ich cost other epoxy coated ba:-s, and the slip :-atio .for the 
f:-e,,--e:1C! is about 2 to 6 t ioes greate~ than the similar ratio for the epoxy coated bars 
(exce~t £o~ ~o. 18). Thereio:-e. it is felt that the Jar coated with material No. 1 had 
u,",,!esirable creep characte:'istics. Similarly, anaiysis of the sli~ ratio for the bar whh 
coating Xo. 18 indicates i: had acceptable loaded-end creep but possibly unaccepCab!e 
f:-ee-enc c"ee~ (considering slip ratios at both 15,000 and )0,000 psi). It is felt that a 
reasonable criterion would require that bars coated with an approved coating materi~l sh~u~d 
have boch acceptable loaded-end and :ree-end creep characteristics, when subjected to tensile 
stresses near the level it ,"'Culd actually experience if used as the reinforcement in 

concrete. 

Further 5cudies are necessary to dcterr.'line th ... " values of ac.ceptable slip rat"ios 
expressed by equation j. Based on the ::-esults of the current creep study, the following 
values are proposed as being reasonable: ~xi~~~ slip ratio ot 1.6 for the loaded-er.d; 
and ~~xic~~ slip ratio of 1.3 for the free-end. 

6. DISCUSSIO~ 

Altogether, ~i coating materials (cable 1) were evaluated and four coaCings have been 
judged, on the basis of resulcs in the testing program, to have overall accepcable properties 
as potential coarings for the reinfor~ing bars of concrete of bridge decks. These four 
~4cerials are ~os. 25, 31, 39, and 41, all powder epoxy coacings. In the fol1~.~ng 
section, the percinent experirnencal results ~hich lead to the selection of the four coating 
e>ate:-ials, will be briefly dis;:ussed. 

6.1 Evaluation of Coating ~laterials 

The evaluation of coating materials as protective coating for steel reinforcing bars 
e~bedded in concrete of bridge decks ~s based on the following four general test categories: 

1. Chemical resistance of cu:-ed coatings. 

2. Physical durabilities of coatings on reinforcing bars. 

). Corrosion procect ion of reinforcing bars by coat ings. 

4. Struccural characteristics of coated reinforcing bars in concrete. 
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Es~a.bl1.shed Ces~s \Jere selec~ed 3.Ild when necessary new ~ests developed so that the 
probable perfor=a.~ce of coatings on bars e=hedded in concrece of bridge decks could be 
evalua~e<!. 

!be t=plications of the results of these tests vill be discussed in this section. 
The ~jor e=phasis in the present study has been given :0 epoxy coatings because of 
anticipated unacceptable st:uctural characteristics of reinforcing bars coated vith 
ther=oplAStics. vhich has been subsequently experimentally confirmed (Section 6.1.4). 

6.1.1 Checical Resistance of Coa~ing Materials 

CheQical resistance scudies were implemented to cake projected evaluations of the 
long-term durability of coatings when in concrete. The resistance of coatings to aggressive 
aqueous solu:~o~~ s~llar to those in portland cement concrete was assessed by immersion 
studies vith specimens of both pure coatings (table 4) and coating on bars (table 5). 
The weight changes of cured spectcens of liquid epoxies (table 4) are in the range 
reported by other investigators [40]. It is felt that with the exception of the three 
solvent-containing epoxy systecs. Sos. 7. 8. and 9. the liquid epoxy systems performed 
satisfactorily and probably ~~ll not be degraded by long-term embedment in concrete. 

The !==ersion of coated bars in aqueous solutions of 3.5 percent (0.5~) NaCl was an 
excellent discri:1natory test. Spec1cens in this test included bars coated with both 
the powder epoxies ~,d ~OSt of the liquid epoxies. and with polyvicyl chloride materials. 
Seven coatings consisting of 4 povder epoX)' and three polyvinyl chloride materials. 
had ratings of 1 aod 2 indicating they had sufficient chemical resistances to adequately 
protect the reinforcing bars fr~ corrosion. The long-t~rm durability of polyvinyl 
chloride embedded in concrete. however. is still regarded by the au~hors to be of major 
concern. for if hydrolysis should take place sufficient amounts of chloride ions could be 
liberaL~ :0 cause corrosion of the bars. 

