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'·Technique• have been developed fo~ ~~termination of the pemeability of• 

var111ty of concretes to chlorid~ .ions in a rel&tively rapid period of tin:.~. 
The -•t pr.,,.lsing method involves appl~cation of d,c. voltage in the range 
of &O,D-8O.O volts for 6-hours to either a section of a reinforced concrete 
bT1dge deck or a core taken fTO!I a c~~c~ete structure. Roth variations in-
volve conditioning of the apecilaen prior to teot so as to eli~inate test 
anmaliea caused by low sample moia~ure contents. 

Core apecimens can be tested at the rate of one specimen per day with a 
total of 2 day• needed for a complete test including conditioning. The 
field apparatus is capable of conducting four teats within one working -

week on a given bridge deck, 11.eaults have be,,n shown to yield reasonably 
good correlation with FIIWA 9O-day ponding data on companion specimens. 
Concrete■ can be ranked aceording to high, moderate, low, or very low 
chloride permeaMllty, Further work ia needed in orrler to make the test 
lllOre applicable to field testing of bridge deck oveuays. 
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FOREWORD 

This report describes a new method for rapid determination of the 
permeability of larious concretes to chloride ions. It will be 
of interest to materials, bridge, and other engineers concvrned with 
the cons.:ruction of low permeability bridge deck protecti•·e systems. 

The report covers the development of prototype equipffient and includes 
the results of laboratory studies a,1d of field and lab,,ratory trials 
of the device on three bridges. 'rhe technique is sui•.able for use 
both on cores and in place on a Jeck. The results ir,dicate the new 
procedure may be a very suitable replacement for thr, current 90-day 
ponding test for chloride permeability. 

FHWA appreciates the assistance of the Wisconsin Uepartment of 
Transportation in making field sites available tJ the researchers. 

S•1fficient copies of the report are being distributed by FHWA Bulletin 
to provide a minimum of one copy to each FHWJ. regional office, one 
cop)' to each FHWA cl.ivision office, and tw'l c-ovies to each State 
highvay agency. Uirect distrib~•tion is befng made to the divisio:1 
offices, 

~ti.{.:~£. {, ~-
Char.es F, Scheffey /f 
Di rector, ffice of ltest>arch 
Federal Highway Administration 

IIOTJCE 

This document is disseminated under the sponsorship of the 
Department of Transpo1·tation in the L~~ere~t of information 
exchange. The United States Government assumes no liability 
for its contents or use ther,eof. The contents of 1:his report 
ref1t>ct the views of the contractor, who 1s 1espondblc for the 
accu'."'a-::y of the data presen•:ed hereiit. The c'lntents do not 
necessarily reflect the official views or policy ~f the Department 
of Transportation. This report does not c~nstitute a ~tandard, 
specification, or regulation. 

The United States Government does not endorse products or 
manufa-:turers. Trade or manufacturers I names appear herein 
,mly because they an• conside1·r:d essential to the object of this 
document. 
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C011VEIU!I01' l'AC'l'ORS, U, S. CUSTONARY TO METRIC (BI) 
U1'ITS OP' MEASUR»IENT 

U, S, c11atc:aaey unite of measurement used 1n this report can be con

verted to metri~ (SI) units aa follows: 

MuJ.t1plY 
Anga tr"""" 

inches 

feet 

miles (U, S. atatutel 

aquare inches 

equare feet 

cubic feet 

cubic yards 

vams 
po,.rul.a (masa) 

tons ( 2000 pounds) 

pounds (mass) per cubic 
t<>ot 

powxl.s '(m.us) per cubic 
yaTd 

p,unds (rorce) 

pounds (force) per 
square inch 

pounds (force) per 
aqua,:e foot 

miles per h>ur 

degrees (angle) 

Fabrenhelt degrees 

By 

0,0000001 (10-T) 

2. 511 
0,3048 
1,6093li4 
o.0006li516 
0.09290304 
0.02831685 

o. 764;549 
0.001 

0,4535924 
907,1847 

16.01846 

0,59327631 

4.446222 
6894,757 

4.882428 

1.609344 

0.017453?.9 
5/9 

To Obtain 

millimetres 

centimetres 

metres 

kilometres 

square metres 

■quart!! metres 

cubic metres 

cubic metres 

kilograms 

it1 logra>o!l 

kilograms 

kilograms per cubic 
net:,."e 

kiL>grams per cubic 
met:-~ 

nevtl'ms 

pascals 

kilogrt111s per square 
metre 

kilometres per hotir 

radians 

Celsius de~Tees or 
Kelvins* 

• To obtain Celsius (C) tempe,-ature readings frOlll Fahrenheit (F) ree.,i
ings, uae the following formula.: C " (5/9)(1' - 32), To obte.in 
Kelvin (K) readl.ng,, use: K = (5/9)(F - 32) + 2·,3.15, 

vi; 



1, Ill'l'lllDUC'l'ION 

D•terioration of concrete bridge 
decks continue• to be a serious problem 
for ■any state and ?ederal highway 
•genciee, A re{>Ort iasued recently by 
the GAO fl) atated that nearly 6.3 
billion dollar■ are needed to restore 
the Nation's F<!deral aid system bri~ 
decks. The root ~f this problem ll~a in 
the d1~icing ealts (primarily r:odium 

chlorid~) used in many ■tates during the 
wint,er month■• The chloride ions (Cl-) 

dest.roy the na'::ural Pl■Gi vi ty of the 

reinforcing steel and promote the foraa
tion of corro■ ion prOOucta which exert 
large ten■ ile forces on the concrete 
C<JYer. The•• forces ca~ cause delamina
tlon and apalling of t~e ri~ing surface. 

The problem can be aolved by provid
ing a barrier which r.an retard, or halt, 
the nigration ot c~Loride lons to the 
steel surface. Thia barrier may either 
be on the st.eel, aB in galvantzed or 
epoxy coated bars, or in the concrete 
itself. This project was directed 
towards evaluador, of the affectiveness 
~f t@~hntques baaed on the latter 
appr()ach. 

Materials used as barriers to chlo
ride lens include, but are not limited 
to, the f.oll?Wing; 

Polymer Impregnated Concrete 
Latex Modified Concrete 
Dene€ Portland Cement Concrete 
Illternally :c;ealed ConccHe 

P~l}'111er Concret~ 
Rapid te~t proceOures are ~eeded to jD~ge 

the effectiveness ot these treabients, 
The two major o~jectives of this project 
wecer 

1. To develo~ and teat a rapid 
destru:tive perni~ability device 
which can be used ir, the labot"a
tocy on sections of concrete, 

1 

•~ch 1s cores, taken from 
■tructurea. 

2. To develop and teat a rapid non
destructive pen,eabili ty device 

which can deteraine the permea
bility of rigid concrete membetJ!!I 
(~uch as bridge decks) ln field 
inataUati011a. 

2 • LlTERA'l'URE STUDY 

Prior to initiation of method devel
opnent work, a li ten,t'Jre aurvey was con
ducted. The objective of the survey wa$ 

to assemble all available data concerning 
the permeability of concrete to fluids 
and dia■olved ion■, and to ael~ct those 
techniques which held the 1DOBt promise 
for fullfilling the contract obje~eives. 
If suitaole techniques were not currently 
available, the knowled9~· gathered fro1 

the literature survey ~cu~d be used a~ a 
basis £or developaent of novel met~O<Js. 

2.1 Plow of Fluids and Ions Through 
Cc>n-::ete 

Fl.ow of fluida and ions through 

concrel;e can talcf" place 11ia a number of 
mechantsms, dependi!lg upon tt·e initi"ll 

state i,f the concrete, nature of t:he 
permeating substances, temperature, and 
p[essure. Rose (2) has btoken ~own the 

movement of water in porous materials 
into se,i,en distinct stages {Pigur,'! ll, 

After initial sucface adsorption, mo~e
ment of water vapo[ is via diffusion. 

Diffust1J.\ ts mathematicall)' express,,•d by 
Ficks Urst law: 

where: 

J - -o t 
J • flux (g/cm2, sJ 
D • diffusfon coefficient 

(~m2/s) 

de °". concentration gradient 
(g/em3/cmJ 

(l) 
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Although chloride iona obviously c~nnot 
transfer via vapor-phase diffusion, the 

aeaeu~eaent of water vapor tran&ai~aion 
aay be an effective means of assessing 
relative aaterials per•eability. A&.ti
tior,ally, chloride ions can transfer 
within the liquid phase via aelf
diffuaion •long the chloride concentra
tion gra~ients existing wlthin the con
crete porewate-r. 

As relative humidity increases, 
water begins to conder.se within capillary 
spaces. Porces then arise as a result 
of tbe pres&ure differential across the 
meniscus in the capillz.:.:y and induce a 

flow through the capillary, the rate 
of which is given by Washb,un I e 
Equation (3): 

V • {rV1/ 4di.) coa a 12 I 

where-: V • flow rate {Cl'/8) 

r • capillary radi.us (c:10) 

VL • surface tensir., (Pa• CIII) 

d • depth of r, ,1etration {cm) 

n • fluld viscosity (Pa•s) 
e • t~r contact angle 

One~ the por• 2ystem is completely 

<:!!t•"•r"'t~d ~ ~!~teir """~· flow as a fluid. 
I.' materials having very finely divided 
por~s, howev••, significant flow will 

occu: only under ~igh pressure heads. 
In tb1,; cae~ Dare1•' s Law ( 41 govecns the 

~low ra{'e: 

(/ •· -KA ~h/L 

where: Q = v-olume outflow ( Cffl 
3
/ S} 

•• a area ' {cm·! 
Oh• fluid head (cml 

L • path length 1cm) 

•• permeability con&tant (cnvs) 

As previously mentioned, ionic 
species, such as chlorides, can migrate 

through free water within the concrete 

3 

pore structure. Thia ■ay occur via dif
fuainn tn Stage!" 3 and f (Pigure ll, 

alth<~gh probably at low velocity due to 
ionic interaction with the electrical 
do1,bl•e lay-er on the ceeent peate surface. 
Ionic diffusion will be most effective 
ln th@ fully satur.at~d a~ate (Stage 7). 

A special case of 1iffu■ 1on occurs 
when an electric potential is applied 
across an electrolytic solution, free or 
contained within a porous material. The 
ions will then be transported towards the 
electrode of opposing sign (5). Ionic 
~JObility la given by the following 
expression: 

X 
' • 0,~,~c1.,.;B/c,d~x~> 

µ • 

X • 

ionic 110bUity 
dhltance tcml 

t ., tb1e (S) 

dB «Ji • eilictric field e:trer.gth 
IV/ em) 

(4) 

2,2 °erweability of Cement and Concrete 
A comprehensive search for data on 

t 1·e pPrmeabili ty of hardened cement and 

concrete was conducted. Representative 
I"$z3~lts will be presented in this sec
tion, discussion of specific techniques 

used to develop the data will be given 
in a later section. 

2,2,l Hardened Cement Paste 

Permea~ility of a variety of cement 
pastes to water at approximately 50 psi 

(345 kPa) was studied by Powers and 
co-lil·orkers (S~. Their results 11,dloate 

that permea~ilities of hard~ned, mature 
pastes range from 1 X 10-13 to 1 x 10- 9 

cm/sec for water-to-cement ratios {w/c} 
ranging from 0,3 to 0,7 by weight. Per
meabilities also vary greatly vVer the 
periC'd of hydration, ranging fr011 4 X 
10- 8 cm,/s at 5 days to 0,6 X 10-10 Cll'/s 

ultimately, for a paste of w/c .. O. J, 



Additionally, peraeabiliti•• of ceaent 
paates ver1! ttwpared with various rock 

types uaed •• c.-oncrete aggregate■• 
Their data indh•ate that an 1ncrea■• in 
w/c ratio fr011. 0.38 to 0.71 will span 

the range at perat'abiU ties generally 

encountered in concrete aggregates. 

Although total poro~itie■ of ce■ent 

paate are far higher than rocks, permea
bilities ••y be equhra.lent. 

In a study of watar vapor tranaaie
aion through c•ent pastes equilibrated 

to various internal relattve hu■idities, 
Sor■n■•n and Radjy {71 fou~d values rang
ing frca C X 10-• ca/• for ,•ery dry 
cenditiona (RB - 101) to l X 10-~ Cit/• 
for values close to saturation, Diffu
sion coeff~cients for vater va(M..~r through 
hardened c-~nt ~•t• (8) of w/c • 0.28 
range froa 15 X 10-e ca2/~ at 2 da:i,•a tc-
8 x 10-• 0112/ ■ at 28 days, re■aining 
conetant up to 90 days. 

The aoveaent of ions through hard-· 
ened ceaent past: has alau b~cn ~tudie4, 
and is of particular interest in the pre
sent study. Berman ( 9) exs.o·Jed ha.:dened 
cement pastes (w/c • 0.4 a11•:t 0.5, age • 
28 days) to various chloride, fluoride, 

and chromate solution•, balding t:umidi
ties on the downat7ea■ side of a 4-·in. 

long,~cimen at 721 RB and 1001 RB. 
Results showed penetration of sodiu• 
chloride to a greater depth than any of 
the other salts t~sted. Additio~ally, 
his data showed that the dissolved ions 

per.etrated ■ore rapidly lnto the pastes 
t~an the vater did. Similar studies 
hrwe beer• carried out by Xond<•, et ,.1. 
(20), Ko~do'a result■ indicat• diffualon 
eoefficienta for Cl- through hardened 
cement pastes at w/c • 0.4 cured for 

28 days to be greater than that of the 
aseociated cation, lf!ading Mm to con
clude that, •hardened cemenl; p11ate aeemed 

to behave as an electro-positive semi
permeable membrane.• For NaCl solutions 

4 

at 20°c the diffusion coefficient. for 
chloride ion •lf'ae 6 x 10- 8 ca2/1ec. 

2.2.2 Concrete 
Much of t.he early work on peraeabil

i ty of concret~ dealt with flow of bulk 

water through co:,crete undier the i.nflu

ence of relat1 ,,ely large pressure hP--at' ■• 

One of the earliest compceh&nsiv~ 
studies (11) used ooncrtt•a of v~rying 
■ix proportions cured for up to 1 :'t·ear 

and subject to a water preaaure of 

100 pai (690 kPa). Results stiowed th1:? 
••pected trends of reduction ln ~r■ea
bility wlth decrea■ing w/c and increas
ing age. Permeability rang~d frc.w 

n.t9 ft/day c,., ca/a) at 7 days to less 

t:i•n 8.5 X 10-J ft/day (3.0 X 10-6 Cll/8) 

at 1 year. Effects of aggregate grada
tion, when realistic aradings were used, 
were minor. 

Rarly studie■ at PCA (12) utilized 

pre■euri•ed water at a011ewhat lower pres
surea appliad to 6-in. (152 1111'1) dia. x 
2-in, (51 al thick specimens. Decreas
ing flow with P"~iod of test was found 
(Figure 2). Results at 24 hours ahov 
permeabilities decreasing from ~bout 

2.7 X 10· 7 CID/• at w/c • 0.80 to valueP 
too small to measure below w/e of about 
o.~. 

The classic paper a•ong the early 
studies i~ that of Ruettqers, Vidal, and 
Wing at USH~ (13). Concrete specifflens 
up to 1h18 in. (457x457 1111) in size 
were subjected to vater p1,:eaaure■ of 
400 pai 12.B MPa) .. In addition to the 
usual incre11ae in perm&ability with w/c 
ratio, the investigators found an 
ir.cr~aae of abOut 30 times when goin; 
from 1/4 in. (6 mm) to 9 in. (2.29 mm) 
maximum. aggregate si~e. Although the 
authors attribute this tn greater prob
ability of voids occurring beneath larger 
aggregate particles, it. ls also possible 
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that flew occurred through the 1ggre7 
gate■, (li ■•■tone in thelr oa■t) and, 
ther•fore, total flov would increase in 
pro~rtion to the a99re91te content, 
which wot.1ld be 9reater 11 the •••i•u• 
ag9r~g•t• size was !ncrea■ed. 

Later work in t.he area of per•eabtl
ity under hi9h water head• wa■ reported 
by Cook (lC). Ria teat■ involved lean 
■a•• concrete■ ■ubjeeted to pre■■ure of 
200 psi (1.4 MPa). Speciaena with oe■ent 
content■ ranging h011 188 to 282 ltv'yd 3 

(112-167 k!l/■3 J with w/o frca O,SO to 

0.86, were tt■ted at land 12 aonth• age. 
Ptraeabilltit■ at 3 aonth■ ranged fro■ 
1,5 X 10-• ..,-. for w/o • 0.86 to 6 X 

10- 9 ell/ ■ for w/c • 0.50. Specl■ena 
vhlch were vacuu■ ■aturated prior to 
teat gave higher per•••bllitiea tby a 
factor of 2) than tho■e te■ted in the 
aoiat-cured condition. 

In ■any area■ of the oo·natruction 
indu■try t~e per■eabiltty of concrete to 
w&ter under high heads la not applicable, 
rather what is needed are ~•la on water 
vapor trana•iasio~ (WYT) of concrete. 
Also includ~d in ':l'•,ia general area are 
absorption and caplllary flow testing. 
Barly teats by Wiley and Coulaen (15), 
although devised aa a rapid te3t for 
water peraeability, w~r• in actuality a 
•~••ore of cftpillary flow and vapor 
tranamlsslon through the concrete pi::,e 
■ectiona u1ed, Their coefficients 
(3-40 X 10-e cm/s) wer:e fr011 102 to 
10 3 higher :han previous Ul) data for 
11t-:ea rangi1 19 ln w/c fr0111 O.S3 to 1.1. 

l."1 t,ffect, tMa Hy■ that capillary 
for-:ea can 11ovll!! wat n through con::.:rete 
i:l:t a "iigher rate t'.,an can pre■■urea of 
up to •l'JO psi (2. 'J MF'a). Barre (16) 
udng 1.~dDxlo-:.n. (4x2:5x25 Cll) speci
•ens ezi:oru,., on one aide to air at 501 
RB and 73°1' l :u0c, and on tile other aide 
to a chilled cc~deneing surface at J2°F 
(0°C) fe,und WV'l' t~ r~nge from 4.66 x 

10-t g"1ca2, • at -tc ■ 0,415, to a.1, I 

10-t g"1r.a2• ■ at w/c • 0.12. 
More recent work in thla ,rea haa 

been reported in a report by th, o.s. 
Naval ClYil Engineering Laboratory 117), 
A •vet cup• technique waa eaployed where 
a l-l/2-ln, (38 uJ thick x C-ln. 

(101 a) diameter concrete disc i ■ 

•~poaed to a saturated at■oaphere on one 
face and varying RB on the oppoaite face. 
Plow le aeaaured by ffighing the entire 
apparatus to the neare■ t 9ru. They 
concluded that WV'1" increa■e■ wlth w/c, 
decrea■e■ with RIii, and la reduced by 

addition of Rael to the ccincrete ■ix, 
studie■ W11re alao done on the varioua 
rock type• contained wlthln the San 
Gabriel 9ra•el u■ed •• the a9gr19ate 
source. Value■ rarKJe4 frca 2.1 I 10-I 

911/e112. ■ for a ~ediu■ grained biotite 
tJranite to 3.5 X 10-t g-'c■2• • for a 
hlatal porphyry. Onfortunately, all con
crete• nr• ~r•pared with a ■isture of 
rock typea, therefore, no concluaiona 
can be drawn 11 to the relative effects 
of a99regate lfVT on concrete WVT frOll 
this etuc'!y. 

Th£ 110vement of chloride ions 
(Cl-) through concrete haa alao been 
the topic of several investigation■• 
Monfor• and Oat (!8) monitored chloride 
levels in 2x4-in. (Slzl02 111111) concrete 
cylinder ■ ezpo■ed on One faoe to 231 and 
Bl cacl2•2~.{l 11olutiona •• The reeulte 
indicat~d that after 12 aontb■ of ponding 
Cl- levels will be significant at the 
1-in. (25 •> level at w/c of 0.4l' and 
above. At the 2-in. {Sl •> leval Cl
levela will still r~main at baseline 
levels at 12 rronth■ if w/~ la hPld 1~0 
O.CC or less. Clear (19) has atudled 
Cl penetratlei•' of a number ct ■peolt1l 
concretes 11 wel~ aa conventional 
pc;,r~land ce111~nt concrete. s0111e ~£ hie 
data are reproducea in Table 1 The 



TYY 1 
CBLOalDB PIDISTRATlOtl DATA 

.l!lt:m 
Cl-•~ Level Indicated (lba/vd 3)l/_ 

AMr•g• 

conventional Concret• • 830 Mlting~ 

Depth2/ 
(in.; w/c • ll,.i wlo • .W v/c • 0.§. 

0.2. 
l.O 
2,0 
3.0 
4,0 

20.0 
1.58 
n• 
l1L 
BL 

22.1 
11., 

1.76 
0.55 
BL 

27.9 
13.7 

3,85 
0, 77 
0.53 

•twa Method~• w/c • 0.32 • 8JO •altinga 

Depth 
(In,) 2/ 

0,28 
1,0 
2,0 
3.0 
4.0 

Properly 
canao114ated 

15,2 
1.29 
BL 
BL 
BL 

1-s>roperly 
Conaolidated 

17.9 
6,25 
3, 34 
1.00 
BL 

!:!!!X Nodified Concrete• 8lO salting• 

oep,h21 ..l.!tw..:.'.. 
0.28 
1.a 
2.Q 
3.0 ,.o 

6,52 
o.u 
BL 
BL 
!IL 

Polyaer Impregnated Concrete -
UI 1altinga 

Depth 2/ 
(in,} 

0,28 
l.O 
2,0 
l.O 
4.0 

1.06 
BL 
!IL 
•t 
BL 

•BL• Baaeline reading 
1/ k~/•J • lb/yd] X O, 5935 
2/ .. • inche■ x 25.4 

data indicate that the specialty con
cretea, when properly prepared, greatly 
reduce th■ ingress of Cl intc the 
■laba. Coppelardi et al. (20) ueing 

technique■ ei■ ilar to that of Monfore, 

1 

galculated Cl- ,tffu■ ion coefficient• 
frca the rate of penetration of the 
chloride front through the concrete 
cylinder. Valueo deterained were 1.7 X 
10-8 ca2/■ for portland ce■ent concrete 
of w/c • o.~o (vibrated) and 3.3 x 
10-& ca2/a for w/c • 0.60 (nonvlbrated), 
Poaaolan~c ceaent■ e&hibi~ed 1011ewhat 
lo~•r diffu■ ion coefficient■• 

2.3 Conventional Per■eablLity Te■t 

'Procedure■ 

In the followln, ■ectlon per■e•bil

ity teat Nthod■ will be brl@lly du
cribed with reference• to aore coaplete 
de■crlption■ lbCluded. Onl~t' avthodl 
judfied t~o be applicable to the ctJrrent 
proj~ct will be dia~u•■ed. An outllna 
of the pr1')Ceduree ~~d apparatus to be 

diacuaaed f.ollowaz 

2.3.1 !!!!.!.!_ Pl!r■eabillti{ 
2.3.l.l Bigh Nater Beads 

2.3.1.2 Variable Head 

2.3.1..l Initial surface Absorp

tion Test (ISAT) 
2.3.1., Water Injection 

:;;.J,2 i'1r Perll_\eabi~ 

2.3.2,l 819h Pressure Air 
2.J.2.i Pr~3&ur~ ~~~line 

:1,l,2,3 vacuvm Method• 

2.).3 Water_y_~por Tranamls.!U2!! 

2.3.4 !.~-ll,Ll■ ion 

2.3.5 ,!'<Hiat.i_yi.ty Tec:-hnlgues 

2,3,1 Nater l'&:"llle.11bUity 

2.3.1.1 ~.J.9.!!_Water Heads 

Typ.tcu of the apparatu■ developed 
to dvt1,r.rr ine w.1ter permeabilities of 
,-:oncretes under hi;h hydro11tatic heads 

ii t.hti.t u11ed by the U,S. Bui·eau of 

ReclMation (ll). Pre••~re regulatcra 
C8ln be ve.r ! ed to supply up to 450 pal 

(3,1 MP11) to any one ■peclllen. The 

spec iman cc..,1ta inf!rs ar'! de11i9ned so that 

d Latilled W.ti':er cover ■ the upper surface 
of the epeci,on, and flow is lateral 



tbr.,..«b •••n4••~ '•12-in. 1151x305 -> 
opeclhM or llbrl .. ln. (457JIU7 •I 

■ptclMno vhen u•• concr•ta ia to be 
teat~. 1h• t••t la ~•ually carrle4 out 
to 500 boor ■• 

The •bov• technique VO~ka well with 
conventional concrete■, altboug~ long 
tl••• (up to 25 day■) ar• neceaeary to 
achieve con■tant fJ.ow cond i tion1. Per• 
•••~ility Vftlue■ of PJC ~•thered uatng 
tbl ■ app,111ratua are euapect, due tc• 

tatre■ely low flow rate■ and inability 
to achieve •q~tlibriU11. 

Murata (23) ha■ deYi■ed • aore 
rapid teat baaed 06 calculation of the 
water dltfu■ton coefflci~nt through 1 
concrete 1pecthn &-in. (152 u) in 
dl•eter 1 6-ln. (152 a) 10119. A water 
head (dye belnti added to the water) of 
frOII lU pal ('.,. 98 11Pa) to 2117 pol 

(2.0 NPa) i ■ applied to the apect■en for 
48 hr, th• ■peci■en being 1ub11equently 
fractured and the average depth of pene
tration c~lcul~ .ed frc. planiaeter •••
•urementu of the area of penetration of 
the dye. Diffu■1on coeftlc:lent cs 2} 
! ■ calculated aei 

D2 
82 - • 
~ 

where1 s 2 • diff~aion co•ff1clent 
1ea2/sl 

( 5) 

D2 • • &'le rage d•pth of penetration 
(CWII 

t • t'-•• at which D le 11ea ■ured 
~" \ 

<2. ~on■tant of inte9ration 

2.3,1.2 variable-Bead Technique 
tn the variabl•"'head technique (24), 

t~~ rate of pae■age of water throu9h a 
■peci•~n 1 ■ -.,n1tored by the fall of the 
water level in a aancaeter connected to 
the ■peciaen under teat. 

care auat be taken to saturate the 
■ample prior to teat, otherwi ■e th• 
■eaaureaent will be a function ~f the 
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capillary force de~•lopad in tb• 11aple 
at varying d3gr••• ot ■aturatlon and not 
a true ••••ure ot per■eab111ty, per ••• 
Aa flow throuth concrete ■aterial■ 1 ■ 

very ■ lOlf' even at hl9b pre11ur• head■ it 
••• felt that the variable head technique 
would be lnapplic:1bla to the pre1ent 
project. 

2.3.1.3 Initial Surface Absorption 
Teat (ISAT) 

The Caat Concrete Product■ Aaaocia
tlon (~reat Britain} recognl1ad that 
high pre■■ure per■eabt~ity ~eat■ do not 
d•ulate the real ac·tion of deleterioua 
agent■ on c.onafete surface■ (which oecurB 
■ainly du• to capillary flow), and ■ay 
lndeed alt~r the pore atruct~r• where 
aufficlently high pre■■ur•■ Rre ueed. 
Porth••• r••~one the ifliti1l eurf1ce 
ahaorptlon teat (ISAT) (25! was 
developed. 

It wa• s:Wwr. that flow of water 
into• •urfac~ under low head■ follow■ 
an inverae power law: 

I· at-Jl. 

where, dr • 
Tc flow rat• (,al/ ■) 

t • t.lae l•J 

(6: 

a • a d1■ensionll c:on■tant tea) 

n haa been found to vary from 0.3 to 
o.7, being conatan~ for a speci,lc 
concrete, ah. 

The teat apparatu■ con■iatl of a 

gasketted cap which is cladped o~ other
wise affixed ~o the concrete teat aur
face. Water la poured lnto the inlet 
until the outlet run■ clear. A capil• 
lary tube (~re o.~ u - l,l am) la th•n 
affiaed to the outlet tube, en initial 
reading l1 taken ac 10 min, 30 •in, 
l hr, and 2 hr. To date, the ap~ratue 
has been used on reinforced concrete, 
paving, and architectural eoncrete wl~h 



toeld 1eault1. lt 1hould be noted that 
tbe objective of thia ►••t '• to 9redict 
th• du:~•bility of a ■urface layer of con
crete, and 9i'i,e1 no inforir.ation on the 
lnte~ior -t•rial. 

2.3.l.4 Water Injection 
The Briti■h Building Reo•arch 

zetablilhrent (8D' , ree09nh 1119 that 
the JSAT value■ ara bi~bly dependert on 
the peraeability of the fir ■t few ail
lilleter ■ of ■urface, developed a te~h
nique (26} which co~ld be used ... o ease■■ 
th• peraeability of concret• at any depth 
below the aurface. The procedure con
aicts of drilliftfJ a hole )0•• de•~• 
s.s-- di•--~•t into the concrete, •~•l
ing the hole with 6 atlicone rubber plug, 
ensuring an air eight aeal by ■eana of a 
hypoderaic needle placed through the 
lilicone plug, and then 110nitorin9 the 
rate Qf fall o, water in, capillary 
after injecting water by aeana of the 
hypoderaic ayri1,9e into the aaall cavity 
in the concretP.. 

The 11110iatt,··e content of the ccncrete 
had a aignificLnt effect on the reaults, 
especially at high (w/c ■ 0.6) w/(: 
ratio■• scatter in th• d~ta i ■ quite 
high indicating aggregate effeeta to be 
aubstAntiaJ. Tb.a ■e-cho;I haa alao been 
adapted to measure air permea~ilitiea, 
lfhi ■ will be di■cueaed in tt.e next 
■ectiJn. 

2.3.2 Air Per■eability 
2,3.2,1 Air Plow Under Prea~ut,! 

Air permeuetera have been dev iaed 
to cover large r•nve■ of applied pre■-
aure. In principh, all that is needed 
i■ a suitable ape~imen nolder which will 
confine the flow to the longitudinal 
direction, ar.curate pre■■ ure gage■, 
■table ga■ 1upply, and &cc~rate flow 
meter on the down■tteA11 side, ASTM 
C577-68 (27) describes equip■ent and 
teat procedures nec~saary for the deter
minatir.n of air permeabilities of 
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refracto:y uteriala at 240 m Bg 
(31.t kfa} pre11ure on 2-in, (51 111) 

1pe~i•en1. 
When highly per~eabl• •~~plea or 

hiqh pre■■ ure• are utiliaed D&rcy•a law 
■oy be invalid due lo the presence of 
turbulent flow conditions, At very lo~ 
pressures, ~10111 will alao deviate fr0111 
Duey cundition•, due to tbie 10-cal\ed 
•ili~kenberg ~ffect,• Thia is aoat 
apparent for aate~ial■ of 'lne pore 
structure and low permeability, wheh the 
layer of 9•• nearest to the surfa.:e wilJ. 
110ve relatively freely, especially if 
iner-:. 9aae■ such aa heliua are naec,, yet 

liquida ■uch aa wat"!!r w!ll be illll'.itiliattd 

at the aurf•c" l.ay,u· by di'-p~r~.Lon 
force■• Thia alip-·•ffer:t is ,.n Inver,;■ 

function of the Han ~''l:'e■ s11r,.- and can 
ba correc;:ed tor by Naa.~rt=■ent at a 
numb,r of prea■ur11 and extl:".polatton to 
infinite aear. preasur~. 
:.3.2.2 Pre■aure Decline Technique 

Air per•eabilit·1 11.ay also be calcu
lat~ in the non-steady state region by 
m~aauring the pressure droo in a vesae: 
sealed by the specimen itself to the 
outside atmosphere. This is termed tbe 
conutant-volume technique (~7). 

The need for ~ aimpler and m,)re 
rapid teat for air permf'•.ibil ity led to 
1.tie developaent of a technique in wt- ich 
air ia caused to permeate from the 
atmosphere through the specimen into~ 
container bi dtainin~ water from the 
container. Thia technique, termed the 
•variable volume·-decay-rate• method, was 

criticised on the grouhde th~t re■tricted 
outflow of fluid from ~he cont4iner 

cauaea a huad loaa w~ich has an indeter
minata effect o,, the rvaulta. 
Drennan (28), however, was able to for
mulate &n equation of flow which included 
t~at head loss term bnd thue achieve 
favorabl~ results. Although the appar~
tu': ia simpdfied over the constant 



VOlWN teohni gue, tt · ■ath-■tlc• are 
9reatly ~pl toate-J, and table• are 
needed to pe·:f,,ra the 01leul1tlona due 

to the •any co.: recU on tera■ n•ed•d. 

2.3.2.3 vacuu·a N1th0d1 

A negative pre11ure ••Y alao be 

util11ed in th1 d~~•r•inatlona of alr 
per■1abil1ty. One such •Pp■ ratu• ia 

tbat d•••lope<I by Wh I ·-•r (2 9) • TIie 

Apparatu■ con•i•t• of thr•• 100 cc bulba 
connected thrcQ9h th• teat piece to• 

•acuua p.••f-t t.he d"t>P in. p1:1■■u.re belng 

••n■ed by a ■enMet1r eq,.aipped wlth elec
trical contllet:■ 10 1rran916 a■ to allow 

ttat~ of the int11:•al bet .... n any two 

cho■en prt•.:·••·,,1. '!'hi ■ elapatd ti■• 11 
a aea■urt of t:1'11 parlkeabllity. 1fhit1--.1y 

r1cogni11« tb&t at low pr1■aur11 Duey• ■ 

law atght. not apply and the predOlinant 

tran■fer .. chttnla■ ••Y be 110lecul1r or 
•alip• flcn,,. The pr•d011inant ty)l9 of 
UC'"" for any 9!ven ■pect■er. can bl 
a■c, t.ained b1• pt1rforain9 the deterR.ina
ti..:an uclng ah and th-,n repeating the 

run u ■lng beli11111, ~he ratio of time 
inc, ••ents IM (air}/ .6.t (P.e)) theore

tically abeu!~ be l.o9 for pure 110lecwlar 
flow. Whitew11y deter■ined the ratio to 

be 2.59 for a aeries of low-per•e•bility 
11agneaia apec:·.■ena, inchcating the flow 

in thl ■ ca1u1 to be 11o■tly of the 1110lecu
lar type, whieh occurs wben the mean pore 

diaaeter 11 of the aame order ae the mean 
freie path o1' the gaa molecule11 (O.l µm 

at 2.4 kPa for air}. P?r c~ment pa■te1 

ramJing fl:orn w/c ratio■ of D.6 to 0.4, 

Win•low and Dia110nd (30) have deter■ln•d 
mean por~ di!llleter ■ leas then o.os µ■ at 
28 d1y1 of•~•· Even at 1 day age, mean 
C:ia1111et1ra wue leas tha·,, 0.3 JJII, For 
polyaer l■pregnateod i:111119nt paates {w/c .., 
0, 60) cured f1'>r l day,, and c..ibaequently 

dried and pol~1r..id2:ed, 11ear\ pore dl•••
t.cr» (31) •: IC@ lfltSI thafi 0.1 ua~ ll: 

the:.:-efore •P~ara that this techn1que 
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aliht be applic•~~• to the ■■tariala of 
I nt•-·€.at in thl I ltudy. 

~onc~rreht with the work on the 
water injection aethod (2S), the BU 
develOPld • device for Jete1·11in■tion of 
air perHability of concrete in-aitu. 
The he-le and ■eal-Jnt Bl'A t.he ••••• , 

previou ■ .ty de1crtbld for the 1w•ter 
inJection ••tholJ. T~e te■t la ■tarted 
by turning a 3••w•y 1topcock to allow air 
to be withdra•,n froa the concrete until 

a vacuu■ of J.U a B9 (14. 9 kPa) h 

reached. 1'l!.e pu■p la then iaolet•4 and 

the tiu required for tt.e pree■ur1 to 
rt ■• to 150 - B9 (20.0 kP•J 11 rect:...cdwdQ 
Thl■ valu•• (bt) ii taken a■ a 1elativ1 

11wa1ure ,~r the ■Ir per•e■bility of th• 
concretr,, 

Ttie r••ulta obtain.a nre :f.oona to 
b1 a •tro~9 function of tbe aoiature 
content of the concrete. Vart1tion■ in 
aoi■·c.ure content frca 1.0 to 1. 81 leacl 

to 11 aali■UII diff~rence in 11.t of 20 1. 

Ty,.,ioal te•t ti■ea run from 100 t.o 500 ., 

!r.dicatlng error■ of up to 201 ate- to be 

expected if the moiature ~ontent of the 

concrete haa not previcrusly ~en deter

■ined. Although i~ is possible ;n the 
laboratory to determine molature content 

by 1ubaequent ov~n-drying, a aatisfactory 
field technique 11 not yet generally 
available. 

2.3.3 Water Vapor Tran~~lo•i~n 

A atandud method (AJTM C355-64, 

Standard Teat Methods tor Water-VaPor 
~,anami11lon of Thick Material,, ia 
available tor tPating •ateriale up to 

1·-1/4-in. U'- 111111) thitk. The "-■ tails of 
the mett, .•. :.re giv.-'I ln the AaTM Stan

~ari s~ ~~ly a general description will 
te ,..;v1n here. The test apecl■en, in 

the form ot a flat plate, ie sealed into 
11 wide, shallow pan 
deaicc~nt or water. 
UPaled onto the pan 

containing eithrr a 

li.e a pee lmen 1 a 

by means ot fflOlten 



uphal: Of wax. ~h• rat• of ch•ng• ot 
wight of th• entire ap,aratu■ contain~ 
in a r~ntrolled atmo■phere with tiae la 
t•~•n 11 a •••■ure of the WV'l'. 

wh••- u IIVT N water vapor ti-111a■ta■ion, 

gulnll{br,ft2 (g,V ■ •ca2 ) 
'• I • ·t • r■t• of water 9a n or -~~•, 

gulnll{br IV..-,>) 
A• area of teat t-paciaen 

ea,;,o■ed to de~iccant or 
water, ft2 ccn2J 

••ult■ ■ay al■o be e1pre11ed in 
t-.era■ of water ••por prae1.1.nce, defined 
•• the ratio ~f th• IIV'1" to the vapor 
prea■ur• differential CIIVT/ p). Th• 
1ver19• paraeabil:~ (for hc:aog•n~ou• 
apa1el■en1} la tbe p1oduct ot the pcr
uano• ti■•• thickn••• of the ■pecl~en. 

It 1 ■ app&,rent, that ln orr'J•r to 
obtain reproducible r1■ult1, tbe apeci-
1une auet be bl'OU~h;.; to em.e U'.1Uor• 
~i1ture ■tat~ ptior to teat. Fo: con
crete• the obvlov~ choice would b~ the 
ov•n-dr:, atate, and the desic:cant 11eth0d 
~ould lik•ly yield the 111est favorable 
result•. 

The result■ of USNCBL (17) pre• 
viously dlscus1ed jsee pa9e 6 ) indicate 

that thla technique ■ay be applicable to 
concrete■, al.thrn.:gh it la very ,low, 
Morriaon, ... _ Jd .• f32) hAve devuoped a 
variation on th~ desiccant method ualng 

a water r11ervolr !nstead of a controlled 
ataoapbere on the t,ppo&He apec11ten face, 
A 11che11atlc illuatraUOI\ cf th~ apl)flr.st1J11 
and aoae reeulte or1 c.onvent:ional, polytM!L' 
lapre9nated, and !ates modified concreta• 
are ehown ln Fige, 3 and 4, respectively. 
In thl ■ Qaee th~ concrete discs :~ln, 

(2S •J thick s 2-tn. (S:l 111111) dia. nre 
brought to t~,e moiet oondi tlon (15 <!ay,. 
in water) prior to teat. Good te111pe',;a•• 

ture control <±o,1°c) ia n~ceaeary if 
reproducible re~1.1J.t.a are to be obtained, 

11 

n1ceaalt1ting ~~• use of & la~g• t .. -
perature bftth if ■any celll ere to be 

opera~ed ei■ultaneouely. 

2.3.4 Ion Diffu1lon 
Though not fully docu■ented, it le 

high:y probable that one ot the ■ajor 

tran■port pathwny■ for ohloridea into 
cororete ii via ionic dltfu ■ion. Th• 
proce■ s i■ likely not on• ot pure ditfu
•ion, aa chemical reactions with hardened 
ceaena; conatltuen.t■ and el1ct~0kinetlo 
effect■ due to lntera,tion■ within the 
9el pore• are Hkely to affect tha r•te 
or tran111port. 

The earliest •-ork on ionic <•l•c
tolyte) dif.f111lon throu9h porous sub
~t•nce■ w•s Jone by Northrop •nd 

An■un (3~\, who were not lnter•ete4 in 
the ability of t~e por~~• aaterl•l to 
tr~naport ions, per ee, but rather in a 
■ubetr~t, which could be used to separate 
tvo reaervoira of vastly diffe:ent con
ce~tratlone, thus re1ucing the time 
re-11.lired :or a measurement. Tl-iii waa 

ter■ed the •Dia?hra~m Cell Method,• and 
it ■ theory_, operatlt.m, and Umitotlo:-ls 

w~r• discussed in a canprehena.Jve article 
by Gordvn 134). The■e worker■ were 
interested in determining d~.f! UPion con
stant• in free solution, thus they pre
celibr~teG their solid diaphrsgma with 
iona of know diffusion, and t.aaumed no 
intecaction between 4one and dia,hragc, 
Workers •~eh as Garrels (35) alao assumed 
free solution behav!o!, and used this 
aasumption t~ obtain intormation on dif
tu11ion ot chlorlf!e io.1s throu'):1 varioua 
rocks. 

Anc-ther means used to calculate 
ior.tc diffualon coefficient• la by radio
active tl'actr studies, Thia fflett.od !3 
•~pecially useful when the material 
already c,,ntains subatantial amount• ~f 

the ion o·.: intaresc, and chemical tech
niquer~ we.nld, therefore, be • 11va11p!!d 
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out• b}· th• pr•••'"'c• of tnitl ■Uy large 
quantitle■ of 110blle ion■ in the aaaple. 
sp:i.rilc ■, et al. (36), have uaed ■- tracer 
t'!".'!~1nique used to 110nitor diffusion a! 
22N.::i+, 143c■·H-, lllx-, ■nd 35so; tracer ■ 
tntc neaC cement and mortar. The mea
■ured activity gradient then gave a 
rea■onably accurate aeaeure of th• ionic 
concentration gradient, aasW1ing the 
dt1tance of penetration of tracer ion 
wa1 larga ccai,ared to the range of 
r■l1loaotiYe -p4rticlee e■ltted from the 
uurial. 

2.3.S Reai ■tivity Techni_!lU_!,,~ 
In ~ca• Mp,pUc■tions t.t i ■ not ntto

eaeary to aeasuce the exact -~~~nt of 
material (be it fluid, ga■, vapor, or 
ion■) per■eating through a ••ple, but 

all that i ■ d■■ired t,., a relative 1nd1-· 
cation of the per■eabi 11 tlea of variOl'B 
!lO~:oua aat.ertal.11. It le known that the 

electriet:l reaiettvlty (p) la a strong 
tunct ion of the 11101 sti•re content and 
elect':olyte concen~.ratlon of con-
crete (37). Thu•l by 'oringlng a s~ci ... 
men to a reproducihi.l!' L'litlal •oistun, 

condition, exposing the specimen to ~n 
electrolytic e:olut:ior;, and then 110;1i
torin9 th■ change of ,:-.,aistivity with 

time, an estimate of tte rel&tive •per
meability" can be obtained. 

h technique incorporating these 
principles has been deacrib~d by Ae 1:b~iry 

and Vyae (38). Th~ apparatus consists 

of a lucite tank, the base c-f which has 
a ~ectangular op,ening into ~hich the 
specimen ca~~ place~ and sealed. To 
start the run a O,lN Kf'0 4 solution is 
poi;ced into the tank. Vol ~age 1• ~up
rlied to electrodes on bOth faces of the 
specimen and current monitor~d across an 
apprcpriate shunt. Increase in current 
indicates decrease in resistivity and 
paassge of solution into the teat SI)l!cj_
men. Data presented for a mullite bric~ 

■pecimen indicate a curreflt incr•aae 
fr011 o to :?C 1aa over a perl~ of 25 ■ir.. 