The perforcance of a coating on bars in the immersion tests is not entirely governed 
by the ch~cal resistance of the coating caterials but it is also dependent on the film 
in".egrity of the coating. Some coatings had poor ratings (below 2) because of poor 
~~plication techniques by applicators. inadequate film thicknesses (below 5 mils) and 
un~ven film coverage which left the top of the def~rmation eithe~ thinly coated or bare. 

Phosphatiz1ng ~he surface of the ~e~al subs~rates has been·considered advantageous 
to inhi~iting corrosion [36]. In the present study. however. the coated bars with 
phosphati:ec steel surfaces. ~os. 38-Phosp. 39-Phosp a~d 4o-Phosp. were rusted when 
ic:ersed in saturated Ca(OH)2 and 3.5 percent ~aCl. to a greater extent than the 
c~anion coated ~ars with blasted surfaces. Furthermore, the epoxy coatings over the 
~hosphatized surfaces softened while the coatir.gs over the bldsted surfaces were still 
hard after a year of t=cersion. 

6.1.2 Physical Durabilities of Coatings 

Reinforcing bars are no~lly subjected to harsh physical trearment while being shipped 
to the site of bridge construction and during the pla~ement process. Furthermore. steel 
reinforcing bars are still being bent to form r.ooks. in accordance with the specifications 
of so=e state highway departments. The ability of coatings on bars to withstand a reasonable 
a=oun: of rough treatment with minim~ damage. therefore. it is a necessary prerequisite. 

The relative physical durabilities of coatings were assessed by measuring the impact 
and abrasion resistances of coatings on steel plates (table 7). ~ending coated reinforcing 
bars (table 9). impact tests on coatec bars (table 10). and hardness measurements of 
coatL~gs (table 11). wlth the bending test probably being the most important Fhysical 
test. 
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The per:orQance of a coa~ed bar in ~he bend ~es~ gives slgnifican~ informa~ion 
cO:lcerning ~he flexibili~y of a coatlng; ?roper cure of ~he coa~ing; surface pre?ara~ion 
0: ~~e s~eel; and file ~hickness. Cca~ings wi~h It~~le flexibili~y will crack when 
subjec~ed ::0 tensile forces caused by bending. Poiyvinyl ch lorides are 1nheren~ ly flexib Ie 
oateria15 a.~d perforced well, even w~~h film thicknesses up ~o 35 mils. Although epoxies 
are in~rlnsically core brittle than pol)~inyl chlorides, the rela~ive perfo~ce of 
e;>oX)' :i~:s ranged froc coc?lete failure to eXCf'!11ent. In~ere$~ingly, ::he- flexibil1::ies 
co r:Ot a?pear to be d irec~ ly rela(ed ~o the ty;>e of epoxy sys~em, Le. poWer or liquid. 
Flexibili~!es of epoxy coatings wil~ of~en be decreased by lcproper cure caused by such 
factors as Cluing incorrec: ra~ios of .. "sin to hardener or by curing powder epoxies a~ 
i=?roper ~e"'pera~ures. The flexibilit res of epoxy coa~lngs decrease inversely with ~heir 
file ~hickness. 3ased on the present s~udy, it is rec~nded tha~ ~he maxicUCl allowable 
file thickness should be de~erm1ned for each epoxy coating and consis~en~ ~i~h good 
flexibilities and struc~ural proper~ies (Section 6.1.4) should nOt exceed an average 
thickness of 10 =11s. 