Manhel■ and Waterun (3i) have u■ed 
real1tivity technique• to deteraine 
for■ation factor■ of tndian Ocesn li■e
■tone cores. ~or■ Ation factor (P) is 

the ratio of the electri~•l reatativity 
of the interstitial water (~w) in a 

.,h'en ••dtaent to the bulic. re■iativity 

(P 
19

) ot that aediaer . .-_. 

r • 

Th• apparent diffueton coefficient (dl 

o~ a given ionic species ta related to 
the diffu■ion coeffecient tn free 
oolution (4

0
} by 

( 8) 

( 9} 

Th• tecbni que require■ t.hat the Bflftciaen 
by saturated and that it is p..~sslble to 
extract the interstitial fluid eo that 
its reaiativity can be measured in a 
cali~rated cell. The method o~vioualy 
works bes~ o~ unconsolidated or par
tially consolidated material■, an~ it ia 
doubtful wheth~r thls could be Appli~d 

to har.dened concrete. 
The State of Vermont (40) iv cur

rently evaluating a rea!stivlty tech
nique tiret proposed by Spellman a~d 
stratfull (tl), which i.a deatgned to 
test \ntegrlty of bridge deck meabrane 
••~ling 1y1teaa. Re■ iatance ia aeaaured 
between the rein1orclng steel mat and a 
copper pl~te placed on top of a ap:,nge 
in contact with the concrete dee~ 
surface. 

vei:m~int reports reliability of the 
method to he about 601 when compared 
with :sctual long-term chloride measur.
ment'.&. variations in pavement porosity 
and r-.101:H.:,,1,re content are believed to be 



tbti ••~or int1rf1rencea. The ■etbod hae 
~•n accepted •• an ASTN Standl!lrd Method 

CASTM Dll]l-7·7, !itandard Te1t Method fo.r: 
llectrlcal Re1latlvity of M••brar.e Pave
•■nt■) in ■pl'ce of the poor correlaUon 
with chlorldr! penetration, preauaably 
for 1-.,clir: of any aore preci ■e method at 
thi■ tl■e. 

J,oote (42} baa used • fo11r-pin 
r■■i ■ tivlty technique to deter■ine the 
depth of partial i■pre9natlon of concrete 
with ■ethyl methacrylate re■ins. Thia 
technique ••y be ad•ptllble to det■r■inlng 

depth of i■peraeabllity of overlay ■ate
rial• and deptb of wax ■elting in inter
nally Haled oonc•it:••• It reli ■a on a 

large difference ln electrical reaiattv
ity between two adjacent layer•. 

2.t Criteria for a Chloride 
Pe?Jldability Tut Method 

I~ the preceding section the cur
rently availabl~ tecbnlquea for det~r
■lnation of varlou■ typea of per■ea~il

itie• in concrete and other materials 
were presented and dlacu■sed. After 
careful consideration, it w■a concluded 
that none of the cu:rrently available 
teohniCIIJeS met the raquir .. ent• of this 
project. Ideally, the technique should 
■f'et t.he following crlteriaz .. Results ahould corr.elate 

directly wlth the long term 
pe~•••bil1ty of the member. 

2. Teat should be rapid. 
3. Devlce should be portable. 

•• Device •hould prefMat,ly •ea-
sure per■eability in-situ, 
without disturbing concrete. 

5. If in-situ ■eaaurement is impo1-
Bible, teat ■ on cor~• should be 

perfor .. d i~ l~boratory. 
6. Teat should ■ea3ure depth aft 

well•• degre~ of impermeabill~y. 
I, the following section, available 

and propc,sed aethods are divided into 
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general cate9oriea and the ability of 
the ••thoda to ■atiafy ~heae criteria 
are di•cu•■•d. A value of 1 point la 
assigned for each of the criteria ■et by 
tba teat ■ethod and rar.kln9 ia pLe■ented 
in Table 2. The methods are broken down 
into the following categories. 

2.,.1 Non-De■tructive Techniguea 
Purely Pa■aive 

2.4.2 Direct Tec~niquea 
water Permeability 
Air Permeability 
water Vapor Transmiaaion 
Blectrical Methods 

2.t.l Non-De■ t£uctive (Paa1lve) 
Technique• 

Ideally, the teat itself should not 
diaturb the in-place concrete or subject 
the concrete to cl.ieaical aolutione, mois
ture, electric current, or other factors 
which aight poaaibly affect the perform
ance ot the protective system. A. variety 
of non-destructive techniques have been 
developed or are ~nder developaent for 
aaaesdng strength, 110dulua, moisture 
content., chloride content:, depth of 

cover, corrosion potential of reinforce
ment, void areas, and other properties 
of concrete. These aethods either 
directly measure the property of interest 
or are baaed on the fact that there is a 
unique relationship between the property 
of interest and some other property which 
can be related to the measurement in 
qu~1tion. Por esupl~, the velocity of 

prop,,gation of acoustic waves through a 

•aterial 11 proportional to tbe elastic 
•odulu• and unit weight of the mate-
rial (43). Thia bas a i,ound theoretical 
baeta and has bee~ ezpertms~t~tly veri
fied. Therefore, m~asurement of acouatlc 
•ave velocity can be used with a certain 
degree of confidence to predict in-place 
moduli of concrete (44)s As another 



'l'A.9LB 2 

IWIKlNG OF PIROPOSBD TBCBNIQUBS 

Tecbnique C.eference(a) Ba•J• for Metbcd ~dvantagea Oi■advantege■ 
Aeaiqned 
Point• 

Chloride 47, .. , Migration of Cl .. Rapid Heating .tffecta 5 
Miqre.tion under iJlposed Sboula cor-- Difficulty in 
(Blectr 1- potential relate with paas ing icur rent 
cal '.i'eat) cause■ increase long ter• cannct 1..1eaaur@ 

of current with p'!!'raeability depth i:;f 
tiae clue to Poe table iJnP41rmeab il i ty 
electrolyte now Relatively 

non-deatruc--
tive 

Water 2~. i6 Capillary action Sillple Sl<na 3 
Pec■eabil- Non-deatruc- sensitive to 
ity tive t•peratur~ 
(Low-BeadJ and initial 

aolatuice 
cor ';ent 

May not cor-
relate w/long 
ter• ~r-
••ability 

cannot ■euure 
depth of 
iaper■eabllity 

Air 16, 29 vacuum dee l .i.nee Relatively llaY fiOt cor- J 
Per■eabil- aa "!r flows out ai•~le re!ate w/long 
ity of c:oncret'!' Poi-table t•r• per-
(Va.cuue. meaDllity 
MethOdl very aena1itive 

to IIOi ■ tUt,i 
cOl'ltent 

'B.ign teat 
variance 

Requires holl!;S 
drilled into 
ccn.oretc 

Water AS'l'K C355 Diffusion of F.elatively Sensitive to 2 
Vapor 17, 32 watet vapor simple t.;.::!!per:ature 
Trans- undet humidity i'roven appli- sensitivt11 to 
m~ssion gradient t;;ability tc init lal JDOis--

,·ome 11ate- ture cont@nt 
rials of Destructive 
interest Not readily 

a.da.ptabl<t 
to f1.eld 

SlOW teat 

.rout-Pin 42 Difference in simple to Requires large l 
Ret.ia- electrical ... difference In 
tiv ity resistivity Rapid re1i1tiv ity 

between layers Applicanle to between adja-
P.I.C:. cert layers 

""ll=nlitive t.o 
moiei:ure 
content 

Only 11@asure11 
depth 



e•.wpl~, there lb «n approxi■•lely linear 
~~tationa~ip batweeh •~tenuatlon of 
R-r•y• and density of -..~terlal. 'l"ht1s, 

in-place density of cohcrete can be meas
ured uJlng trans=i ■cion of ba~•scatler 

tY~ radiaaeter e~itaent ('S>. 
Thia reviev of the literatL ... , 'iow

ever, ha• indicated that lhere arc, no 

unique funduental relatio~•htpa between 
per~eability and relatively e1aily mea, 

ured prop,erties su~h as density, ehemic&l 
composition, poroeity, er electrical 
propertie■• Indeed, •perneabilit)"• ia 

not a pros,erty ~tall, but ~er~ly ~~ 
operationally defined quantl ty "fhich 

relatu t!'!e aaount of any g!•1en 1J11bi:itanee 
wb!cb can pass th~ough any one ■at!rial 

under a ~ingle set of test conditions. 
Witnese the dibcrepancies between air 
and water pe.r■eaM 1 H.!.::z on the s,A11e 

111aterial (46~. 

Ir, therefore. •ppears that in order 
to satisfy Criterion ~l. teats •~st be!' 

aade using the Bl.'brt.11nce of interest., in 
thiP -="ase chlori~~ ior.. It is gult@ 
possibl~ .. ~ ... t Chue ~~-I.>! an empirical: 
~F.!~~ between ai,, ~ater, or other 
tspe,~ of pl?!rr~ob:!.1 i ty and c'11or!de per
l!:.1tabilit:1 (Cr1terion f;J.), hOWE:-Ver, there 

is no way of knowing beforehJ1:nQ ._·!'!ether 
this is the case. Passive method3, 

however, IPPf'!lr t.;,t11.lly •Jnpromi sing. 

2.c.2 Direct Techniques 
2.4.1,:? !.ater Permeability 

The high puaau • .-e techniques fail 

to ~eet 110at of the criteria, 3Jnca thev 
are deatructi Je, time··•COTiSUlling, not 
iidaph,ble t::» in-- ·Jitu work, &nd do not 
necessarily sathfy Criterion tl. The 
low pressure tc: :u,1quee suf":er from 

their aena1tivlty ~o initial moisture 
conten':, ane'! 3re ,aain'. '.I a measure of 
capillary rise. :.rechniqt..ei'\ s;,1ch ..:e the 
BM mett'l.:>d {'26), !10fif't'":!r, "u de1terve 
further study. 
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2. C. 2 .2 Air Eera,H.r,!H ty 

The high pressure tP.chn1 ques 1tuffer 
irca tt,e sa11e di111i • ,,a,1tagea as the water 
Hthoda. Low preas,p•e te~nr.iques ere 
very aor.slti"'e:, to -Bv-.stnre content and 
p~oblema arise with effeeting ad@quatt 
8"·11.lS in an in-al tu t;, .. tt. •L•hey may be 
'AOre rapid ·.:han v&ter 111ethoda, hmtever, 

and deserve a li•ited aaount of r~lot 
Cea ting. 

2.,.2.3 Wa~er-vapot ~r,n•misaic~ 
The work o! Morrison (32) indicates 

tnat the■e techniques ~a; be applicable 
to the ■aterials to be conaider~d in this 
study and dea~rve fui:-thH im;-estif:,ation. 

Siowneas ~f t•~t, hO\,-ever. giv9S these 

•ethflda low priorlty. 

2.4.3 Blectrical Methods 
It is obvious that. cnl?tide migr;;

~ion into even high v/c ratio con~en
tional r:oneretes is a very slow process, 
and in itself would not constit~te • 
rapid test. Recent studie11 (,17,.C8J, 

how·ever, inc:Hcate thai: chlcdde can ~e 

,:a.used to migratt out of a concrete slab 
quite rap:i.dly un,111'1!..- applic..,tiou of an 
external electric ffel~ imfosed across a 
concre~e slab. 

Thh. technique could be utili -zed as 
~ chloride ~r:aeability ;nethod i!: the 
pola.dty 11err.- ,·e-;,,t:>ued, th~t is, by 
makinn tn~ t"teinforeing st.e~l e.1'1odic (+); 

chloride ion, !,ruing a negative charg@, 
would ~i~rate !!l_!:~ the concret@, As the 

electrical -:eaistidty of concrete 
decreases wilh increasing chloride jon 
concentrat1on, a measure of the inci:eaae 

in current with time could be correlsted 
with the Ul?unt of chloride entering the 
ccncrete. Additionally, Pt the termin~
tion ~f tha test, samples coulU be taken 
to verify the ing~ess of chloride by 
subsequent wet chemical analysis. 



2.5 Concluaiona frca Lit,uature Search 
1. Although aany accepted tech

niques are available for deter
~ination of the peraeability of 
concrete to high water head■, 
water vapor, and air, only long
ter• ponding ■ethods are cur
rently available for deter■ ina
ti~n of chloride per■eability. 

2. While it ■ay be possible to 
establish an empirical correla
tion between water and air per
•eability an~ chloride ion per
aeabilities, the differences in 
transport aechaniau preclude 
the uae of d&ta gathered via 
conventional techniques in 
pred1cti~1 long-ter■ chlorid~ 
per■eabi!ity without eztfnsive 
croa■-correlationa. 

3. A• J,er■eability is an op~ra-

Therefore, it i■ likely that 
■CK'le type of conditioning will 
be nece■aary prior to u-wting 
ao that all apeciaen~ can be 
teated at approxiaately the 
aaae ~egree of aaturation. 

2.6 Selection of Re■earch Appi;!!!Eh 

2.6.1 Option l; 

Evaluate all poaaible techniques 
for deter■injng peraeability of concrete 
aateriala. AB t.hia would !ene little 
ti■- or funding for ■ethod developaent:, 
only co~ventional technique■ could be 
studied. 

2.6,2 Option 2 

St.udy the •echani• of fl011 of 
~hl~ride ions throu9b concr~t• Jnd con
crete ■ateriala under applied voltage. 
Rigorously define all variables (i.e., 

tionally defined paramet~r, aggregate type, ce■ent, ■oiature con-
there are no funda■ental theore- tent, t•perat~r•, etc.) aa to their 
t:ical relationship,; betweer, it effects on ion flow. Then proceed to 
and ~aaic physical properties. develop an instrument capable of ■ea.-

Thu&, the measurement of such auring chloride ion flow in laboratory 
pt~perties as density, porosity, and field situationa. 
wav,: velocity, or other phys lcal 
pi:-operties holds llttle promise. 2.6.3 Option 3, 

4. Chloride ion can be forced t·:> 
rapidly migrate into concrete 
under the influ:!nce of .en el.ec
tcic potential. This techn1.que 
is especially aE,-pealing a'J t:he 

test permeant h the substance 
of int·.ereat, i.e., chloride 

ions. 
s. Change of electrical resiatlv

ity with depth aay be used to 
assess the thickneae of an 

impermeable layer. Thia could 
be used to determine Ndepth of 

i11permeabil ityN. 
6. Th~ permeaCility of conccete is 

influenced by its mcisture con

tent at the time of testing. 
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Devote a li•ited effort to evalu&
tion of conventionel ted1niques for 
water, air, and water-vapor trana•iaaion. 
Develop the applied volt1,19e technique on 
an empirical basis to th-: point where 
field and laboratory testing can be 
~arried out u■ ing a ■et routine, and 
rt!Bults can be correlatod with 90-day 

ponding data on comp,ac i1on apeclllen■• 

2.7 !J?e~oach Se~ected 
1·_ was felt that restriction of the 

project tc use of conv~mtional techniques 
might: result in failuu1 to develop a 

reliable 111ethud. Devotion of all 
ra&earch to the study of chloride ion 
flCIW, wt,ile certainly c::011111endable froc a 



b&aic releareh at.ndpgln~. al9h~ be ao 
laboriou• • ta■ k that no pr4ctlc~l 
ln•truaent cou~d be develoJ)l'd within t~• 

original project tundln9 •nd ti•~ llalta
tiona. Porth••• ceaaona, a aiaaio~ 
ori•nted approach (Opcion J) waa :hoaen. 
Developi:ent of th~ ap~liecl volta9e 
technique had to be ~•rried out in•• 
efficient a aanner a■ poe1lble, with the 
■tudy of the basic aecbaniu of the 
technique de-eapba■iHd. Thi• would 
allow time for lialted evaluation of the 
IIO&t prOlal ■ lnt eonventional tech~iqves, 
and ,iao an evald•tlon of th• te~t uaed 
by Locke t U) fQr aeuurea•t".t. of the 
depth of lapera•at!lity. 

l. ll&TIIOD DINBLOfMBliT 

3.1 T~■ting of Rocke, Caent Paateo, 
and Mortata 
An initial aeriee o.t ez:ped.■•nt■ 

was designed to yield lntor■ation on the 
relativ~ cbloride per■eab111~y of 1a1ll 
apeclaens of v1riouB aqgregat~s, cement 
p,iates, and aortars prepared frC'tt tt~~e 
crushed aggre~~tea and ceaents. Ini
tially, the apecimena ~~re teated i~ the 
for■ of discs 0.175-in. (C ma) thick z 
2 in. (Sl U) in dl.uieter ln uall eell ■ 

previously used at PCA in alkali/aggre• 
gate reeearch (C9) (see Pigure 5). The 
specJ ■ena were exposed to a 301 NaCl 
solution on one side of the membr~ne, 
and di ■ tilled water on the other. Thls 
waa choa~n ao aa to ■axiRiae osmotic 
tore••· The concentration of NaCl on 
the distilled wat•~ side waa aonitored 
at daily interval• using Ouantab{RJ• 
chloride ■ tripe. Result■ after 7 days of 
te■t are given in Tat,le 3. It la seen 
that all rooks te~ted exhibited higt1er 
peraeabllity than all but the most perme
able ce11enl pa.ate (w/c • 0.6>. In the 

*Rigl1€ered trademark, Ames Co., Elkhart, 
Indiana. 
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ity rock ••• ua-e-U •• a91Jt•91te, the per
Mdbllity of th• 110:tar waa Al)Plrently 
d•t~rmin•~ w«inly by the peraeabillty o, 
the pila~e. When I high per•eabillty 
•9gr•1•t• wa■ ~•ed, the peraeabllity of 
the •~~reg1te h~d a large effect ~ven at 
low w/c r•tioe. 

:!'M!!Ll 
OSl«lTIC CBLLS 

I N.Cl In Left Side at 7 Day■ 

Rock ♦ _1 __ 2 __ 3 ___ 4 __ s __ ,_ 

,.o ,.a 0.29 o.n o '7 0.12 

r,~te w(c LL M.. o.s o.6 
-2111 110iat 0.02 0,03 o.o·; 0.30 

112 Mortar■ with Rock f _5 __ 2_ 

- 28d ll<Ji•t lt,'C 

o., 
o.s 
o.s 

0.02 
0.15 
0.32 

o • .t 
0.29 
o.4& 

~h• OUl~tic cell w•• then ■odifled 
by pl•clng ccPP4r aeeh 1creens on both 
■idea of the test epeclaen. The screen 
l•eraed in 301 N.Cl was connected to 
the negative le•d of a 10.0 Vdc constant 
~oltage power supply, the •creen iaersed 
In di■tllled water connected to the poei
tlve lead. The current (in ailliamperea) 
generated at 10 Vdc was 110,1itored as a 
function ot tlae. Plots of current vs. 
tl■e for rock, P«■te, and aort•r ■peci
mon• are shown in Pigurea, through e. 
Although the precise ai9n~flcanoe of the 
shape of the curve■ ls unknown, it ls 
evident that the ■agnltudea o~ the cur
rent are 9enerally prop0rtlonal to the 
chloride por~eabilitla• determined in 
the oa■otic c~ll teita. The results of 
these preli•lnary exp~tlaent~ indi~at~, 
therefore, that fl~rth~r develo~'li.ent work 
or, '..he applled volt:age teehniqoe waa 
warrant~. 
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).2 ,·uttnq af Cancr•t• Slabtl 
l.2.1 Slab Spectaena 

In order to •••••• tht· •ppllcabiUty 
oi th• appli.« volt•t• ••tht':14 to largeI 
1oale 11pect,ena, a ■er!•• oi! teat• ••• 
c.~nduci:ed on reinforced conc.irete slab•. 

Th••• ~••t• Q.5 ft 3 t .01, 111
3) 1-p9ci■ena 

h,1vlng th• di .. ,1eion1 shown in Pigure ,. 

Two ••t• of No. 5 (16 1111) bar■ were tied 
tc9~theA wlth wire. Tbe upp1i t•tran1-

v•-=•••> •at was ■et at 4-ln. (102 -> 
,:::enter•, the lower ,• 1on9l tudt nal •) at 
►ln. (203 •> centers. A knur' . .,J ~teel 
51ln wa■ u1ed for the electrical eonn,c
tlon. Ther110COUple1 were plaoed at l/2-
(.13 ->, 1- (25 •>, and 2-in. (51 M) 

depth■• Clear eover over the top ••t 
wu 2 in. ( 51 ->. Two concrute atxe1 
we:e utiJ hed, the fl rat (B-fill) being a 
hlih wat■ r-ce■ent ratio p(:r~eable mix, 
the ■econ<: (B-35) a low water-ceaent 
ratio den•~ coneret~. Batch q1,1antitl•• 
and cbar1cteriatlc■ are ■hown in Table 4. 
f',pecl■ena were aoiat cured for 28 day• 
prior to test. 

-••d \nto t~~ d\~•- A Ko. 4 (4.75 .,J 
aeah co1,par acr••n ••• u■ed •• the ne91-
ti ve etel!trode. The electronic eo11po

n•nt• ue11.1 at• •bown in Pigute 11. A de 
pOW•r ■upp~.y ia u11c! t<- l?ply a con■tant 

voltage betveen the copper ■oreen and 
■t.•tl reinf-::>rcing ■at. The current f'low 

is ■onitored by placing• di9it1l volt
meter (DVM) across a 100-av ■hunt i~ 
■erle■ with the copper ■creen. Thi3 
afford• a aansitlvlty of 1 ■a/0.~l ■vt 
thus current in •illiup■ can be read 
dl re.:=tly froa the digital ·,oltseter. 
Initial and final realltan,::ea ~t ... n 

the ateel aat and the copper ■creen were 
■eaau.red on ■OIH of the test ■lab■ ual ng 
an AC r•alat,-.;nce ll■ter CNil■■on 

Model 4001. 