6.1.3 Corrosion Protective Quali~ies of Coa~1ngs 

The re lat ive effec~ iveness of barrier-ty;>e organic coa~ings in protecting s~ee 1 
reinforcing bars froc accelera~ed corrosion a~tribu~ed to chloride ions can be associated 
,,:1.th the :0 1101.1ing: ?hysical and cheeical durabUities of the coatings (discussed in the 
;>revious sections); intrinsic chloride ion perceabilit~es; film in~egrity and file 
thic~~ess; formulation of the coa~ino' including corrosion inhibitors [41:. 

The present study confi~ the resul~s of others :40: that epoxies absorb measurable 
acounts 0: water and, therefore, thin epoxy filcs, about 2-10 eils, are no~ en~irely 
icpervious to ooisture. Chloride ion perceability ra~es, however, may be much lower ~han 
::~ose of pu:-e __ ... ter. Litt le i: any cata on ~he ra~es of m:igrat1oIl of chlor1de 10ns 
t~rough e?oxy filC1S have been previously repor~ed. The resul~s of ~he present s~udy do 
i..~cic.e.:e that ctany ~hin e?oxy :ilms are essentially 11'1perv10us to chlor-ide ions (a~ least 
during the ~est ti",e of ~his s~udy), 

The f11m integri~y of coa~ings on reinforcing bars is an important consideration because 
holidays are po~en~ial si~es ~f corrosion. In general, the coatings on bars with few Or 
~o holidays (tsble 8) had acceptabie protect~ve ratings of I or- 2 (~able 12). Holidays 
can be produced by solvent evapora~ion. poor flow charac~eristics of coatings, mechanical 
~actage. and inadequate file coverage. No:e in table 8 tha~ films of all ~he solvent­
contsining systecs had significant amounts of -holidays (over 10 per 4 foot bar), regardless 
of the application Cle~hod. Liquid epoxies ha"e ~he tendency to flow-off the higher 
portions of ~h<! de fonnat ions, before hardening, thereby accumulat ing in ~he lower lying 
regions snd resulting in an inadequate thin file over the deformations. In almost ever-y 
cor~osion study, coa~ing failures ~re first observed ~o occur on ~he deformations. The 
large n~ber of holidays in s~e ~oder epoxy films can possibly be at~ributed to ei~her­
poor coating prac~ices or to low film thicknesses. Holiday-free files can be ob~ained 
by thick film bUildups, however, the maximuc permissible filn thickness mUSt be consistent 
with good struc~ural and flexibility require",en~s. 

The powder epoxy coat ings. when properly applied ~o a film ~hickness of greater ~han 
4 mils, usually a~eqUdtely procected reinforCing bars from corrosion caused by chloride ions. 

6.1.4 Bond Streng~hs and Creep Charac~eristics 
of Coa~ed Bars in Concrete 

An i"'portant aspect of ~his study ~s the determination tha~ reinforcing bars coated 
vi~h certain epoxy caterials had bo~h adequate bond strengthS and satisfactory creep 
rates when emtedded in concrete. 

The bond s~rengths of coa~ed bars embedded in concre~e were measured by pullou~ 
tes~s and compared ~o the values ob~ained with uncoated bars. The applied load 
corresponding to the cri~ical bond streng~h of pullou~ s?ecimens with bars having epoxy 
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coa~ings 1 co 11 mils chick ranged froe 17.000 ~o 21,500 Ib with an average value of 
19.000 Ib, equivalent to an average bond scress of 677 psi. Those average values are 
about six pe~cen~ less ~han che ~espective averages of 20,300 Ib and 720 psi for pullout 
speci=ens with uncoat.ed ba~s, and are believed to be in t.he acceptable range. In contrast, 
~r," coa~ed wit.h polyvinyl chcl.oride caterials and epoxy coating wit.h a film thickness above 
15 ~ils, were judged co have developed unaccep~able bond st.rengths. 