3.2.3 Preli■in,ry Te■ to 

The concrete elaba wer• 1ubjeeted 
to aprlied pot-~nti.1le of 10, 20, and •o 
volte for period& of 1, 2, anQ • hour,. 

Plot■ of current: ve. ti~i• are •hown ln 
Pi91Jr1t 12 for ,t/c • 0.6 and Plgure 13 for 

!MJ,LJ 
PRBLIMINARY CONCRETE MIXTORIS 

Mb Quantitles {lhl!IJ'yd3) 

!!.~ 
1-60 
B-JS 

!L.!!.... 
0,60 
0,35 

~ 

322 
670 

I/ kg/ ■3 • lb{yd 1 X 0,59-4 
'J-1 • • in. X 2S.4 

3.2.2 ApParatua 

U3 
241 

Th• apparatus u1ed to conduct the 
t•■ t■ on these sl•oe la ahown .1.n 
pigure 10. An acrylic dl~• va• affixed 
to the concrete surface with silicone 
caulkl~; c0111pound. The silicone was 

!!~ 
1,314 

968 

~ 

2,144 
2,056 

Slul\p2/ 
(In.) 

LO 
2,0 

Air 
ill 
5,3 
5,6 

w/c • 0.3S. The brealm ln the curve■ 
repreaer.t ti11ea when chloride drLll ■111-
ples were taken, the teat bein9 inter
rupted for •pproximat,ly 45 mi~ to allow 
for drilling and backfill cf the drill 
hole with rapid-aettin; epoxy. Except 

ai,-cur~d ovarnight, and the following for the highest voltag@ applied to the 

morning l,SUO ml of sodium chloride aolu- hi9h w/c mix, all curves appear rela-
tion (301 us0d ln initial teats) was tively flat throughout th■ teat period. 
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FIGURE 9. SLAB SPECIMEN DETAILS. 
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Chloride s&Dtples were obtained using 

B- 1-1/0-in, (28 •i diametl!t carbide bit 
on a rotary-impac;::t hau,,e,r. Samples were 
ground to pass a 100 !1!@81! sieve and ana

lyzed ualng the Gran Plot technique {50), 
Results of chloride s:,11pling 

(Tar,l-, 5) taken at depths of O to 1/ 8 in, 

si9nificant amounts of chlorlde into 

hi9hly permeable concrete, 1Lttl6 dif
fer~nce between simplg ponding and 

applied voltage could be found t~r con

crete~ of looet petmeu~llity. In o~der 

to inc:rnu-e the, sensitivity of the te"'t, 

therefore, it was neces1:1ary l:o inves-

TABLE 5 

CRtORIDZ ANALYSE~ 

0-1/6-in. 11 Depth 

(I by Weight of Sample) 

Applied Voltage 

~-"'..Jh!Q 

!!!! ....!LL !!L1... ~ .!Q_y_ 

1 hr 
2 hr 
4 hr 0.130 

0.062 
0.125 
0.208 

0.157 
o. 298 
0.356 

O.U2 
0.206 
0.394 

w/c • 0.35 

1 hr 
2 hr 
4 hr 0.150 

0.06".' 
0.130 
0.181 

0.029" 
0.152 
o. 282 

0,082 
0.105 
0.174 

Baeel i.nee 

w/c = 0.35 /· 0.00449, 0.00679 
v/c ■ o.50 / a.00630, 0.00071 

•ou~stton3ble result 
1/ mm • in. X 25,4 

{0-10 fflll'l), 3/ 8 to 5/ 8 in~ (10-16 111m), and 

J/4 to 1 i:i. (19-25 mm) indicate that at 
shall;)W depths chloride penetration 
increases bott with voltage and time, 
but at love.r depths little ehlorlde nbs 
penetrated e\•en at the highest voltage 

enwployed. Co'1trol tJla:hs <ponded with 

301 Na.C1- but not si:bjected 1:o voltage) 

showed approximately equal ct-,loride 

cone111ntl'ations in the first 3/0 in. 

( 9 mni) fot both con,:r:etes, and no si9-
nific~l"lt chloride at: lO\fer lAvels. This 

set of resulta indicated that: altho11gh 

40 Vdc..: "Ppliecl for 4 hr would migrate 

30 

3/4-lin. 
0.0131 

3/4-lJn. 
o.ooea 

l-l/2 - l-3/4 in. 
0 .0108 

J-l/2 - 1-3/4 in. 
0,01?2 

tigate the use of higher volt~ges and 
longer test pt!'riods, 

3,2.4 Testo at Higher Voltages 
Concrete slaba having w/c,. 0.35 

were treated by ponding a 301 NaCl solu

tion on top of the slabs and applying 

direi:-t c~1rrent at fixed voltage-; of 40, 

80, i.l1!i'.!! 120 Vde for perio~s of 4 hr and 
8 hr. Results, s,,ciwn ih Figure HA, 

i~-:!icate a steady increase i;-. C'~

detected at the 3/16- and 1/2-in. {Band 

!3 mm) l~vels as vo~.tage is increased. 

Figure l4B indicates a lar~e ~ncrease in 
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ct- detected at l/2 anc! 3/<I in. 113 

anO 19 i:.J •• tl•e at 80 Vdc la extended 

fr~ 4 hr tc 8 he. ~• B hr aay 'hE incon

veni~nt for a field teat aituation 
(requi.,:•1 .,q over~ime to 119tup al'id break

a~.ml ~ t~at periOO of 6 hr. was also 
tried. P.~sul.ta (P'ig~re lSAi ue also 

vt=-,:y prom~"llnq, indic,11tir1~ .-irout 0.351 

Cl- at V'i. ir,. {lJ UI) after S hr of 
t"':st at 80.0 V, 

A.11, the t:elati l:'9 .:ba:i.qe in actual 

lletlutton c,.,nccntrat:liun d.1r:n1 the P'!riod 
of teet is very ,~all lf on• ~tart& wit~ 
a t,ighly co:ice:tittt'lt,i:!d f30~) NaCJ. !?lU

tion. · .. ·e dfllcided lu ti:y a j.0\ initial 

eov.atic.r, under t", aa11e conditiona. 
Thia alght allow one t" di~~n•e wi t.h 

cnlotiJe drill aampl,-.ng i~ the flie,ld H 

the ch.ange ia con-::entra.i:.io-. c.,f :.:be t)Ol\d.

irg solution waa ~rea~ ~~nugh, The 
Cl- protile f~r this test ('i9ure 15Al 
al~o indicates~ hiqh concentration o! 

C) at V2 in. r13 111111). s01,.:•.ion con· 

~entration ~ecre~se~ 0.5\ 1~ NaCl aeas
ured using Quanta~tR} cnloride in1i
cator t.tripa. Al though 1 ater testin,;; 
shuwec! these stri~s t,:, \,e inal!cur3te, 
tMey did indicate that some meaaurabl~ 
c:tlange in concentration bad .t.!11-en place. 

The test "'as repeatec:1. using con

crete with w/o • 0.6~a Results, ~hown 

in ~igure 15B, show a. .!,!,.v_~!..!! chlor.-~de 

9u,dient. Th ts i ndicatits that 1.•~loride 
ic:, tM!ginninq to acc:\,mulate at loi.eT 

d1rtt.s faster than it can be p..tlled in 
f(o.1\ sol~tion, which would be e•p~ct~d 
1~ ~ very perae~blQ &yatem. Thie teat 

also GhO'ft''.'! th•t a Set !.es 'lf sa11ple~ 1iUSt 

t:.! ·:aken at increasing d~pths. Otian:
viae, if one wer'!! to si•1ply saa,ple at 

say, 1/ 2 in, ! 13 •l, the concretes 
would appear to have the sam~ chlocl~e 
permeabilities en the basis of the 

ei~~le ;:,oint result. 
current cise as a function of ~ime 

at 6'0 Vdc is shown ln Figure 16. 'rhe 
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high•r c 1J.nent1 encountered in the 

0.150 w/c concrete can ~ attri::..Ut,ed to 
tht lower circuit resistance (initial• 
65 Q) relativ>l to the 0.35 w/c ..;oncrete 
(lnitial • 120 n). It la interest1n9 to 
note tt,at final circul t resistances were 
•uch closer (32 o for w/e • 0.60 vs. t£ Q 

for w/c • 0.351. 

Teapuatura .·ioe •• a function of 
time for w/c • 0.60 concrete et 80.0 Vdc 
ia ahoun in Pigure 17. Pinal teapera
tures after~ bs of teat r~nge frOll 
lSO°P (66°C; at th~ surface to 170°r 
p7°C) at 2 in. (51 _,. These can be 

considered c:cn•~~vative estiaatea, aa on 
an actual structure the heat alnk would 
be suatftntially greater than that of an 

o.s ft 3 (0.lt ■3 ) specimen. 

3.2.5 Con<.luslons Derived frc:m 
Pr•liainaty zxperi•ents 

1. It is pc>sslble to accelerate 
111igra",;.ion of chloride ions ~ 
concrete by app11cati~n of 
potential between tbe surface 

of a slob and the topmost rein
forcing 111st. 

2, In order to ~istingulah between 
highly permeable end moderately 
impermeable concretes, a teat 
period of 6 hr at 80.0 v~c haa 
t-een selected. Rapid besting 
due to IR losses pr~cludes the 
use of higher volta9es, 

3. The permeability of the teat 
specimen may be aaJessed by 
examination of plots of current 
vs. time, chloride concentca
tion va. sa•plLng depth, or loss 
of chlc.)ride from the surface 
solution. 

4. LAB(),A'OORY TESt'ING 

•.1 Test Specimens 
Specimens of various types of 

concretes Nere pcepared at the PR~A 
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laboratoriee. The apec:iaene were ifi the 
form of sl,ab• having d t••o• ion1 of 
23-l/2-ln, 1597 •l lon9 I 12-ln. 
(3~S •I wide x 6-in. (152 •> deep. 

P h,e of the■e Blabs ware cast froa each 
concrete aixture. Two Mntained a aat 
of rein!orceaont c0naiating of No. 5 
{16 :a) bars or1 5--in. (127 •) center• 
!top) and No,• ilJ •l bar ■ on 10-ln. 
(2!t4 -) ce1,te1s (bottca) (Bee Pigure 
18). The two mats were j~ineJ with 
ateel wire ties. one o~t of each set of 

th••• reinforced 1laba contained a set 
(A> of eabedded theraocouplea located ,t 
depth■ of l/2 In. (13 •l, 1 in. 125 •l, 
and l in. (51 ._, an~ di~ectly above a 
ltffl rtinforcing,bar, and a 11ng~e 
theraocouple (B) located midway between 
two Nr• at t~e l•vel of the eeeel. The 
reAaining three slabs were unteinforceJ. 
All alaba (with the e~certi~n of the 
lat.1nr aodified ■hes} w:e cured for U 
da.y& under ~et butlap, then wrapp~d in 
plamtic s~eet and shipped to our 
facilities for testing. Latex modlfied 
■peoi■ens were burlap cured foe l day, 
followed by dir curing. One plain slab 
fr011 each mix ~as retained at FHWA for 
90-day chloride ponding. The reuining 
four were shipped to CTL/PCA and stored 
a■ follows: 
Set 

!!2.:. Stor59e Condi~ions 
l Stotl)d in fog toom approximate\y 3 

months prior to test, •moist• (rein
forced slabs vith therl'IIOCou;les). 

2 Stor~ in air freezer in heavy 
plastic baga at oO, (-1a 0 c) to 
maintain 1110isture content £n the 
•as-received• condition (rei~fcrced 
Blabs). 

3 Stored in air at 10-1s°i-· (21-2, 0 c) 

and 50-60 percent RH (pl!dn slaba 
only), 

4 ligbt cores, 3.75 in. (95 mm) in 
dia•eter were taken from these 
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■lab■, then placed in th,. t.ir 
f.ree1er. 
Slab null.bar ■, de■cription■, and 
■torage condition■ are given in 
Table 41 (Appendl1 7). 

4.2 Concrete Mixture, 
Ten concrete ■ht•Jrea were produced 

for thil 1tu,ty ('!'able 6). They conai1ted 
of conventional ron~rete■ (Mixture■ 1-3), 
specialty concrete• (Mlxture■ 4-6) and 
o,,•eclaya (Mh.tureu '1-10). 

Overlay■ were placed over b••• 
course alaba having w/c • a.so. Bue 
•lab• were aan~bla1ted to reaove all 
iaitance prior to applying the overlay■• 

Portland ceaent grout va• u■ed •• & 

bonding agent for the Iowa and internal!y 
sealed overlay■• Late• grout wa■ u1ed 
to bond tbe latex overlay•, and a •quick 
oeal•(R)* resin containing 11 accel
eratot used to bond the poly■er concrete 
overlay. 

All internally sealed ■peciaen• 

(overlays and full-depth alaba) wete air 
dried for ~ne week after curing, then 
aurface heated with blankets until the 
te•p•rature reached 185°F (85°C) at 
2 in. (51 a) fr011 the surface. A •~t 
of internally sealed concrete■ was left 
unheated. 

Polyaer impregnated concrete• vere 
produced at Broolcl,aven National Labou

tu1 ie~. Th• alabu were dried for 72 hr 
at 1s1°F (66°c~ followed by 48 hr at 
250°F (121°C). Tbey ~e:e th~n evacuat•d 

at 76 r.■ Hg for ~4 hr, and a 110n011er 
system containing 951 NIA - 51 THPTMA 
was used to impregnate the alat>a, They 
were then soaked 36 hr, followed by 
heating at 19o°F (88°C) for 4 hr, Poly
me~ loading (by weight) avera9ed approxi
ma'.:e)y 51. 

Polymer concrete overlays cona·isted 
of• mixture of wqulok-dP.ck•(R)* re~i~~ 

1Reglatend Trademark, OUTt Inc., 
Pittsburgh, Pennsylvan!a. 
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TABLE 6 
CONCRBTE N/XTUIUI CJWtACTEIUS'l'ICS 

B9tch Quantiti11 (lb/cu yd)l/ 

Depth 
to 

overlay Steel 
.ttix Slwop Air DeptbZ/ Nat a/ 
!1.2i - Type £!.!!!!:E !ll!£ -'Clditive (s) jin,l2/ .LU jin.) .ilJW._ 

l w/c • 0,60 658 3g5 ,.a s.o 2.0 

i ,1/c • 0.50 658 329 l,4 5.5 2,0 

j w/c • 0.40 658 263 2,0 7.9 2,0 

4 Latex 658 158 Latex 7.2 7.7 2.0 
llodlfied Bllul■ ion - 198 

5 I nternall.:i 658 36' Wal Bead• - 119 3,f 3.7 2.0 
81&1'1'5 

6 Polyar PMNA 5, by 
Japregnated 658 329 wt. of Dry 3,2 s.2 2.0 
Concrete concrete 

7 LBtex Latex 
Mcid:l"!!. ... a 658 158 Bmuleion - 198 ,.o 3.7 1.2~ 2,25 
oJverlay 

B Internally 
Sealed 658 365 ilaa Bead~ - ll9 3.2 3.3 2.0 3.0 

Overlay 

9 Iowa 83'J 272 
Overlay 

10 Polymer C::on- 19.91 ":,iu ~ck •der:k 11 

crete overlay: 0.41 
79.71 

1
2
// kg/■3 • lb/ydl X 0.594 

dli • 111. X 25.4 

acc6lera,tc,r 
-8 sand 

~nd minus 8 (-2.4 DJ JHMh sand in pro
portion■ of 20180 by wei,;nt. AcceJ.ierator 

wa■ added at 21 by we~ght of r1ein. 

4.3 Teat Procedure - Slab Sp~cimen.~ 
The apparatus pre:viously UH~ on 

the ■maller el~bs (see Pi;uces 10 ~nd 11} 
waa al■o used on Seta 1 and 2 of t:a1 FHN'.\ 
slab specimen■• In this case 3 p~rcent 
NaCl solution~•• uaed. A volt$9e of 
80 .o ± O. l Vdc waa applied tor 6 hrs J.n 
all cases. Current and therllOc~uple 
reading• were monitored at 30~mi.nute 
interval■• 
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a 6,7 2.0 3.0 

resin o.s 1.5 

At the conclusion or each teat 
200 11\l ~f the surface aolution waa 
collected into a polyethylene ■ ample 

bottlt:. JnHial analyail for ~thloride 
conce,1tration w~a done 'JSin9 l. cali
brat~d direct-readin9 <,bloc ide electrode 

(Orion Model H-17),. "fn 80llle solution• 

the pll inc::eaaed to hi9hlj' allr,11.line 

l11ve~a during the teat period. It we ... 

l.tter found that t.his .realllted J!':. a. 

eb!ft of the cnlocide caltb!ation ~urve, 
ceaultinq in rep<Jrted l".,a,:Hnga of solu
tion :.oaa (IJ be1n<? gr3atdr thin the true 

loaaet•. It waP poeaibl e to ov1H,1ome 



tM•~ pcobl•• by acidification of tbe 
t•1t aolutlon to• Iii between 4-5 prior 
to taking the electr0C,e r1ading1r how
ever, thi• •~1dlfication v•• tedious an~ 
tl■e-con•ualng and no aore efficle~t 
than li■ple potenti011~tric tltra''on ol 
an •cidlf1e4 10111t10n. Therefore, the 
value■ reported tor •solution lo•• 1• in 

the aolet and aa-receJve~ ■lab aerie■ 

are to be taken a■ reletive lndi01tlon1 
or concentration change■ only. In later 
atudite the valu•• are 110re accurate, 11 
they were o'Dtainect by potentloaetric 
titration (Grar. Plot). 

Chloride drill 1upl11 were taken 
after the te■t ■urface had been fluahed 
with water and dried. soplea vere 
taken above the centrally located upper 
reblr. Saaple■ were taken at the fol
low!ng incre11ents1 0-3/ a ln. (0--10 a), 

:ve-va !n.(10-16 .. ,. 5/8-7/8 in. 

(15-22 •l, Vt-1118 In, (22-29 ,mJ, 
!118-1:l,18 in. (211-U _,. The final aam
ple i ■ a 1/2-ln. (13 n) ln~re11ent, as 

little chloride is usually ~etected at 

■uch a depth. All samples were ground 
to •100 (-150 um) ■eah prjor to extrac
tion and analyalu. 

Suplea for frte wat~• content 
<-'•teraination w,1.u, 'ta\l:.e:1 priot t.o each 
tfllat on thtt t•r.teeted hr:lf of the slab. 

Th••• conaiated ot drill aa11plea take:, 
.:1t. 1/2 .. in. (13 -} inm:ementa. S.:!.mplea 
11,e:r• r,,laced in plasUc: viala immeH~tely 
after drilling. Pn·e .... ater wao deter
alna4 by loaa on dr:;·ing for 48 hr at. 
221°F (los"ci. 

4.4 ~••ult■ of Slab ~~•ts 
4.4.1 TAata on Ncist and Ai-Received 

~ 
The apparatus and technigue dea

cri ">ed on page 24 was applleh to Seta 1 
and J of 'Che reinforced slabs. '?he dike 
eoyere.~ one•half the aurfac,! of t:1e al.ab 
under t\~lt, allowing the tf,mai?;der to be 
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teJted at a later date lt d•eired. ~ 

voltage of 80.0 vt.c Miu applied in each 
case for i hr. Th~ following parameters 
'ler• l.'.t.ed to charac,~eti11e .:he permeabil
ity of each 111pecj,me11~ 

1. Char9Gl!i paaeed ir. co1Jlomba • 
integral of current. vs, time 
\lftd~r teat, 

2. solution loaa • dec:rease ii, 

concentratlon of Nacl aoluti<.-n 
ponded on surface ot alab. 

3. Chloride concentrations• 
percent CC by wet.ght of 
concrete at a given ••■plin9 
dept~. 

•· Total chloride• integral of 
~hlorlde pr~fil• (con
centration vs. depth). 

AdditiOnJlly, by utilizing the •~bedded 

thermocouple■, the temperature ol one 
set of reinforced slab■ (Set l) was 
aonitored during the period of test. 
Plots of temperatur~ at. the 1-in. (25 mm) 

level vs. time for selected slabs ara 
shown in Pigt.•?e 19. The 1-in. (25 mm) 

level WIS found to yield the highest 
temperatures of all positions 1110nitored. 
The rate of tem[let~ture rise is highesc 
in the moat permeable, high water-cement 
ratio concrete, The temperature rise 

can be attributed to the higher .~evela 
of current which are passed through the 
concc:ete as its permeability iru:rea81!S 
(Figure 20). It was noted that in the 

high permeability concretes (w/c • 0.6), 
thece ap~aEtd to~ a peak \n the plot• 
of current vs, time, while for the other 
concretes current increae:,<:>d continuously 
with time at various ratea. 

Some '!xamplea of chlot·id<! profiles 
with depth are 1,hown in P'lgtire 21. The 
highly permeable cr..,n.~rete (w,1ter-cement 

ratio• 0.6) ahows a concentration in
cr•asing with depth up to about 0.5 in. 
113 mm}, then decreasing. Other co~
cretes show a rapid decrease ~1th depth. 
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The least peraeable ■ateriala, such as 
intecnallr sealed and •1owa• concretea, 
show no significant UIOUhtS af ~hlgride 
below the 0.5-in. (13 _.) level. 