The creep charact.erist.ics cf coat.ed bars were evaluated by comparing their slip-time 
=ela~ionships (figure 22) and fr~e-end and loaded-end slip values at 45 days (table 15) 
~~th those of uncoated bars. In general, the epoxy coated bars which had adequace bond 
strength. also had acceptable creep properties (Section 5.2). However, bars coated with 
epoxy ~teria!5 ~os. 1 and 18 had unaccept.able slip ratios, although t.hese bars performed 
well in the pullout ~est. Apparent.ly, the creep test is ~re discriminating than the 
pu}lout test. The poor creep characteristics of the bar coated with =aterial No. 18 is 
eastly ra:ionaltzed: ~o. 18 is an epoxy-coal tar mixture and coal tar materials are 
suscep:ible to high creep rat.es, therefore, the epoxy-coal tar ",ixture should have larger 
creep ~ates than the ~ore pure epoxy coatings. The high creep of =he bars coated with 
~terial ~o. 1 is not easily understood. 

Based on the res~lts o~ both the pullout test and creep test, it is felt t~~t. ~he re­
bars coated with epoxy =aterials ~os. 19. 25, 29, 31, 38, 39 and 41 can be incorporated inco 
existing bridge designs without any co"'proeise 10 the structural integrity of the bridge. 

The pol~~'inyl chloride materials which were part of thi~ study should not be used to 
protect reinforcing bars ecbedded in concrete because of unaccep:able bond strengths and 
creep characte~l~tics. Of particular interest. 1s the coal tar epoxy which has the highest 
pullout strength lecorded. but with very poor creep results. Based on this phenomenon, it 
is r'.,~o=ended th ... epoxy coatings in which are incorporrated modifiers (such as coal tar, 
polys'.lf!.des, etc) should be cested in creep in the prequalificacion test as described in 
the last section of table 16. 

6.2 Pra~osed Qualification Criteria for Coacing Materials 

Probabl~·, the determi.nacion that four epoxy materials had sufficient atcributes co 
~erit their selection as coacings for bars to be used in experioental construction was 
fortuitous. because none of the ~7 c~t!n~ 1:I3cerials evaluated in this study were purposely 
for.:ulated to serve as protective caacings for sceel reinforcing bars. Ic is ancicipated, 
:."wever. that if the experio.!ntal bridi7,e decks constructed wich epoxy-caaced reinforceoenc 
;:>"r~o= ",ell, uniquely-~0=1.:1ated coatings will becoee available. Based on the results of the 
evaluation prograo. proposed I:!iniouo performance levels are listed in cable 16 which can 
serve as a basis for che developoenc of prequalificacion specifications for organic coacings. 

6.> lopleoentation of Epoxy-Coated Reinforcing Bars 

Powder epoxy coac1ngs have perforced sufficiencly well in this relatively sha~c-cero 
study, to warrant their iopleoentation in experimencal bridge const.ruccion. The success 
of epoxy coatings in protecting the bars frao corrosion ~ill be governed by che applicacion, 
fabrication, and installation processes. Crucial aspects of the application process include: 
proper substrate preparation p.ior to coacing; correct powder a~plication, resulcing in a 
cured fil'" about 7 ::: 2 elils thick and essentially free from holi"~ys; and proper thermal 
treacoent leading to well-cured, flexible epoXj' films. In cheir fabrication, reinforcing 
bars are bent to specific shapes and cuc to prescribed lengths. The present fabrication 
techniques for uncoaced bars will certainly cause some dacage to the epoxy coacings. The 
extent of such dacage can probably be reduced by using bearing rollers, and bending wheels 
a~d anvils covered wich pliable macerials such as nylon. An alcernate, and preferred mechod, 
oighc be to coat prefabricated reinforcing bars. Presencly, reinforcings are subjecced to 
harsh treatoent in cheir shipping and inscallacion. Alchough epoxy coaciilgs on bars can 
~~chstand a mo~erate level of abuse. present handling mechods should be modified, such as 
bundling coated bars together with nylon rope and protecting chem from rough creatment at che 
construction site. Extensively danoaged areas should be repaired .... ich an dppraved material (such 
as a liquid epoxy) afcer being placed in the farms jusc prior co cas~ing the concrete. 
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The corrosion scate of uncoated reinforcing bars in concrete of existing bridge decks 
is currently determined by taking electrical potential measurements (34]. As previously 
discussed in section 4.5.2. electrical potential measurements were not found to be reliable 
indicators of the corrosion state of coated bars. 