Reault■ of total integral chloride, 
solution lo.■, and rharge passed are pre
sent•~ in Table 7. The various concretes 
aee■ to arrange the•Hlvea into four 

aajor.group■, The first, conventional 
concretes, exhibit relatively high total 
chloride levels, soll.ltion locses, and 
charge paseed. In the next group, enc011-
peaatng latex JJOdifted and Iow~ oon
cretea, values of total chlo:ide, charge 
paaaed, and solution loaa run about 
20-301 lcw•r ti1an the •beat• of the con-

significant influence on the test 
results. For. t~e •1owaa ove lay slabs 
the total distance fr,.,. the tast surface 
to the dteel was 3.0 i':l. (76 •>, versus 
2.0 in. for the c~nventional slaba. 
Therefore, the charge pa~sed tbr~ugb the 
•Iowa• slab is thus artifically lcwered 
due to the increased cover. If the 
•1owa• slab had been teste~ at a ~-over 
of 2.0 in. (51 1111) it is likely that the 
ch•rge paaaed would have been comparable 
to the conventional 0.40 w/c ratio slab. 
Thia was verified in result• of core 
te,ta in the applied voltage cell 
(T•ble 141, where there was little appar
ent difference between 2.0 in. (51 m) 

ventiona.l 00ncret•!s. It should be noted, slice• of •1owa• and 0.40 w/c ratio con-
however, tbat aut,aequen•~ exper i■•ntat ion 
shoved th~t eoncrete cov~r could have a 

cretea. It ia likely that theae •10•1• 

concrete■ were not co■pletely cona~li
dated, which would cend to increue 

~! 
PERMEABILITY CHAMCTERIZATION PARAMBTERS 

Chloride Solution Charged PIIBB&d 
Total Chlorid: LUSii - • - Coulanbs 

oescriet:,;,c,n !l.2!!! .I.a-Rec'd ~ AS-Rec'd t,.oist_ A.a-Rec'd 

w/c • 0.60 0.81 0,77 0.6S O.S3 S6 ,010 52,570 
w/c • 0.50 0.39 0 ,., 0,33 0.38 20,230 22,500 
w/c ., O • .CO o.,o 0,3? 0,27 0,34 28.680 20,410 

Latex-Overlay 0, 34 0.37 0,18 0.38 13,820 16,950 
Latex-Pull oapt.h 0,31 0.27 0.20 0,18 11,330 G,670 

Iowa-Overlay ~.26 0.31 0.22 0 .2, 14,260 15,270 
Int. Seal-Pull 

Depth-Heated 
0.10 0.10 5,77(1 

In.t. Seal-Pull 0.93 0.53 36 ,0?0 
Depth-Unheated 

Int. Seal- 0.09 0.03 3,020 
overlay-H.eated 

Int. Seal- 0,47 0.28 22,418 
overl•y-Onheated 

Pol~'Mr 0 0 220 
l~egnatedl/ 

Pol r 0 
f~egnated2/ 

Po r Concrete 
O\.'etlay 

0 

Moist• stored 3 moetha in moist room. 
A:1-Rac'd • stored at O P (-1e0c) immediatell' after receipt 

1/ •Time-to-Corrosion• slab-previously salted by PHWA 

Chloride 
Permeab il itx 

High 
High 
.tHgh 

Moeierate 
Moderate 
ModerRttll 

1.0if 

High 

Low 

81gb 

very LOW 

very LC1\f 

·1ery LO~ 

2/ Slabs prepared at Brookh•ven National Lagboratoriea for this project 
3/ Cover over steel has a significant effect on test result. see above d_\s..:nsaion. 
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their permeability. The third group, 
internally •~•led concret~•, s~ow a 
dr11111atic drop in all parameters. Note 
that when inte[nally ~ealed con~rete is 

not heat treated, ita "'9rme~bility is cf 
the same order a■ conventil\t!ial concrete■• 
The final group, polymer impregnated ccn
cr~te, chows neqligitle permeability to 

chlorides. 

4.4.2 Correlations wi·:h FdlfA 90-Day 
Ponding Data 

Correlation analys•• were performed 
betueen the as•r•c~ived data sets and 

90-day ponding results •lbtair.ed by PBWA 

::>r. ccapanioil slabs. The parameters cca
pared are given in Table 35 CAppcndix 3), 
along with su11111ary statistics. The raw 
data used for the analyses are given in 
Table 36. The parameter of •Total 
Integral Chloride• is in arbitrary ,init!, 
being expressed as the integral of 
chloride concent~ation vs. unit d~pth 
increments rather than tctual depth in 
inchei (11111). This approach was chosen 

because auff~.::ient results were not 

available on the l~~~ral diatributior. of 
chloridP within the te~t slabs for the 

applied voltage teetJ thus an integration 
using the actual depth values would only 
i ndicater, how rauch chlorlde wu contained 
ln the pait:1cular drill hole sampJ ed, 
not in the slab as a whole. Linear 
regr&Hsion plots are shown in Pigurea 73 

through 80. 

B,,amination of the data indicates 
that the closest relatlonship is between 
the charge paased [COUlClllt--Sl in tbe rapid 
test and the total integral chloride in 

the 90-day test (see Pi~ure 7'). ~ cor
r~lation coefficient of Q.92 •as calcu• 
lilted. While the relationship i& highly 
slgnific~nt, the quantitative error esti-

mate (percent standard error) is rela
tively hlgh, about ~31 percent. Applyir.g 
t.he 95 percl'tnt confidence limits to 
charge levels representative of high, 
moderate, low~ and very low permeabili-
ties, the data in Tablr a are developed, 
Pora test result of 30,000 coulOll'.bs 
passed, one would be 95 percent confldPnt 

TABLE 8A 

EXPECTED ERROR IN ESTIMATION OF 90-DAV PONDING RESULTS FROM 
CHAR.GR PASSED DATA IN APPLIFD VOLTAGE TEST 

X 
charge 

{coulombs x 10-l) 

30 
15 

5 
0 

Perrneabllity 
Desionatio1: 

High 
Moderate 

Low 
very Low 

y 
CalcuTated .V 

w-oay Total 
Integral Chloride 

1.0& 
C.6, 
0.37 
0.24 

TABLE 8B 

951 C.L, 

a. 19 
0.15 
0.19 
0.22 

OOMPARISON DATA - 90-DAY PONDIN«; 

+ Tete! 
Int~gral 
___£!. __ 

1.27 
o. 80 
0.56 
0.46 

- T:ital 
Integral 

Cl-

0. 89 
0. so 
O.lB 
C.02 

'l'ype of Concrete 

C,:ir,ventional 
Iutr.a, La":.ex 

Total lntegr.al Chlorid:e - 90-Day Ponding 

1.0-1.5 

Ir.terna:Lly Sealed, PIC 
PC 
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0.4-0.6 
0.1-0.4 

0.1 



th1t the 90-day total \ntegral chloride 

would be between 0.9 and 1.3 units. 
Reference to coaparison data indicates 
thle is indeed wit.bin the r•n<J• of C"Or\
ventional concrete. For a test result 
of 15,000 couloabs, which we have 
select.ed as representing •110derate1y• 
peraeable concrete, Ohe would be 95 per
cent confident that the 90-day total 
int99ral chloride would lie between 0.5 

and 0.8 units. This is clos-. to the 
rang~ expected for Iowa and latex con
cretes. Por low values of charge passed 
(5,000 coulcabs), the confidence limit■ 

span the 0.18-0.56 range. This encoa
't)asaea (but exceeds acaewhat on the high 
e1lde) high quality internally se!lled and 
Polymer lapregnated concreten. Por very 

low values of charge paae&d ,:such as for 
the polymer concretes), however, the 
upper confidence li~it la rather high 

(0.46 unitR). This c~n be attributed to 
the fan-s~aped nature ot the confidence 
band at the extremities, where estimates 
ba1ed on the regression li~e are not 

advisable. 

4.4.3 ~ir-Dried Slabs 
One problem anti~lpated in the 

application of the proposed f•roced•ue to 

actual field testing is that of ~ariable 
concrete motstute content. Aa the 
~ethod requires an electrolytl~ path 
betwen the reinforcement ,·md the 

concrete surface, moisturE! content will 
influence the electrical tesistar.'ce of 
this path which in turn will influer1ee 
the amoun~ of current and chloride flow 
into the concrate. In order to develop 
cane information on the extent of this 
effect, a few slabs were dried in air at 
110°F csc0 c) so that moisture contents 

were reduced to 40-60 ~r~ent of the 
initial (as-rec'd) levels in the conven
tional concretes. Puolished results (51) 
show that the top 2 in. (51 mm) of bridge 

45 

dgck slabs may reach these moisture 

levels during dry summer seasons. 
~esulta of teats conducted on the 

air-dried slabs are given in Table 9, 

It Ls quitP. apparent that there ar~ sigw• 

nificant differences bf!'tween teate on 
slabs in the moist and aJr-dried condi
tions. In most, though not all, cases 
the parameters of total integral chlo., 
ride, soluUon lo■s, and charge passed 
are significantly reduced in the air
dried series. Analysis ol tbe data with 
respect to moisture co~tent and each of 
these parameters indicates that the rela
tior.shlp i ■ unique for each •materhi ■ 

(see Figure l2). Therefore, since one 
doe& not know prier to test what •mate
rial• ls being teated (i.e., what the 
w/c is or what the extent of heating has 
been), an analytical correction for mois
ture content cannot be applied. The 
only appr.oach left ls to bring the test 
area back close to saturation molBture 
content prior to actual testing. 

4.5 Re-Saturation Stu~i~6 

4 • 5 • l !i!e.:_r .!i!:!.! 
A sketch of an apparatus designed 

to affect such a re-saturation ot ~ 

concrete ~lab is sho1'n in Figure 23, 
The chamb~r is constructed of 1/t-in, 
16 mm) thick aluMinum plate, with 3n 

in'1H liner of 1/8-tn. (3 111111) acrylic. 
Internal dimensions are is 10-3/4x 
10-3/4 in. (273x:.:?73 mm). The chamber is 
bended to the concr~te slab with silicone 
caulki~g (Dow Corning RTV-632). The lid 

of the chamber is also bonded to th~ 
side walls with the Rame sealant. Bra$S 
tubes threaded and sealed to the cha~ber 
lid are used as inlet and outlet ports. 
A terminal post threaded throuqh the 
chamber wall can be uee,d for an eleC' · 
tri~al connection to a resistance meter 
(Nilsson Hodel 400). Thus, the extent 
of re-saturati~n can be estimated by 
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'l'A&L& 9 

CDNPARI SON Dll'l'A 

A■-Jleceived (U) vs. Air-Dry (AD) 

Total 
Integ_£al Solution LOBS Charge Paaeed 

lt•9 M.oi ■ture• Cl 1' ~hluride} 1coul011baJ 
11 or 

T;tl!! ~ @.._ Inlti ■l ..!!!... ... !!L ....!... ...!!.. ...!!!... _,_ __!L ~ ..!... 
w/c • 0,60 5,1 2.7 5~ 0.77 O.t5 +10 0.53 0,36 --32 52,570 1S, 790 --70 

w/c • 0,50 5.1 2.1 u O.47 0.39 .--11 0,38 0,23 ... 39 22,500 10 r 370 -54 

w/c • 0,40 3,l 2,1 64 0.n 0,30 --19 0.14 0,1\ --59 20,410 S,420 -n 
Icwa 3.3 2.6 79 0,31 0,34 +10 0.27 o. 15 -u 15,270 6,060 --60 

Late•-Pull Depth 2,0 1,4 70 0.27 0.02 -!13 0.18 0.02 --89 "',670 610 --93 

Int. Seal~verlay 4,7 3.0 64 0,47 0,23 -SI 0,28 0,10 --64 22,418 l,610 --84 
-Unheated 

Int. Seal- 3,2 3,6 0,09 0.09 0 0,03 0 --100 3,020 400 --87 
overlay-B••ted 

*Powdered ■uplea dried 72 hour■ at 22101' 

1110nltortng the decrease ln resistance of 
the concrete between the copper mesh and 
the ateel reinforcing ■at. 

4.5.2 Preliai~!.:Y__Re-Saturatlon Tests 
A nuabec ~f reinforced concrete 

slab• were produced froe batches similar 
to those u3ed ln eailter etudlea 
(Tabl@ 4>. One alab fr011 each cf the 
bl:tcha• waa teated in the molal con1i
tion at lt deya. The remaining slabs 
we~• ~laced in a forced-air dryi~g room 
at 130°P (S4°C) for 1 week, at which 
ti■e they hed reached 60-70 1>3rcent of 
their initial aoiature content. They 
were then placed in thick plastic bags 
until ready to teat. 

Rea•.1ltu on moist alabe teated at U 
d•y• •=e shown in Tables 10 and 11. Por 
these a'.'.abs it waa felt deslrable to 
take chloride drill suples at a number 
of locations (aee Figure 24), as all 
ptevlous work had been done on s"mple11 
ta11,en 1~hectly abo\le the centrally 
located bar. Although the results are 

llOSoCI 
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acaewhat scattered, little consi•tent 
ditf~rence between aaapling loca.ti~n& 
can 1,e ~iacerned. This indicated that 
the Unea of current flow, and httn·.:e of 
chloride aigration, are ~e\ati~ly uni
f.ora even in areas between the steel 

T"baU. 

An i~itlai t~•t of the r•-•atur1tion 
•~p~ratus was performed on a slab which 
haC, been expoaed to 501 RJI and 73°r 
{23°C) for about 14 ■ontha. Watet
ceaent ratio ~a• o.6r and initill cure 
period was 28 days. The initial reaist
anee (at 28 aaya) between the surface 

and rebar ••t wa■ 65 oh■e. Bu■idity 

wells had previously been ceat into this 
slab at depths of o.s in., 1.0 in., and 
2.0 in. A miniature hygro:neter probe 
developed by Monfore (52) was used tu 
••alure internal reladvG huraiditiea. 

A vacuum of -2s.s in. Hg (U.9 kPa) 
was pulled on the slab for ti0 min. ~ith 
the pump still running, 1500 ml of satu- · 
rated limewater were let J.nto the cha11-
ber. Saturated limewater was used so 



I 8" I 

I I r, r1 
I I : I I I 4 IT I I I 
I I I 
I I I 3 "' I I I 

J I I I 
I I I 12" I I I I 12 

I I I I 
I I I I 
I I I I 
I I I I 

Steel P In I I I I 
I I I I 
I I I I I 

I I - I I 
L .J 1--

'-'-

mm • in. x 25.4 

FIGURE 24. SAMPLING LOCATIONS. 

49 



Location 1r.em. 241 

1 
2 
J 
4 

Mean 
Blank 

Suple 
Depthl/ 
!In.! 

l 0-3/8 
: 3/11-5/8 
3 'l/ e- 11 8 
4 7/8-!VJ 

I Cl 

_1_ 

0,133 
0,126 
0.087 
0,099 
o. 111 

5 !V 8-13/ 8 

V a • In. X 25.4 

'l'ABLB 10 

CRLORIDB ANALYSES 

w/c • 0,60 
~oWt .. U Daya 

~ 11J•i1ht of Concrete 

Depth 

_L __J _ _ 4 _ 

0,086 0,042 0.093 
0.109 0.077 0,040 
0.084 0.077 0.093 
o. 087 O.OH 0.077 
0,092 o.o,o 0,076 
0,008 

TABLE 11 

CRLORIDr ANALYS,!! 

w/_c • o. 32 
Mofst-=74day~ 

_ 5_ 

0.061 
0,024 
0.045 
0.052 
o.ou 

.!.....£1- bL'f.~lght of COO(':':O,te 

LOC.9tlon 

(see Flg. 24) 

l 

Blank 

2 

' 4 

1 
2 
3 
4 
5 

'lean 

Depthl/ 
.J.i!!.J..:_ 

_ 1_ 

0.175 
0.215 
0,2)5 
0 ,197 
0.206 

o-3/ 8 
3/ 8-5/ 8 
5/8••7/8 
7/B-!V8 
!V 8-13/ 8 

V--mrn • Ln. X 25.4 

Oe~th 

___ 2 _ _ 1_ --·- _s __ 

I'. IJ.f2 0 • .,113 0,02C n .oci !1 
,J.088 
0.065 o.ca 0.015 o .on 
0.048 0,021 ~ .oo 7 C,007 
0,061 0,019 0 ,?14 J. JOB 
0,009 

Integral 

Arith&etic Arbitrary 
Mean Onita 

0,08J 
0,075 
0,077 
0,080 
0,079 

0,652 
0.528 
0,548 
0,589 
0.579 

.Integral 

Jtithmeti= Arblt1ary 
---21!!.L- - JL'\.!l!.. _ 

0.061:1 
l'J. ,s, 
0.059 

!I, .38~ 

..... U'i 
0.4J4 
C. 4Z<f 

that the dectdc.,l nalstl'nr.e .:,f the 

sla~ could be monitored usir,g a copper 

scr~en inu:: .•d in the solution. Pump
ing wa&. cc:., :.inul!d for 60 onin. l1ir was 

in let into the chamber, and RI; and 

atance monitored ?a. time. RH 

ofl~~a ~t ~crioua tim~a are ahown in 
Figure 25, resiatan.:e ve, U11e il'I. :.?lgure 
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26. It ie seen that conetant relative 

huaidity ot 1001 ia achieved down to 
2 in. (51 •> aoaewhere between 24 hr 
and 36 hr. Reai1tance, however, con
tinues to slowly decrease b~yond 36 hr, 
leveling off at 115 ohaa at 72 hr. Thia 
is still 50 oha~ higher than the value 
initlally meaaurnd after 28-dl'lys of 

aoiat cure. 
Testing then proceeded to t:he set 

of slabs dried 1 week at uo0 P (r .. , 0 c). 
The first slab .. as ~ubjectt:d to l.\mewater 

ponding only. Jte■ulta weu· aiaila . ..- to 
the previously teated slab, that ia, 
resiatanc,e did not return to the in}.tial 
v11lue even aft.er 4 days of pond ir19. 
M•taaured free water contents on drill 
sample■, ho¥ever, indicated that the 
110iature content had returned to that of 
the 14 day 110~at-cured alao, except 
perh.tpa at the lowest depth. A second 
elab was then subjected to ';he vacuum

satur~tion procedure, using liaewater. 
In this case, reaiatance dropp~d more 
rapidly, bl1t still rl!mained above 100 

ohms aftec 3 days of ponding. In ordec 
to !acilitate the in9ress of watet and 

decuM1.ae the resistance m...:,re rapidly, a 
th ir:I slab from this set was subjected 

to t;he saae vaeuuv, satur a~ ion technique, 

ur;"F (6o0c;. 
After vacuum pumping was discon

tinut!d, the chamber lid was removed and 
,:t heating coil placed into th-e solution, 
A co!llmerc ial thermoregulator 1was used ~,:.

••in ta in the teaperature at. 1,0 ~ 1°F 
(60 + 0,5°C) fot 24 hrs. Some problem.'I 
with the stirrer led to termination of 

the teat and the slab ~as allowed to cool 
back to r0011 te■perature 73°F (2J°C). 
Altho1.i·~h resistanc• had decreased to 75 
ohm at 140°r (60°c1, it increased back 
to 110 ohm after cooling to 7J°v (23°C). 
ThusJ part of the resi~ta~~e decreas~ is 
due t:-, heating of the s011.1.tion, and 
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indicates that the chloride te■t should 
be run without allowing the slab to cool 

bac~ to rooa te~petature. A second slaQ 
was treated in a siP1ilar aanneir, in this 
case resistance at 14D°r (60°C) had 
dropped to 58 oh• after 24 hours of 
heatinq. A ccmparison of the various 

re•satucation schemes indicates that 
vacuum re-saturation fot 2, hr uaing 
limewater malntained at 140°F {60°C) 

yields the aoat rapid reduction of 

re3istan~~ in the shortest ti■e period. 
After the 24 hour beating period 

had elapsed, the liaewater waa reaoved 
fr011 the dike and a ~.o, NaCl solution 
applied. The slab was then subjected to 

80.0 Vdc for 6 hours. Results of Cl 
solution loss, charge passed, and to,:al 
chloride for three alata are ■hown in 
Table ll. These are: 

1. Initial test on 14-day moist

cured slab. 
2. Te~t on dried slab re-saturated 

with 'll<>p (23QC) limewater 

f..,r 4 days. 

3. Test on dried ala~ re-aaturatQd 
with 140°F i&oOc) limewater 
for 24 hour a. 

Chloride prof.ilea (averag~ of drill 

holes 11 and 12 - see Figure 24 for loca
tions) are shown in Figure 27. Although 
there are differences between the three 
treatments, the parameters are all suf
ficiently high so that all three con•· 
cretes would fall into the highly per

meable range, which they should at such 
a high water-ce•ent ratio. The chloride 
profiles a[e all what would be expected 
for a permeable concrete, i,o., high 
levels of Cl- even below 0.5-in. {13 111111) 
depth. To aummar ize, the use of -1acllu■ 

saturation followed by 24 hours of pon~
ing with lime~oter at 1co°F (60°C) allo~s 
one to ceturn a dr·, concrete to moisture 

levels sufficient to obtain essentially 
the same results as if thr! concrete were 
tested in the moist-cured condi~ion, 
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TABLE 12 

PBRMEABILITY PARAMETERS 

VARIOUS TRBATUNTS 

Slab 

l◄ day aoist 
73~P li■ewater - t day 

14~op li•evater - 24 hr 

0c • 5/ 9{
0

P - 32) 

Charged Passed 
(Coulombe) 

37,570 
3/J,000 
30, 9S0 

,.s.~ Aptlication to J'BWA Sl•ba 
Selected PHWA ■labs, previoualy 

teated in the 110J ■ t condit!on (Set 1) 
••re aried for 2 weeks at 1~0°!' (St0c). 
The ■laba were then au~jected to the 
r•-••t1uation procedure described in the 

previous section. Plots of r~alstance 
va. time are ahovn in Figures 29 and 29. 
aeaiatance in the ir.itial 1101st conditlon 

ts ahnvn for comparison purposes. In 
all cases, resistance after the 24 hr 
re-saturation had dropped below the 
original 110iat-cured values. 

After the 24-hr heating period was 
over the limewater was removed frOll the 
slabs and 1,500 ml of 3.01 NaCl was 
poured into the cbi1U1.ber. A potential of 
so.~ Vdc was applied for 6 hr. Plot of 
current vs. time are shown in Figure 30. 
The curves all reach a peak (or plbteau} 
in r.urrent value between 1 ~nd 2 ~r of 
~est, then be~in to decrease. The 
decrease is aharpeat for the most perme
able (w/c • o.t) concrete. Th~ae are to 
be cos:pared with previous runs on the 
same slabs in the initial moist-cured 
condition (Plg. 1.0). Si11.ilar t~·pes of 
curve~ are seen for the w/c • 0.6 slab 
in both cases 1 howe,:er, tor tbe other 
&lab~ in the moist condition a gradual 
increa&9 in cu~rent i ■ •~en, rather than 

a decrease e■ •~en for the re-saturated 
slabs. The current ~ecreaaes seen in 
the re-•aturated slabs correspond with 
increusins in resistance between the t.lrne 

c1-
so1utlon Lou 

(I) 

0.21 
0.14 
0.31 

Total Integral Chloride 
(Arbitrary Odits) 

o.se 
0.65 
o.,s 

at ~hich the current peaked and the 
final r•adi ng of 6 hr. Althot19h surf'ace 
temperature was monitored, this did r.ot 
appear to explain the increases in 
r~ai ■ tance. It is poasible,.however, 

that heat Aa■ -flowing ~ of the con

crete (h1itially close t::: ~4o0r at 
beginning of the test) ana that the 

Joternal temP!rature was decreasing 
during the test period, 

Typic41 chloride profiles for both 
the moist and re-saturated conditions 
are given for some of the slab~ tested 
in Figures n thi:ough 33. The data 
represent ~he average of drill samples 
taken from sampling Locations 1 and 2 

tsee Figure 2•>· It is seen that the 
profiles at~ quite different in many 
cases. Higher chloride concentrations 

were detectod at lower depths for the 
c@-saturated te~te, ror the~~ 

internally seale11 slJb, the re-saturated 

chJ.oride profile is~ tiigher. This 

\ncUcates that the uo0
1i1 f6o0c, lime

water pending som,!how increaseci the per-
11\1H1bi1Hy of the system. For inte\·nally 

sealed concr"!t@, t'tlerefore, one ma~• need 
ta use a lower temperature during 
re-saturation. 

Test paruiete,:s (ti>tal integr.u 

rl-, solution loss, ~,.:·1 charge passed) 
are given in Table 13. It is seen that 

for Slabs 3357, 3392, r,nd 3372 a higher 
chloride content in th,:! slab corresponds 
with a 12!!!. 2olution loss. Thie could 
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TABLE 13 

PERMEABILITY PARAMBTERS 

Moist vs. Re-Saturated FHWA Slabs 

T..>tal Integtal 
-Cl 

ll!!L Tf~ ~ Re-Sat•~ 

3388 w/c .. 0.6 0.81 0.63 
3357 w/c • o.s 0,39 o.5r 
~392 w/c • 0.4 0.40 O, S'i 
3382 Iowa 0, 26 0.39 
3398 Latex-Full 

Depth 0.31 0.17 
33'?2 Latex-

Overlay 0.3' 0.52 
3368 Int. Seal-

Unheated 0.93 0 ,64 
33678 Int. Seal-

Beated 0.10 0.74 

occur only if there were chloride in the 
slab to begin with. We tested one-half 

of the slab in the moist state, then 

pl.aced the &l!tbs in the freezer. How

ever, during the initial part of the 

drying period some chloride may have 
migrated to the other half of the slab. 

Additio~ally, in order to intercept the 

same rebar geometry as in the first set 

~f tests, th~ chamber had to be placed 
Po that the !_ill ,,..:ige spanned the central 

transverse bar. i"; the right edge of 

the chamber spanr>.e·.1 the same bar in the 
earlier moist ter,ts, we were in fact 

including an area of aboL•t lxll in, 

(25x280 mm) which had previously been 
exposed t~ chloride, During the 2,-hr 

ponding with hot linewater, aome of this 

chlotide most likely leached out into 

the limewater and re-entered the Flab, 

thus a~countir.g for the ananalously high 
chloride levels in the re-saturation 

tests. 
Th~ charge passed comparison data 

(Table 13) ar.e much more favorable, 
however. The amo~nts of charge passed 

are fairly comparab~e for both the moist 

an~ re-saturated te~t conditions. This 
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Cl 
Solution Loss Charge 1-'aased 

11) (Coulombs) 

~ R;:-Sat 1 d ~ Re-Sat'd 

0.6~ 0.29 56,010 43,157 
0.33 0,16 20,230 19,690 
0.27 0.16 18,67~ 16,985 
0.22 0, 18 14,260 14,783 

0.20 0,07 11,330 6,989 

0.18 0,13 13,820 11,851 

0.53 0.22 36,070 24,803 

0.10 0,21 5,770 18,400 

11 reasonable, as chloride ions const1· 

tute only a portion of the charge car

rier~ in th£ high ionic strength por~ 

water. This rel&tionship is shown in 

Figure 78 (Appendix 3), summary statis
tics (Appendix 3) show a high correlation 

bet~een the two data sets. Standard 
error 1s about 16 percent of the mean 

value. Thus, in slabs ',liich have been 
previously exposed to chloride (which we 

expect to find in many field situations), 

one could use the charge passed as an 

indicator of chloride permeabilitr, but 
actual measurement of chloride conoen

lratior,s would not be advisable. 'J~his 

hypothesis was verified in later held 

h•stin9 (Se8 p3ge 97 } • Por slab Ho. 

3367H, the charge passed is anomalously 

high, presumably due to the increase in 

1·er111eabil ity after ponding at uo°t~ 
(60°C). 

4 •. j Result.S of Core Tests 

The apparatus and test pror:?edure 
de&cr ibed in Appendix 1 was used tc, test 

3. 7)-in. (95 non) diameter x 2-in. (51 nan) 

long core slices taken frc,in F'"r!WA slabs, 



4.6.1 spec1••~ Preparation 
Por the full-depth materials, four 

.llHces were taken from e-ach core fPigure 
341'1.). Por the overlay materials elicea 
were taken both at the bondline (Figure 
34B) including the surface layer, and at 
t;1e bond line with 1/ 8 in. ( 3 lllffl) of the 
surface removed (Figure 3~C). Finally, 

the polymer concrete ov•rlay and latex 
overlay cores were al10 sectioned ao as 
to include all of the overlay plus enough 
base course to yiel~ ~ total thickness 

of 2 in. (Sl 111111) (see Figure 340). 
Briefly, the testing procedure is 

as follows: The alir.e is first allowed 
to ait dry for a short time and the sides 
are coated with an epoxy foanulatlon. 

After 3 hr ~f curing the ■lice is 
weighed, t~-:-n placed in a vacuwn desic
cator. The chamber is evacuated for 
3 hr. De-aerated water is then let into 
the chaaber sufficient to cover the 
specimen, and the pum~ is run for an 
additional hour. The vacuum is then 
broken and the chamber brought back to 
atmospheric pressure. Afte[ soaking 
overnight, th~ specimen is ready for 
testing the following ~ay, 

Prior to test ~he specimen is 
aur.face-dried and weighe<I, A very rapid
setting si:i.astic rut-,ber is used to form 

an in-place gasket between the specimen 
and the liquld reservoirs, After allow
ing the rubbe[ to cu[e for 10 min, the 
reservoir connected ~a the negative lead 

is filled with 3.01 NaCl, and the reser
voir connected to the positive lead is 
filled wit~ 0. 3N N,08. This is done to 
achievti approximately equal conductances, 
approximately 5 x 10-2 mho•cm- 1 

(5 S•cm-·L), on both sides of the speci
men. T~e specimen is then subjected to 
60.0 Vdc for 6 hr. 

4.6.1 Curre"t vs, Time 
Plots of current vs. time for 2-in. 

(51 mm), 1-in, (25 mm), and 0.5-in, 

(13 -> slices are shown in Pigurea 35 
thr®gh 37, It should M hoted that, as 
slice thickness decreases, the number of 
materibls which can be tested also 

decreues, as high permeability samples 
exhjbit excessive heating during the 
test. The plots in Figure 35 are for 
2-in. (51 mm} s:aces taken off the top 
surface of the ~ore tsee Figure 34A, 

section l). Results for 2-ln. (51 fflll'I) 

slices taken f~an the core interior 
(Section 2) were similar for conven

tional concretes, but differed somewhat 
for modified concretes. This will be 
discussed later. 

4.6.3 Temperature and Resistanc~ 

The high current flow in the more 
perm~able speci~ena leads to a rapid 
temperature rise (see Pi9ure 38). Bven 
at 1-in. {25 mm) thickness, the test on 

th~ specimen with w/c • 0.60 had~~ be 

terminated bef.ore the 6-hr teat period 
had elapsed in order to ~revent a~~;~e 
to the cell. In moat runs the current 
incn>ase durJ.ng the test pe1·iod was 

propottional to a decrease in resist
ance. One of the test slices {w/c • 
0,40, ,).5 in. (13 mm)) was left in the 

cell ~tter the 6-h[ period and allOtJed 
to cool. Figure 39 indicates that 
although most of the drop ir. resistance 
is due to the L.:lmperature J ncre~se, the 

hysteresis indicates that the resistivity 

of the specimen had be~n irreversibly 
lowered, most likely by :he increase in 
chloride ion concentration Uuring the 
test period. 
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4.6.4 Correla~i~ns with FHWA 90-Day 
Ponding nata 

In order tu obtain more quantitative 
results, various parameters were used to 
aiford a measure of impermeubility. 
These aroi 
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1. Cl~ solution loss, drop from 

initial 1.0 percer,e chloride 
(3.01 NaCl) concentration, 

2. h_C (+1: rise in chlorl(le con
centration in the right hand 
(positive pole) side of the 
cell. 

3. Chf',r:3e paaaedi coulcnbs of 

charge transferred during the 

test period - integral of 
current va. time curve. 

Thes~ parameters are presented in 
Table 14 for all specimens tested in the 
cell. Those slices where thickness ls 

2 in. (51 fflll) represent Section 2 

TABLE 14 

w/c • 0.60 
w/c .. 0.60 

w/c ,. 0.50 
w/c • 0.50 

w/c • 
w/c 
'W/C • 

0,40 
0,40 
0.40 

Iowa Overlay 

Latex-Pull Depth 
Latex-Full Depth 
L..1tex-Full Depth 

P~lymer Impregnated 
Polymer Impregnated 
Polymer Impregnate~ 

Int. Seal-Full Depth 
-Unheated 

Int. Seal-Full Depth 
-Unheated 

Int. Seal-Full Depth 
Surface-Heated 

Int. Seal-Full Depth 
-Fully Heated 

Latex-Overlay 

Latex-overlay 

Latex-Overlay 

Polymer Concrete 
Overlay 

Polymer Concrete 
Overlay 

0 mm ,. [n, x 25.4 

APPLIED VOLTAGE CELL RESULTS 

Thickneaall 

2 in. 
1 in. 

2 in, 
l in. 

2 in. 
1 in. 

1/ 2 in. 

2 in. 

2 in. 
1 in. 

1/2 in, 

2 in. 
1 in. 

1/2 in. 

2 in. 

1 in. 

2 in. 
including surface 

2 in. 

1. 3 in. 
including surface 
1.0 ina - 1/8 in, 

temOYed from surface 
2 in. -

includes base cours~ 

0.4 in overlay only 
Overlay + l in. 

base course 

Cl
Solution LOSS 

(I) 

0,45 
0,78 

0.2 7 
o. 58 

0.10 
o. 2 7 
a. 37 

o.oa 

0,11 
0,32 
0,42 

0.01 
0 
0.03 

0,36 

0,58 

0.15 

0.05 

0,19 

0.26 

o.u 

NA 

NA 

Cl
Positive 
Half Cell 

(I) 

BL 
O,H 

0.01 
0,21 

0,007 
o.n 
0,40 

0.002 

0.002 
0,002 
0.30 

NA 
NA 

0.04 

a.al 

o. 2 7 

NA 

NA 

NA 

0,02 

NA 

NA 

NA 

2/ Test terminated at 135 minutes due to rapid teMperature rise 

NA• not analyzed 
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Charge Passed 
(coul0111bs} 

4,430 
22, 980 

2,560 
6,620 

1,210 
2,960 
2/ 

1,170 

876 
1,631 
5,911 

35 
91 

401 

4,720 

8,830 

1,330 

280 

1,510 

2,490 

l.079 

0 

0 



(Pigure 34AJ and do ,!!9l include the 

finished surface. Correlation analyses 

were performed between the charge passed 
and the Cl- solution loss data sets 

for the ■lice■ and the total chloride 
d&ta ■et for the PHW.A 90-day results. 

Theae relationships are s~own in Figures 

79-80 (Appendix 3), respectively. Sum

mary statistics (Table 35, Nos. 7 and l)J 

sho1-1 lower correlation coefficients th;,,n 

those obt•ined in the slab tests. Stand
atd errors are higher, about 40 percent 

of th~ mean value. Thece data indicate 
that the cell test would yi@ld' a rougher 

estiaate of the long-term permeability 

than the slab test, which may be attri

buted tO the difference in ~pecimen size. 

4.6.S Effects of Surface Finishing 

The data in Table lS are presenteJ 

specimens are most likely attributable 

to the thickness differential. For the 

w/c • 0.4 and the latex modified con
cretes, however, the thickness differ•

ential is small compared with the dif

ference in charge p~ssecl. This indicates 

the presence of a more impermea~le sur

face layer in these concretes. This 

corroborates observations on latex field 

jobs wh~re latex particles are sometimes 
seen to conoentrate at the £urface. The 

surface densi.fication of the w/c"' 0.4 

concrete could be attributable to the 
past~-rich surface layer. Of course, 

there would also be paste-rich surface 

layers in the w/c • 0,6 and w/c,. o.s 
specimens; however, these pastes would 

be of high permeability due to their 
high water-cement ratios; 

so ~s to afford a quantitative evaluation 4,6.6 Effects of Heat Treatment on 
of the effect of the finished surface on Internally Sealed Specimens 

the test results. As mention~d pre

viously, result■ ~re comparable for con

ventionaJ concretes of w/c • 0.6 and 

0.5, but are significantly different for 

w/c • 0.4, latex modified, and surface 
heated internally sealed concretes. The 

differt'nt results for the 1owa concrete 

The very lazge difference between 

the surface and sawed internally sealed 

specimens pcompted further investigation. 
Some of the partially heated (surfac~ 

heated) internally sealed r.ore slices 

were placed in an oven at 190°F (ea0c) 

for 2 hr. Upon cooling, microscopic 

TABLE 15 

COMPARISON OF FINISHED AND SAWED SURFACES 

2- in. l/ Slices 

Ch;uge Passed 
(coulombsl 

Incl. 
Sawed '2/ 

Thickness 
Slice T e Surface _tl._ D it fer-ent1al 

33B5 w/c • 0.60 4,573 4,430 -3.l +l.l 
3355 w/c • 0.50 2, ]71 2,556 +7. 8 -0.6 
3390 w/c a 0.40 1,543 1,214 -21. 3 -,.1.e 
3395 Latex 613 876 +42.9 -7 .2 
3365 Int. Sealed-

Full Depth-Unheated 4,310 4,720 +9.5 -0.5 
3401H Int. Sealed-

Full Depth-Hedted 1,333 2,284 +71.3 -6.7 
3380 Iowa - Proper 1,167 1,349 +15.6 -11.5 

1/ ran: In. x 25.4 
2/ 0.25 in. 16 RIii) of materil".~ rernove:j fron1 surfacE'! by diamond saw 
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examination indicated soae shrinkage of 
the wu: beads, but no extensive melting. 

The ,slices were. th.erefore, returned to 
the oven and heated to 210°r (99°C) for 
6 hr. Subsequent exa1nination indicated 

melting and migration of the wax had 
taken place. The sutfaces of the slices 

were abi:aded o:-. fine sandpaper prioi: to 
te~t. The 5lices were then tested in 
the cell at 6C.O Vdc for 6 hr. Reoults 

are presented in Table 16. The surface 
heated J.-in, (51 llllll) slice was L,cluded 
for comparison. It is seen ~hat reheat
ing dramatically lowers the permeability. 
In addition, there is no increase in 

permeah il ity with decreasing thickness, 
as was seen for other mate, ials, '!',; ;_g 

may reflect a more complete sealiPg in 
the thinner slices. A piccorial repr•

sentation of the et'fe':'t& of various 
types of heating is ehown in Figure 40. 
The differenc~ between Slices tl and t2 
indicates a more complete melting in the 

surface layer, which was verified by 
microscopic examination. At a deptl: of 

2 in .. (51 111'11) or 11ore, howevei:, there i.:; 
still some melting ~aklng place, as 
SJi.:e t2 shows lower peri:eabil ity th,sn 

the ~nheated core. 

TABLE 16 

INTERNALLY SEALED SPECIMENS - REHEATED 

-Cl 

Thickness 
Solution Charge 

:....oss Passed 
Specim~!L pn.~1/ !'} \coulombs) 

340lll-4 
(not 2.1 0.15 1, 3 Ji) 
t"!heated) 

3401H-5-2 1.9 o.os 280 
(reheated) 

3401H-5-l 1.0 L 2£-0 
( reheated I 

3401-ll-l/2 0.56 0.02 160 
(reheated) 

1/ ffl'11 . in. X 25.4 
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Work was Qlso d~ne o~ testing Slice 
fl at various depth increments, that is, 

slicin•~ off approximately 1/8-in. (3 nn) 

layerrJ and retesting each time. ~e3ults, 
showr, in Figure .~1, indica>.:e an increase 

in Flope at i.lbo-Jt 0.2 'i.n. \5 mm). This 
cot-esponds with mi~roscopic examinations 
at each !evel, which revealed that melt
irg was C'.omplete only to about 1/4-in. 

(6 mm) below th~ surface. Below this 
:.evel wax beads were darkened and par
tially melted, but complete migration of 

the beads ir,to the surrounding paste was 
not -wident. It should ba emphasized 

that the appliad voltage cell. when used 
for th is purpoee, (i.e., in determining 
depth of complete beating), is no more 
accurate than simple microscopic exami

nation, and is tar 7!l0re time-consuming 
and expensive. One drawback to reliance 
solely on microscopic examination is 

that, due to an excess of wax above that 
being necessary tQ fill the capillaries 
being pi:esent, the presence of unmigrated 
material ,..._y reflect the inability of 

the we.x tu migrate into already filled 
capillary sp'!Ce. Thus, detect ior, of 

Linmelted beads in the interior c.:>ncrete 
may nc,t necessarily mean that completa 
fillir:g of cai:iillaries has not been 

achieved, At the surface ~ome of the 
excess wax ~ay be drive~ out due to the 

high t~mperatures 
o•: 300°F 1l 1; □ °C), 

empJ.oyed, in the range 
It should also be 

noted that thi~ depth of relatively com
plete nelting, O • .:' in. (5 IIUll), in t'~e 
surfac( heated slab is much less than 

the def th of melting indicated by the 
resistivity technique (see Appendix 5). 

Apparentli•, the z·e~ist iv.::.ty technique is 
mf!asuring the total o,erlay depth, an,.1 

not tht! depth of melt, ng. 

Because of the difficulties 
encouritered in the interpretc1tion of 
results when testing internally sealed 

concrete in the applied voltage cell, 
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additional research i~ desirable t~ 

e~tablish the optimum ~ethod for a~ply
ing the rapid test proceduce to inter

nally sealed concrete. 

4.~.7 Effect of Thicknes! 

The relation5hips between charge 

TABLE 17 

REPLICATE SPECIMENS 

Charge Pas~ed (coulombs) 

passed and thickness of t.he core speci- specirne'! ••'-'-/..,cc....::c...,0c,,c,6e,0 Latex Modified 
mens are piotted in Fig, 42, The various 

types of concrete are seen to separate 

out very nicely. For the very permeable 
concn1t\!& (w/c ., 0 ,6) only 2- in. (51 mm} 

thick slices ca~ be tested under the 

voltage chosen, thinner slices leading 

to excessive heating. For highly 

iap~r■eable concretes (such as PC and 

PIC) negligible charge is passed even 

for thin (approximately C.5 in. (13 llUI.)) 

slices. Obviously, bot~ charge passed 

and ~hickness must be known in order to 
effectively u~e the test data. 

4.6.~ Reproduc~bility of the Method 

To evaluate the reproducibility o[ 
tte test, six 4-in. (102 11.1r.:) cores were 

taken from slabs 3386 (w/c; 0.60) and 
3396 (latex full depth). These repre

sent very high ~nd v~ry low permeability 

conc,~tes. Slices 2-in. (51 mm) thick 

wer~ taken off the top of each core, 
place6 in limewater for 14 d,.t.ys, and 

th~n stored in plastic sample bags until 

ready to test. 
Results art! giver. in Table 17. The 

d?ta show the coefficient 0f variation 
to range from 6 to 7 percent. M~st of 

thu test variance is .iikely due to dif

fe1ences in r.oisture content, aggregate 

distribution, and other specimen-to

spec imen variations. 

4,7 Conclusions Derived fr~m Lahoratory 
Evaluations 

4. 7 .1 Applicat ior: of a potential 1n the 

r~nge of 60-80 Vdc to a 3 percent 
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l 4,577 539 
2 4,721 569 
l 4,66::t 522 
4 J ,994 572 
5 4,444 540 
6 4,340 631 

Mean 4,-'58 562 
Std. Dev. 267 l8.8 
c.v. - ' 6.0 6,9 

sodium chloride solution can 
accelerate t.he ingress of chlo

ride ions into concrete slat: 'ind 
core te&t specimens. 

4,7,2 In highly permeable concretes, 

significant quantities of 

chlorid~ ion (greater than 0.021) 

can be cletected at the l i,'!.. 

(25 mm) deptt: level after 6 hrs 

of test at 80 Vdc. 
4.7.3 The total amount of electrical 

charfe pas~ed during the test 

shows a high degree of correlation 

with the total amount of chloride 

ion which penetrutes a companion 

specimen during a conventional 

90-day ponding test. 
4.7.4 The moisture content of th~ con

crete has a large influence on 

the test results. Air-dry ~peci

mens will exhib~t less chlo~ide 

penetration during the test period 

than moist-cured specimens. 
4,7.5 An equilibration procedure for 

slab specimens involving vacuum 

saturatior with heated (14(l°F 

(60°C)) limewater has been 
developed in ~rder to re-establish 
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a high 110iature content in the 

spec~men prior to teat. Addi
tional r@search i• needed, how

ev~r, if this technique is to b~ 
su<:cessfully applied to interna..1..J..y 
seale6 concrete. 