~olst~oho~ (42] has discussed the difficulties of interpreting electrical potential 
measurecents a~ concluded that in general electrochemical tests have not been informative. 
Therefore, the use of epoxy-coated reinforcing bars ~ll probably necessitate ~he development 
of other electroehemical tests to monitor the corrosion condition of the reinforcing steel. 
Suggested methods are electrieal resistance measurements (43] and electrical polarization 
~~rements (43-45]. 

7. CONCLUSIO~S L~ RECO~ATIONS 

7.1 Conclusions and Recommendations 

The following conclusions and recommendations are based upon ~he results of the 
experimental investigation described in this report. 

1. The p0w4er epoxies. in general. hav~ better overall properties as barrier eoatings 
(considering chemical resistance. chloride permeability and corrosion protective 
qualities) than the liquid epoxies; within the liquid epoxy series the solvent­
free materials performed better than the solvent-containing systems. 

2. Epoxy fi1=5 on reinforeing bars can ~thstand a moderate amount of abuse. Some 
codifications appear to be necessary in the current fabrication. shipping, and 
installation practices to prevent damage to the coating. 

3. For any epoxy coating to perform well, good applieation teehniques are important. 
Epoxy coatings should be applied to blasted steel surfaces as both phosphatized 
and mill seale surfaces are brittle and modest meehanical forces can cause 
disbondment. The electrostatic spray gun method is the most effective application 
method in producing thin films free of defeets. Proper curing of the epoxy film 
is 1c?ortant as undercured materials are very brittle and susceptible to mechanieal 
d=age. 

4. So=e epoxy coating materials have sufficient flexibilities in eur~d film thicknesses 
below about 10 mils that coated bars can be bent to the normal shapes prescribed in 
most existing bridge designs. wi~h ~n1mal damage to the coating. 

5. All of the epoxy coated bars, with fi~ t~ieknesses not greater than 11 mils. 
tested 1~ the pullout studies had accepcatle bond to concrete. ~ine epoxy 
coatings on bars were tested in the ereep studies and seven were judged to have 
acceptable ereep eharacteristies. Therefore, it is felt that selected epoxy 
coated bars ean be used in existing bridge designs without compromising the 
structural integrity of the bridge. The polyvinyl chloride coated bars tested in 
this study have unaccepcable bond and creep characteristics and, therefore, should 
not be used in reinforced concrete. Although the coal tar epoxies had excellent 
pullout properties their poor ereep eharaeteristic makes them unacceptable. 

6. Considering flexibility. bond strength and ereep characteristics, and minimum 
corrosion protective requirements, the optimum film thickness of epoxy films on 
steel reinforcing bars is about 7 ~ 2 mils. 

7. Four powder epoxies, ~os. 25, 31, 39 and 40 are judged to have the best overall 
properties as potential coating materials for steel reinforcing bars. I~ is 
recomcended that these coatings be further evaluated in experimental bridge decks 
cons true ted using bars coated with these ~ter1als. 
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7.2 Recommended Further Studies 

The follo~ing studies are recommended to complete certain aspects of this study: 

1. Although the i!'tformatior. on relative bond strengths of coatec and uncoated 
reinforcing ~ars deterc1ned by !:leans of pullout tests are be Lievec valid by the 
investigators. it is reco~ended that tests of flexural mecbers (slabs) be 
carried out to confi= these results. 