4.7.6 High rates of heating may be en

count~red when utilizing the 
t~chnique for testing of small 
(4-in. (102 mm) dia.11.eter) cr:tre 

specimen■, Fee very per~eable 
specimens the test may have to be 

ter~inated before the standard 

6-hr period ha■ •l&pRed, due to 
es:cessive heating pao°F (88°C)) 

in the test cell, 
4.7.7 The thickness of the core te■ t 

spc,,c 'letl. has a large effect on 
the test reaults, In order to 

adequately tank a aeries of con-

operat.'on, various fail-sa,fe features 

included over-temperat~re and over

current cut-outs, time run-out, and bat
tery backup for data storage in case of 

loss of line power, Vet.ailed require

ments are given in Appendix 4. 

S,2 ~eneral Description 

The fiela instrumentation consi~ts 
of three oeparate moClules. The first 
houses the electronics pack.igt, (this can 
.slso be used in the ;,abori'l.tory), the 

second allows for va..:uum saturati(,m prio: 
to test, and the thJrd is desig~ed to 

apply voltage to the salt solution used 
as t:he permeant, All instrumentation 

was de■ igned wit.n portability in mi:td, 

and the entire field set (along w1th 

auxiliary ger.erator, t.ools, and cheali
ct1tls) can be t1an1.pc,rted in a var.-type 

cretes in terms of their .::hloride- vehicle having a stc,rage area of 8x6z4 f~ 

i>ermeabilitie■, all specime,1s must (2.4xl.8xl.2 m}. Cc1nfigurations of the 
be teated at equal thic~ness. ~ 

2-in, (51 11111) thick: core slice 
has been found ad2quate for mo&t 

of the concretes tested to date. 
4,7.8 Differences may be en<:ounter2<1 

when comparing sawed and finished 
surfaces, especially for latex 

modified and cement-rich 
cc,ncretes. 

5. PROTOTYPE INSl'RU'.offiN•~ DEVELOPMENT 

'3.1 Desirable Features 

equipment. and functioning of the elec

tronic circuitry are• described in this 

sect.on, The f1~ld test proc..edu~e is 

set forth in ~ppendix 2, Current price 
(November 1980) of the complete system 
is estimated at $10,400, 

5.3 Construction 
5.l.l ~lectronics M::>dule 

Thf' complete ~lectronics moduL~ is 

shown i,, Figuce 43, The module consi3ts 

of two NEMA-4 weathei:~n.iof enclo1:1ures 

mounted on a lightwe.'Lght pneumatic-thed 

The aim o.t. this phase c,f the project <'\luminum dolly. Overall dimensions are 
was tt.; int:orporate the components of the 49x2!hc24.S in, (124x74x62 cm). Tota! 

at'plied voltage technique into a single weight is 166 lb (75 kg). The lower 
pcrta~~e electronics package capable of 
opl!rating off -:,f a field gt:neratcr set. 

Ir addition, a unit incorporating vacuum 

pump, heater, stirrer, and temperature 

enclosure hc--uses the power supplies. A 

cooling fan preveri.tu overheating of the 
unit. The upper snclosure house~ all 
electronics, operating controls, dnd the 

ccnuoller was also felt to be desirable, readoute (t'igure 44). Tl,e elapsed time 

?1nally, the d~ke used to contain the 
3.~, NaCl solution and the electrode 

ocret n was redes ign,•d for ease of 

and coulcmb meters are LED's constructed 

for visibility even in strcmg sunlight. 
The digital panel meters, used for the 



FIGURE 43. ELECTRONICS MODULE. OVERALL VIEW . 

• • • 

• 

• . . 

THT ,'{/l1\ 

• • 0 

... ~.-
' • I 

·(Ji i • 
·-----·--_J 

FIGURE 44. READOUT PANEL 

78 

• 



current and voltage aeters, have LED's 

not visible in 1unl1ght1 therefore, a 
aun■hi•ld waa con■ tru~ted. A rain 

shield can be placed over the entire 
panel (Figure 43), 

5.J,2 Vacuum Saturation Module 

Tha vacuum satur.ation module and 

associated dik~ are shown in Figure 45A 

an~ s. A compact single-stage vacuu~ 

pump (Sargent-Welch Model 8803) is 

MOUnted onto a 11•- ill. (6 DID.) th i<.:k 

anodized aluminum plate along with a 
dial-type vacuua gage. Also included 

are a thermocouple based tempLrature 

controll•r (Rl'L Model 70A), & 550 watt. 

reai~tanc(i heater (Watlo11 tl-41-7-68), a 

pyr011eter (SiJlpson Mc:,del 2123), a mag

neticall~ coupled stirrer, and a fluid 

~ntry valve. The mounting plate is 

r~ised sboqe the main dike ~over by 

7/8 in, '.22 11111) so as to allow for ah 

tlow ,nound the vacuum pump and temp•?ra-

jack at the other. A high limit thermo

static switch (Fer,wal HlJ:22-1) ie. housed 

in a 5/8-in. (16 mm) diameter stainlaes 

steel well \ri'h~ch exUnds intc th•:? chlo
ride solution and ter11inates on the cover 

in an amphenol-ty~ connector. 

5.3.• Generator Set 

A 3,5 kW, single cylinder, ait

ccoled, 4 cycle portable gas generator 
[Kohler Hojel J,5MM65) is used to power 

all instrumentation (Figure 47). The 

generator is supplied with a w~eel kit 

to permit easy transport across the test 

bridges. An auxiliary 6-gal g&s tank 

(Kohler A-238-712-6) allows the vacuum

saturation unit to run unattended for ~t 
least 1, hours, 

5.4 Electt·onic Circuitry 

5.4.l locations of Canponents 

The electronic Gircuitry i~ housed 

in two weatherproof NEMA-4 enclosures. 

t,H~ controll,n. The dike is constructed In the lower enclosure (Figure 48) are 

tro:,, 1/4-iu. !6 JflJI) thick anodized ,tlumi

nuM pl~te ~aving a T~flon coating. Wing 

nu:.:s J1re pr•-.Yided to obtain a tight seaJ. 

between the -hke and the vacuum satura

tion cover, ·rhe dike sen-ea the c·1ual 

purposp <:.f containing hoth the lhewater 

colutiol used in the satur ... tion :r,hase a11d 

the chloride solution used dur irv; the 

actual teat period. 

5.3.3 Screen Assem~ 

The screen assembly (Figu·:e 46) is 

fabricated from 4 mesh (4.75 rr-m) stain
less steel fabric reinfo~ct!d ,,long its 

outer erlge with 1/8-in. (3.2 IMI) stain

less Stl:)el rod. The BCUUtn is bolted to 

Teflon ataiidoffs and sitE approximately 
l/32-in. (0,8 ~,ill) off t:.he conci'ete sur-

located thr., three power supplies (Power 

One F2.-l2, HE24-7.2, BAA24-.6) deliver
ing a maximum of 80 valt.z; DC at 6 

amperes. A fan {Rotran MU2All is used 

to maintain the supplies within their 

specified temp..:rature limit (O-so 0 c). 

The active circuitry is mounted on 

t.wo printed circuit boards packaged in 

the sloped face of the up~er enclosure 

mounted on the dolly (Figure 19}. Both 

boards are h.tnged to tho! back of the 

fi-ont panel t\J allow rea,1y access for 
parts r~plac..:emer,t. and trouble shooting, 

The Tiae and Coulomb counter Soard, 
mounted against the front panel, houses 

thE. Cr}•Btlll Clock, the Timi" Counter with 

display, the prec is ic,n C.Jr rent Amplifier, 

the Vol tag~ Con1..rolled Oscillator (VCO), 

face during the t1:ist. Tt.e '1ega ti ve ele..;- the Cou Lomb Collnter with display I the 

trode is a 1/1:-in. (13 mm; stainless 

steel rod bolted to the screen at on~ 

end and terminating in a female •banana• 
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Power-Up Reset Ci,cuit, and the current 
Limit dnd Latch Circuit, Tile Mlllti

plexer board, mount~d on stand-offs over 



FIGURE 45A VACUUM SATURATION MODULE 

FIGURE 45a. DIKE USED WITH S,4TUR,.ffl0N MODULE. 
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FIGURE 48. POWER SUPPLY ':IRCIJITRY. 
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the connte-r t')('larc.1, contains the Printer 
Multlplex~r, th~ start-stop Circuit, the 
Over Temperature Ll~lt Stop Circuit, the 

Test Ti■e Stop circuit, th~ Battery 
Switching Circuit, and the Battery 
Charging Circuit, 

5.4.2 System Des~ription 
The ovurall Block Diagram of the 

Model 158 Test Set is shown in Figur~ 50, 
Current flow through the current sh~nt 
ls amplified by an inst,·:umfH'ltation ampli

fier. The upllfier out!)Ut is scaled to 
read current by a ~-1/2 digit DPM and 
also drives a p~.,ciai~n integrator
voltage controlled 01cillator. The 
oacillator output ia sea 1.ed to read 
directly in couloeba on a five digit 
rl!'adout. 

A crystal based clock is used to 
allow display ot elapsed test timti, 
eelection of rec:.Jrrent printout periods, 
and teat time selection, At 1H1ch print
out interval the information in ~he 
s~orage registers of the current, time 
and coulomb displays are latched while 
the printer is multiplexed through the 
readouts. The printout cycle does not 
interrupt the acc•Jmulation of new data. 
Data may be printed out at any time by 
use of the manual p1:ntout switeh. 

5.4 :: Indi•,idual Circuit Description 
5.4 3,1 Time and Coulomb Counter 

s.,.3.L.l Crystal Based Clock: 
The crystal based clock provides an 
acc!.lrate one pulse per m:J nute clock 
pulse. It is used to define th~ total 
test time and printout pariod■ and is 
used to drive the Auto Print circuit on 
the ~ultiplexer bOard and the Test Time 
Counter. 

5. 4.?. 1. 2 cur rent ,.mpli f.\er: The 
curr~nt amplifier functions ~s a voltage 
amplifier for the voltage developed 
across the c-1.1rcent shunt. With 5 a· ;:1s 
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flowing through the current shunt the 
output is S volts. 

S,4,3.1.3 VOO Integrator: 
put of the current amplifier is 

The out
tlltt'!red 

by the integrator. The output of the 
integrator ie connected to the voltage 
t~ frequency converter, which is adjusted 
to give a DC frequency conversion of 
ea.actly lK H 1 ~r ampere drawn by the 
test cell and sample. 

The frequency output of the voltage 
to frequen~y counter is directly related 
to the current flow throught the current 
shunt. For exa~ple. s amps of current 
flow will generate a frequency of s.ooo 
cycles per second, A current flow of 
s amps for one seco:1<.'! is equal to s 
coul011bs. 

5.4.3.1.4 Time Counter and Display, 
The o,Jtput of the time counter fe•ds 1 ts 
1 pulHe per minute output to cascaded 
decade counters which drive the appro
priate Test Time displays. ·:-~e same 
outputs are intP-rfaceO with 3 BCD thumb
wheel switches on the front panel to 
allow selection of test time from 1 to 
999 minutes. Th~ •ti:ae" BCD outputs are 
also interfaced through a connector to 
tri-state latches on tha Multiplaxet 
board, 

s.,.3.1.5 Coulomb Counter and 
Display: Th" pulse output oJ t,,e e<,ulon,b 
counter represents the dire,;t co11lomb 
meaeure of amp- sec. and is con.neeted to 
trigger five BCD counters. The BCD out
put of these counters drives the appro
priate coulomb display digits, The five 
counter BCD outputs are also connected 
to a board connector and interf4ced with 
Tri-State latches on the M~ltiplexer 
board for printout purposes. 

5.4,!.l.6 Current Limit and Latch 
Curcuit: The purpose of thi11 circuit is 
t~ l.il'llit the maximL-.m cu::-r,•,.c to a selec
ted ,•alue in tha range of o- 7. 2 an.ps. A 
compar~tor continuously compares the 
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current through the cuuent. shu1,•, with • third line4 The papt~r automatically 

voltage 8£-t by the fron~ panel curreht advances one blank li1"1e between each set 

ltmit-ad)ust Potenttoaetec. When cuccent of re•dings. 
••c•eds the set point, the front panel 
Over Current LED is turn~d on and the 
stop ciccuic on the Multiplexer board is 
triggered, thu? stopping the test. The 
circuit can be reset by simultaneously 

pushing the Stop and R~set awit~hes on 
the front panel. 

5,4,3,l.7 Power Up R•set~ The' 
power up reset circuit is provided to 

reset all colmters to the a state when 
Pl)Wer i ■ first applied. 

S,4,3.2 Multielexer Boa.rd 
5,4 ),2,! The Printer Multiplexer 

Circuit f.unctlons to sequentially scan 
and print out the 

Coul011~, displays. 
Tiae, Current, and 

?he multiplexer cir-
cult is ~nergiaed by either Manual push 
button co■■and or autoaatically by the 

printout select ■witch at S, 10 or )0 
minute inten,.~ls. 

There are lour tri-state dual 4 bit 
l•tches at th~ output of the multiplexing 
eireuit, The input to these latches 1s 

conr,~cteC t:o the time and coulomb BCD 
data lines. ·rhe output of the latches 
ia connected to the printer d~ta input 
line&. The current D~M tri-state BCD 

data lines are a]so connected jirectly 
to the printer d~t:a input lines. 

The printer data 1np~t linea are 
inputted from tci-stat:e logic which 
allows multiple connection to the same 

point. Gating of the tri-st~t~ data 
sources perm.1.tr. thcsp :i:,ultiple 
connect ions. 

Data l'rintout is accompliaih"!d via r. 
11iniat,n..: 7-column thermal printer (Datel 
Model r,PP-Q7), At the selected printout 

tiae11 , tima in minutes is printed on 

the f i.rst 1 ihf!, c~rrent ( in air-peresJ on 
the areond line and coulombs on the 

l/ At t 1 lnli'lation of test the mam•.dl 
pr int button 11ust be de~r•tssed t{"' 
obtain readings at zero elaps~d time. 
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5.4.3.2.2 Start-.E.'tor, Circuits The 
start-stOp circuit perfmlllS two func

tion&. It enables and ~isables the 
counters and si11.ultaneo1 ~1ly operotes the 

80 volt pgwer relay. 
When tn~ Start push button on the 

front panel is actuated, both the 80V 

relay and all counting functicns at the 

counter board are enabled at this time. 

Depressing the st~p push button 
reverses th• above action to t~rminate 
the counting and application of BOV 
powe--: to the test oell. D1.:.r ing a QQ!.i:,al 
teat cycle the test may be started and 

stopped at any time by the front panel 
Start and Stop push buttons. ~lso, dur

ing a ~l test cycle the Reset push 
button is inaotlve. That is, the stor@d 
data cannot be erased unless both the 
Stop ,~a Res~t button are actuated 
together, 

A test cycle may be stopped by 

actuating the stop r,,1sh button, hn ing 

test time run out, ~xceedin9 the ov~r 
current limit setting, havin9 the salt 

solutior. exceed 180°F (82°C) or 

ha~ing the AC operated DC s~pply fall 
below 11 ':'Ol ts. 

5.4,J.2.3 Over Tempecatute Limit 
Stop Circuit: The Test Cell cover ~sed 
for the salt solution phase of the test 
contain~ a high limit normally closed 

thermostat set at about lB0°F 1a2°ci, If 
the salt soluti,">n exceeda uo0 r, ((12°C) 

the ther?aOstat contacts open. This 

action tu?ns on th~ Over T'l!mperature LED 
on the front paioel and stops the test. 

~he test cannot be restarted until the 
over temperat~re condition is eli•ina~ed. 

5.~.3.l.4 Test Tilltf!! Stop Circuitr 

Th• test time is settable from l to 999 
min~tes~ When elapsed test time is equal 

to the selected test time, the common 
Jines of the BCD t:humbwh@el switches go 



to l; this pulls the reset line to O and 

stops the test. 

5.4.3,2,5 B3.ttery Switching Cir

£!!..!!: The Battery Switching Circuit 

energi~es a relay and transfers the 

12 Vdc supply for all counters over to 

the battery bac~up system, The displays 

are turned off to conserve battecy power. 

The test is automatically stopped 

when the un~t goes to battery backup, 

No furthe1 counting takes pl3ce, but the 

realistic heat sink and alao allow the 

evaluation of a number of variables 

~ithin a single slab. 

The variables wh~ch needed to be 

studied in more detail were: 
1., Concrete cover 

2. A1~bient test temperature 

J, Geometry of 1einforcing cages 

4- P!@.'Sence of chloride in con-

crete prior to test. 

data accumulated prior to th€ low volta~e 6.l Test S~ecimens 

condition is retained for up to 4U hours. 

These data may be displayed by pushing 

the Read push button on the front pane1. 

5.4.3.2.6 Battery Charging Circuit: 
The Battery Charging Circuit ie operative 

whenever the. t-E-st SC'!t is connected to 

115V AC and the power switch is on. The 

batteries r@quire !~-hours to rea~h full 

charqe initially. ot it the unit has been 

stored for more than four months. The 

battery is in use only when the internal 

12V DC s~pply falls Delmi about llV. 

This generally ,,,,i:l occur onl_y when the 

AC line voltage falls below lOOV. 

5.4.3.3 Further Circu~t Details 

The prec~•ding sections have aes

crib~d the operation of each separate 

Clrcuit without detailing the electronic 

logic flow between subsection COOlfOnents. 

Those requiring exact component-by
componC:!nt descriptions and electrical 

schematic& are advir,ed to consult the 

Qper~tion Manual-Medel 158 Chloride Per

mea,bili.ty Test Inst.rumen~ available as a 

separate publication. 

6, LABORATORY TESTING QF PROTOTYPE 

INS':'RUMENT 

Before proceedii,g to actua·l "'i,o-id 

testing, it was desirable to test the 
prot.otype on sl ,bs intermedia' ,, betwe1=n 

the small specimens test~d in th~ earlier 

pha~es oE the project a~d fu]l-scale 

bridge decks, This would all1)w a more 
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Three test slabs were prepared. 

These w~re 4-ft x 5-ft x 7-in. 11.2 m x 

1.5 m x 17 ca~ slabs, each h&~ing one 

mat of No. ◄ (13 mm) ceinforcil"lg bats 

(Gr;;i.de -10} located 1 in. (25 mm) clear 

fron the bottom of the slab and apaced 

at 5-in, {127 mm) centt.-rs running the 

5-ft (1,5 m) length of ,he slab and 

10-in. (254 11\ffi) centers running the 

width, The topmost reinforcing mat 

varied for each slab as given in 
Table 18. 

Slab 

A 

B 

C 

Mat 

1 
2A 
2B 
3 

1 
2 
3 
4 

1 
2 

~li 
RElNFORCEMENT DETAILS 

PROTOT~PE TEST SL.'illS 

TOPr«:>ST MAT 

Bar Spac-ing 

~~ 
!~ 

5 
5 
5 
5 

6 
5 
5 
5 

5 
5 

~ 

10 
co 
10 
10 

14 
5 

10 
10 

10 
10 

Clear Cover (in,) 

Nominal (actual) 

1 (1.125) 
2 (2. ?5) 
2 (not tested} 
3 (3 .SO) 

2 (2. 50) 
2 (2. 3; 5) 
1 (2,375) 
2 12.,075) 

l {l.2Ci) 
2 (not i.:ested) 

1/ mm = in. X 25.4 

3rade 40, No. 4 (13 mm) bars were 
used in dll the mats, The mats were 

~ecured to the plywood bases of the 

forms by securely wiring them to bar 



cbaiE ■• Actual covers (aeaaured on the 
capo■ed bar uaed to ute th, positive 

electrical connectio~) were 9reater then 
originally planned. Thi■ waa attributed 
to pl1ceaent of the topa:>at bars on the 
chair.a rather than securing the bottOII 
bar ■ to the chair ■• A■ the objecti~ of 
this task waa to al■ply obtain a range 
of known cover■ the fo~u were left 
intac~ and casting waa done uaing the 
a011ewhat greater covers. Phot09rapha of 
the reinforceaent in each al&b are shown 
in Figure 51A-C. 

The apeci■enc were cured under aoist 
burlap for 24 hou,a, then transferred 
outside and set on concrete blocks. Cur
ing was continl~ed for 14 day■, then the 
burlap was reaoved and the slabs allowed 
to coae to eq~ilibriu■ with the natural 
environaent. Apptoxi■ately 6 weeks 
elapsed betwP.~r. the ti■• the curing was 
ended and U,e tiH each slab wal!I teated; 
prior ta teat each slab was allowed to 
equilibrate at least 2 days 1n the 
environaent of interest. 

Ther110eouples wer• inatalled in each 6.4 Bffect of Cover 
ut at the location■ denoted by an •x• 
in P igure• 51A-C. Copper<on■tantan 

thec.:>coupl~• (Type TJ were first cast 
~nto lal17-in. {2512Sa178 •J aortar 
~r•, then tbeae bare were wired at the 
indicated location just prior to placing 
the concrete in the slab. Theraocouplea 
were located 1/2, 1, 2, and 3 in. (13, 25, 

'l'e■ ta were conductod on Slab A 

using the equip■ent and procedures des
cribed in Section 5. Aabient teapera
tute va■ aaintained bet•e•n 70-75°¥ 
121-2,0c1 

Test results are shown in Table 20. 

There is a difference of approximately 
20,000 couloabs betwe~n the areae of 

51, and 76 •> frt:a the conc[ete sur~ace. highest and lowest cover. There is a 
gOOd correlation between solution loss, 

6.2 Concrete Mixtures 
Batch ai1alysie of the concretes use"' 

to pour each slab are given ~n Table 19. 
Chloride ... fr•• aateria.is (ltsa then 0.011 
by weight as Cl-) Wert.\ 1.1aed, eacept in 
Slab C where chloride was intentionally 
added to the mix. The ~-oncretes were 
designed for a w/c [atio of 0.5, slu■p 

of 3,!1/2 in. (76 :!:, lJ 1111) and air o:on
tent of 6!11. 

6.3 Casting and Conditioning of Slabs 
Each al1b wa■ caa,t in two lifts. A 

apud vibrator wa■ used to consolidate 
the concrete. Sln~a ~ere struck off 
with a ■agneai\UI ecre<!d. Wc-oden trowels 
were used to obtain a rough surface on 
one of the slab• (Sl~b B) to evaluate 
the ability of the silicone adhesive to 
obtain a good seal. No further finishing 
was done on the slabs. 
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total chloride, and charge ~,a~sed. Chlo--
~ide profiles are shown in Figure 52. 
The high chlo, ide levels close to l in. 