2. f~rthe. creep studies of flexural mecbers (slabs) should be performed ~ith coated 
anr:! unCuatec ba~s to detercine acceptable slip ratio for both loaded-end and 
tree-end creep. ~ifferent size of bars and concrete test specicens should be 
included in furtrer studies. 

3. Electrical resistance and linear polarizat:ion measurements should be in·~est:igated 

as Toethocs t:o monitur the condition of epoxy-coated reinforcing bars in se~ice 
in bridge decks. Electrical potential ~easurements yere not found to be relioble 
indicators of th~ corrosion state of coated bars in Lhe ~rescnt study. 
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APPD>'DIX A 

Fl3.'!S SUB.'1ITTUiC O)ATINC MA':ERIAIS FOR EVAUlATIO:)' 

Adhesive Engineer.ng Coepllny 
,.t, ' 

Carboline ','\, , 

Celanese Coatings CO~?any 

CI3A-GEICY Corpo~ation 
il.esins De;>a~t::!ent 

E. I. cu Pont de l(",,,"ours COl:\pany, Inc. 

Po. S. Fuller Cocpany 

General X~116 Checlcals, Inc. 

Hercules Incorporated 

!1ichigan Chro::!e Eo Che::!lca 1 Coc"aoy 

Xinnesota Xir.~ng and ~~nufacturing COl:\pany 

Xobil Che::lic:al CO!:lpany 

l(ORDSOl( C~rpora~ion 

Polycer Corporation 

P... C. :r:'ce 

Products ~e6~arch and Ch~ical Corporation 

Re?u~lic Ste~l Corporation 

Rob~oy Industries 

Ro-.-e Products, Inc. 

Royston La~oratories 

SOl Co~po::-a·.:?n 
Gates Engineering Division 

Shell Che~ical Co~pany 

SIKA Corporation 

;;n:'ted States Steel Corpora: ion 

~~ittaker Corporation 
l(a~co ~~terials Divis.on 

t.:ailes Siturnast ic Ltd. 

lo:itco CheC1ical Corpor,~tion 

1.1 These :firms subClitted c'Jatings materials which they handled for evaluat ion. They 
are not necessa::-ily th~ manufactureres of the coating materials. 
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CON'oI'ERSIOX FACTORS OF U.S. m.'ITS TO SI Uh"ITS 

In viey of the accepted practice in the United ~tates at present, the units in this 
repon a:-" t.hose COClClonly used in the t"chnological field for which t.he report is 
intended. In recognition of t.he posit.ion ,,£ the U.S.A. as a signatory ::0 t.he General 
Conferenc~ on Weight.s and Measures and t.he action of t.he U.S. Congress, readers 
interes::.,d i.n usi.ng th" ",et.ric (51) unit.s cay use tr.e conversions belo,"" excerpted from 
Standard ~"t:-ic Practic" Guide, £380-72 (a guide to the use of SI - the int.ernational 
5)'5::"0 of units). ?ublishec! by the Asr.1, 1916 Race Street, Philadelphia, Pa. 

* 

To Convert Fro<:> 

inch (in.) 
gallon (gal.) 
inch2 (in. 2 ) 
kip (1000 Ibf) 
kip! 1n.2 (ltsi) 

pound-mass (It> ''''2 avordipois) 
?"und-force/inch (psi) 

Exact Conve~sion Factor 

...... ",' 

To 
degree celsius (OC) 

",etre (t:'\) 
",,,tre3 (",3) 
cetre2 (",2) 
ne'-'ton (N) 
pasca 1 (Pa) 

ki logra::: (Kg) 
pascal. (?a) 
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Mult.iplv bv 

t C =t F - 32 

1.8 

2.5':"0,000 x 
3.785,':"12 x 
6.451,600 x 
4.':"48,222 x 
6.894,757 x 

.:.. .535,924 x 10- 1 

6.89L.,757 x 103 
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