(25 _, for the slab with 1-in, {25 11111) 

cover indicate a concentration of chlo
ride at tbe positively charged rebar. 
For the deeper covers it is evident that 
the chloride has not penet[ated to the 
steel during the test period. 

The relatkr--1hip between cleu cover 
and charge passed is shown in Figu[e 53. 
The plot was used to obtain the charge 
paaae4 at noainal covers of 1.0, ,.a, 
and 3.0 in. The ratios of the chacg~ 

passed at 1 and 3 in. (25 and 76 am) t•::> 

the charge passed at 2 in. {Sl ffal) are 
shown in Table 21A. 

Cores were taken from this slab and 
sliced to 1, 2, and 3-in. (25, 51, and 
76 IID) thickness. They were then tested 



(Al REINFOOCING MATS-SLAB A. 

(B) REINFORCING MATS ·SLAB B 

FIGlJRE 5J. REINFORCING MATS FOR PROTOTYPE TESTING. 
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{Cl REINFORCING MATS - SLAB C 

FIGURE 51. (CONT.) REINFORCING MATS FOR PROTOTYPE TESTING, 
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Slab A 
W/C•0.!50 

0 I In. covor 
C 2 In. cover 
ti. 3 In.cover 

mm• In. x 25,4 

o,..__..___.__--'...._____..____. ....... ___,.____. __ 

,0 .2 .4 .s .a 1.0 1.2 1.4 

Sampling Depth, Inches 

FIGURE 52, CHLORIDE PROFILES FOR VARIOUS 
CLEAR COVERS. 
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FIGURE 53. COVER VS. CHARGE PASSED. 
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!!!!,!Lil 
CCIIICIUITI! NI XTUlWI 

PROTOTY"B T!:ST St.MS 

MtK Quantities (lb/cu yd) 11 

_2/ 
!!!.!! ~- ~ g__ 

A 422 211 1,3a 1,968 
8 '23 212 11316 1,975 
C •23 212 1,306 lf958 

1/ kg/a3 • lb/yd3 X 0.594 
2/ Added a■ CaCJ 2 2B2o (401 ■olution> 
3/ .a• in. X 25~4 

TABL!l 2' 

ff.ST RBSULTS 

!m£!3 . .!:2Y!! 

0 
D 

5,0 

Cover / 
jActual-1 nchea) 1 Solution LOH 

JI Cl-) 
TOUl Inteqral c~
(Arbit:.-~!'V Uni ►..!.L. 

1.125 
2.25 
3.50 

·1/ mm -= in. X 25.4 

0.49 
0.37 
Q ,30 

--2/ 
0,56 
0.48 

Slump31 Air 
(in.) ill 

2,5 6.3 
2.6 6.0 
3.5 5.9 

Char9e Passed 
(couloabs) 

50,300 
39,380 
30,008 

2/ suples not r.aken below 1-in. (see (~hloride profile - Flgure 1) 

in the •applied ~oltag~ ce11• (Appen
•-=.\Jt l). l1eaulta t.re sho"'n in Table 218. 

T~ble 21.A ~hova te&ulte ior the slab 
tests. The effect of cover in the alab 
test ia less :sovere t.ha;i the effect of 

thickness in the core teat. Also shown 

(Figure 54) is the relntionsh ip between 

slice thickneas ~nd charae paaaed for 
both the cotea taken fra11 Slab~, ~here 

the cement content waR 422 lb/yd3 

(250 kg/m3 ) and counOed siliceous 

Cover 11 (in.) 

1 
2 
3 

TARI~ 21A 

~ 

EFFECT OF O:VER 

Cha~:ge PA88Ad 2/ 
'coulomb!L,_ 1 Ratio3/ (2"/ 

52 ,ooo 
41,500 
Jl ,200 

o.ao 
1.00 
1,25 
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TABLE 21B 

CORES PROM SLM A 

EFFECT OP THI~KNBSS 

Th lckness cnuge Passed 21 
_il~ 1coulomb1! 

1 6,200 
2 3,050 
3 1,(100 

17 mm• In. X 2~.• 
2/ T•~en fro.n ~igure 53 

Ratio31 
(2 11 £'. I 
o.n 
1.00 
1.69 

3/ Rat-i.o of cherg·e passed at 2 in. 
!51 mm) of r..:over to chargf.! passed at 
indicctee caver. 
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6 ~ W/C • 0,50 

~ 0 FHWA 

• Slob A f ~ ·• 
j ~ 

mm• In, x 25,4 
5 

I-
• 

.J 
E 
_g 
zl 4 u 
• .., .. : 

a 
C. 

3 .. 
01 ... 
a 
.c: 
u 

' 2 
.......... _ 

• 
"--a 

1,0 1.5 2,C 2.5 3.0 

Slice ThlcknetJS, inches 

FiGURE 54. COMPARISON OF CHARGE PASSED BETWEEN 
TWO DIFFERENT CONCRETES HAVING EQUAL W/C RATIOS. 

93 



q9regate ••• uHd, versus cores taken 
fro■ the prffic,JBly te1t~ l'IIWA ■lab■, 

where th• ce•nt content wa■ 1558 lb/yd 3 

Clto kg/113) anO angular cubor,ate 

a99reqate waa u9ed. There ie very good 
aqr•••nt between ~he two eets, indicat
il"lli that 11ix factor■ other than 11/c ratlo 
have only a 111inor eff~ct. 

iS .5 Effe("!t of Reinforcing Cage Geo·aetry 
Te■t re• ■ult1 on aectlon■ h .,11ing 

varylng rebar ■p~clnga are ahowr. ln 

Table 22. Chlo!'ide profiles (no~ nh=nJ 

were eaeentlally ldentic:11. Th,eae 

re■ulta indicate that rebar ■p~elng~; !t 

leaat within the ranges ~nccunteud in 
practlcf-!, have no ■ i9r.1ficant efft•ct on 
the teat. 

6.6 Effect of Aablent Te11J>!ratyre 

The t~■p•rature di■ trlbution■ 

reach<!d after 18 hourc of heating th• 

concrete surfacer to 140°i' (6o0 c) 
ace shown in Pigure 55. As would be 
expected, th~ highest temperature■ are 
reached ~n the slab stored at 100°P 
(3a0c~. The dlfferencea between thp 
threei conditions al."1l lea■ at the O.5-ln. 
(13 na) level and inci:eaae at greRter 

depths. A malfunctionlng thar■ocou!'l• 

prevented obtaining re1ding1 1t 2.0 ln. 
(Sl !l'!MJ fer th~ •lab storer at 100°r 
(3a°C), 

Results for teat ■ conducted at the 
three temperature levela are ■hown in 
T~ble 23. A• eapect~d, charge paued 

during the teat lncreeaea with the 

_TAB.:..! 22 

Spaclng - top Mat 

!BST RBSDLTS 

U'PPCT OP BAR SPACING 

Total Integral Cl TOP Steel 
(inchea) 1 Bottom Steel 

( inches) 
Solution LOH 

11 c1·1 __ ( Ar bl tr a rL.Jl!!j..!!!,_ 
Charge PaaseC, 
{coulo■baJ 

5 
6 
5 

lO 
14 
s 

]/ 11111 ■ 1.n. X 25 ... 

,o 
72 

100 

I. Oc • V 9("F • 32) 

n.37 0.56 
'.l.34 0.57 
0,35 0,56 

TABl~-!__~ 

I!ll_!!~TJ! 

l!:!'1".!CT OF T§.lP£RATOR! 

'3olution Loae 
II Cl 

0

1 

0 .32 
0.37 
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Total Integrnl Cl 
(Arbitr..!£l...Oni ts) 

o.u 
O,S6 
0,46 

39,380 
41,577 
41,404 

Charge Pa Heel' 
I coul~!!.J.__. 

2,,2,2 
39,390 
42, ooc,· 



140 

130 

"- 120 0 . .. ,. 

I • Q. 

E 110 
{!! 

100 

D-•-------□....., 

Ambient Temperature 

A 40°F (4°C) 

0 72°F (22°(';) 
□ I00°F (38°C) 

°C•~(Of-32) 
9 

mm• In. K 25.4 

0 .__ ___ .L._ ___ _._ ___ _._ ___ _. 

0 0.5 1.0 1.15 2.0 

Distance From Surfoce , inch11s 

FIGURE 55. TEMPERATURE DISTRIBUTIONS IN CONCRETE 
SLABS. 
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incre■■in1 ••bient t••1?e'r■ ture. Due to 

the pretest heat a0&k of the teat area, 

however, the diffeEan=ea are not•• gr~at 
•• .,ould be obtained if ont. .;;c.rted the 
teat on alaba at the a■bient temperature. 
Reaults for all teaperaturea place the 
concrete into the range of llOderat:ely 

high per11eability {30,000 to 50,000 
couloaba). 

6. 7 Teat of Chlor !de-Laden Slat, 

A slab prepared with 5 lb/td3 

(3 kg/a3) Cl- and 1-ln, (25 •> of 

die concrete cover wee 1ubjected t,::, 

applied •oltage tt, ■t. The te,,t wai:, car
ried cut in an cutdoor teat plot, aabient 
te-rature ranged fro,, n"P uf'c) at 
t~e start of taat to ef>r (3~0cJ at the 
teralnatton. Total charge paaaed waa 

52,300 cau.loaba, cloae to the value of 
50,300 couloaba meaaured on a chloride
free slab of equal clear caver indoors 
at 72°r. No signs of con~r•te di■ tre ■■ 
were seen during the teat period. A 

core taken throu9h the •t·Hl at the con

clusion of the teat show,1d only very 

alight corrosion of the fJtt1el reinforc

ing bar, the corrosion products being 
contained within a <&s0 urc t:rcm top
center cl the bar and exuding about 1 m 
into tba adjacent conc,.·ete. 

7. FI BLD TRIALS 

Pleld trials using the Model 15-8 

Chloride P1raeabilit~1 Inatru•ent wre 

conducted on t.wc bri!lge decks in the 
State of Wisconsin c'1ur in; the summer of 
1980. TJ-ie major ob•jective of these 
Held trial■ was to evalu.,te the per
formance of the inutrulll@nt under actual. 
f!eld conditions. On both site ■ con

struction wa ■ on-~;oing, thus providinq 
•worst case• conditions fot ruggedness 
teatiny. I.. eecondacy objective w.sa t,J 

interpret the teat re■ult• in order to 

gain SOM infor•tion on the perMabil

ity of the te■ t ■ection■• Th• tact that 
■o• ir.\fluence■, auch aa variable 0\'erlay 
depths, are still relatively unquantified 
li■ited this objective. Finally, c~ree 

were obta.tnecl fr011 theae two bridge■ plus 
one additt,:,nal structure for ,Jvaluation 

1 
in the laboratory uaing the •~lied 

voltage cell. 
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7.1 Bridge 1 - Conventional Concrete 
Deck 

7.1.l Background 

The firat bridge choeen (Wiaconain 
8-36-73) was a ftar-■pan, con-.rentional 
poured concrete dock on 70-in. (178 -.) 

preatre■■ed t-gird,ua The deck •• 
poored in July of 1979, and i ■ part of a 
newly con ■tructed ir.ter ■ t■ te highway 
(1-U). Mo deie.lng a,alt ha■ been 

applied to this deck, Structural 

details are given in ~wendiz 6. 
The deck wee pcure:d frOII ■cu th to 

north abutaents using c1·ane and bucket 
techniques. 'l"he entire ,')f'.:llt waa cca

pleted in or.e day. Concrete mix propor
tions are shown in Table ~1 4. 

Cement 
san.:I 
Gravel 

Water 
WIO)A 
Al!A 

~BL!: 24 

BRIDGE DBCF. _CONCR.ftB 

Quantity (lb/cii yd)~·~ 

(Type I) - 658 
- 1,200 
- 1, BOO 

(F,M. • 2,72i 
!:V.

1
4-in.~ ■axi■u11. 

• ae) 
29' (w/c • O ,45) 

- 3 .61 fl czjcwtl' 
- , , 74 fl o,/owt~ 

V kg/:11 3 • lb/yd3 X 0,594 
1/ll'tllt•in.X25.4 
3/ ml/kg • fl oz/cwt X 0,65 



Slu■p and air content• were eoni• 
torlld at frequent intarvala duting the 
paura. Sluap raft9ed froa • low value uf 
LS In. (38 •l to a high of J.25-ln. 

{ (ill •·>. Air content• ranged fr~• an 
initial low of 2.01 to a l'ligh of 7.,31, 

althOllgh the teaainder of the readings 
were ■uch oloaer to apeclficationa (5.3 
to 7.01). Inapectlon of the job tick•ts 
ini!lcated that the initial truckload 
(10 cu yd - ? .6 ■ 3 ) of concrete had 
approxiutely & gal (30.3 L) aore water 
than thereat of the loads. T~is load 
correeponda to :,,pproxiaately the firat 
10 linear feet of concrete placed fro■ 
the south bridge abut21ent. The deck vas 
cured for 7 day1 under wit burlap after 
place•nt. It has been closed to the 
public since oonatruction, aM no deicing 
salt haa been appli•id. 

7.1.2 Teat Location• 
The brid9e pla~ ahtiwing test loca

tions is shown in Figure 56. Field 
tests were conducted on locations 1-4. 
core■ 4 in. (102 ftll!.} in dh.me~er were 
taken approaiaately 1 ft (0.3 m) away 
froa the teat areas and also at location 
s. Beceuae of higb-epeed conatructi.on 
traffic (gravel trueka) all field teat,11 
were conducted in the lO•ft (l ■) 
aho\lder a.i:ea. 

7.1.3 Functioning Of Egulpmegt 
Mo aajor prnl)lema we-re encountere~ 

with the eqn\paent 'l'he pyroaeter, how
ever, used to monitor te::aperature durtng 
the l'leat/ soak period was fouOO to read 
low due to a heat-a1nk ll!ffect. For this 
reason, an auxiliar}· thermocouple was 
inNrted into the chamber thr0l'9h the 
fluid filling valve and a portable 
digital therirometer (Fl·1lce Model 2176A) 
was used to 1110nitor the temperature of 
the limewater and saltwater aolationa. 
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The generator was capable of running 
for up to 14 hours off the 6-gal (22.7 L) 
eqxiliary fuel t&nk. Thi• ~equlred that 
the 1nv~atigators return to the test slte 
b•t:ween 1800 and 1900 hours to refill 
th~ 9~~oline supply. 

7.1.t Teat Reeulta 
keaulte of th~ field testing are 

8ho,,n, in Table 25. Valu,is for cha.:ge 
passed and solution loss lie between 
previoua laboratory values for concretes 
having v/c ratios of 0.4 to O.S. 
Although aabi•nt temperature appears to 
have lltt.,_e signiticant effect, the 
effect cf r-lear cover la auhatantial 
<•• Pigure 57). The field reeults 
appear acre sensitive then previoos lab 
teats. The result• do aho~ t~at at all 
eovers the result■ for th•e con<.:rete 
bridge deck with stated w/e ratJ.o of 
o.•s do fall between tl1on for w/c catios 
of o.• to 0.5. 

Analyses of •b"..ant• chloride powdeL· 

samples taken pcic-,r to teati"9 at loca
tion■ 1 and 3 indicated baseline chlo
ride conter.tg ~t o.oss and 0.0781 Cl-, 
re•i'~tively. 't'hla could explain the 

erratic reaii.lta for total integral cL~o
ride obtaii1ed bv ir,te9ntir..,1 of the chlo
ride profiles (Figure S8l, and ~ubtraet
ing the 'o,.~-eline values from the re.1'!-ult, 

As this deck had not b•en salted, Uit: 

chloride a.;0at likely was du<! to chloride 
bee.tir>9 a.ggi:egat ... s used in the concrett 
aizta:e. These result• indicate that 
chlor:ide sampling after test is in~-ppro
prh.te 'tfhere large amount& ( > 0.01') of 
chl•.3tide are detected in the blank 
su,ples, 

Results on cores t~~en from loca
t·•ons 1-5 are shown in Table 26. 

Reference to Plgute SS shows the 
core test results (open triangles) in 
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TABLE 25 

FIELD TBST RBSOLTS 

conventional Deck - Manitowo.: R•p1dt 1 Wisconsin 

Cover 11 Air T•P• Range Charge Paaaed Solution Losa Total Inte9ral 

pn,IU 1"r1 31 I\ Cl-I Chloride4/ Location jcoul011bS! 

l 2-1/4 72-87 31,990 0.30 L66 
2 2-1/2 61-6B 26,680 0.25 
3 2-3/4 66-71 22,67l 0.22 0.J3 
4 2-3/8 54-69 33,646 0.35 

IT14eaaured appro~i:mately 5 in. (127 n} outside actual teat area on tr.&nsveraa bar 
2/ • • ir1. X 25.f 

3/ 0c • s19 c"r - 321 
4,' Corrected for baaeline value, 

e<aparison to previous data. With the 
ezception of location l, all reaulta are 
cloae to those obtained on w/c • a.so in 
previous teats. Thia reault for location 
3 is auch lower, checking the low field 
teat result at this location. In 9en

•r•l, the core teat reaulta when coapared 
with previo~s data would indicate an 
effective w/c ratio equal to or slightly 
greater than a.so. The field results, 
at covers close to 2.0 in., indicate an 
effective w/c ratio somewhat leas than 
a.so. 

TABLE 26 

CORE TBST RESULTS 

Conventional Concrete DP.ck 

Slice Charge Solution 
Thickness Losa 

l.!.!!.,l 1/ 
PasseJ 

Location (coulombs) 11 Cl -I - --
1 1,98 3,4U2 0.35 
2 l.~3 3,UO 0.33 
3 1.98 l,~72 0.21 
4 1,96 2,93S- 0.34 
5 1.96 2,623 0.29 

17 .... in. X 25.4 
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7,2 Bridge 2 - Dense Concrete Ove:lay 
7.2.1 Background 

The aecond bridge {Wi■conain 

B-41-62) waa a tbree-apan conventional 
p:,ured concrete deck on 36-in. (914 -> 
prestreaaed I-girders. A dense concrete 
overlay bad recently been •~plied to tbe 
deck as part of a highway rehabilitation 
progru, encoapaaaing approzimately 
15 •i. (24 .1 km) of Eastbound I-9C 

between Millston and Warrens, Wisconsiu. 
The initial structure was canpleted in 
1965. The overlay was placed in June of 
1980. No deicing salt had been ~pplied 
to the overlay, chloride cantents had 
not been determined on the original 
deck. Structural details are given in 
Appendix ,;. 

7.2.2 Overla;t and Test Locations 
A Oense ("Iowa Method") portland 

ce11ent concrete overlay waa placed over 
the original deck surf.ace in June 1980, 
Mix design is shown in Table 27. 



Quantity (lb/cu yd) 1/ 

Ceaent - 823 
Sand - 1,372 
~ravel - 1,312 
Water - 206 

(r .M. • 2.13) 

/
~4-in."J/ ••dau• 
W/c • 0.25) . 

ahe) 

Quality Control Testing 

Slu■p (45 ■in. intervalll) - 3/ 4 in. 
1/2 in., l/4 ln. 

Air (45 ain. iritervl<ll■) - 5.61, 5.111, s.~, 

l/ kg/■3 • li,/yd3 X Q .S!k 
2/ M • in. l 25.4 

Sluap and air content teat ■ taten 
during the 2-hour poor indicate goad 
uniforaity. The concrete was aixed i~ a 
•concrete-Mobile.• The OYerlay waa 
placed to a plan depth of 2.315 in, 
(60 •>. Transverae groOYe■ O.l~S-in. 

(3 •> wide 1 0.0625-in. (2 •' deep and 
apacetl 0.15 in. fl9 11111) apart were made 
in the fLeah concrete in order to pro
vide i■prOl,l'ed skid resistance. 

The OYerlay was approxi•ately 2 
monb~a old at time of teatlng. Bridge 
deck plan and teat locations are Ghown 
in Figure 60. C'o111plet2 tests wet:e car
r led out on locations l to 4. On loca
tion Sa core only wa1 obtained for 
later lab testing. Heavy construction 
traffic restricted o.i.r testing for th@ 
110at part to the S-ft-6-in. (l. 7 •> 
shoulder lane. 

7.l.3 Teat Results 
Teet reaulta are shown in Table 28. 

Reaulte rar9e fro• a high of 17,690 
coulombs at location l to a low of 9,250 
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cOUlo■b• 1t location 2. Soiution lo•• 
value■ corre!ate well with charge pa11ed. 
Chloride profile■ fot locat.ion• 1 throu9h 
tare 1hown 1n 7lgure 61. They are 
oloeer than would be e•pected fr.om the 
difference in chuge paaael.1 anti solution 
lcae between four loc1tions. The highest 
total integral chloride value (location 
4) is 501 91,eater than ::he loveat (loca

tion 2), but the highest charge P■■aed 
value (location 1) ia al1110st double the 
lowest (location 2). Additionally, the 
highest total chloride (location 4) ia 
~ associated with the highest charqe 
~esed (location!). The lowat chloride 
\'tluea, however, are aasociatecJ with the 
loweat cha~ge paaae4 !location 2). Cur
rent va tiae curves are ahown in 
Plgure 62. The cwae of the M.9h cur
rents aBSociated with ltXation 1 CQL~d 
not be reat.111~ ascertained. Ma~imua alt 
teaperature was somewhat ~igher for this 
location, but cover for location l was 
greater t:h•n any of the other locations 
Additionally (se@ Table 29), a core take, 
l ft (305 1111!1', from the teat se,~tion 
showed an •A·erlay thickness of 2 .~2 in. 
(6• ffln), greater than t!'l ... t of the otlie,· 

test sect!ona. It is perhaps possible 
t~~t im11edlately inside the actual test 
area the overlay tMckness was less, 
thia coul1 not be verified bec~use no 
additional coring was allowed from this 
deck. 

Cores taken from this de,ck were 
then tested in the applied volt~ge cell. 
Core slices were cut at the subatrate/ 
overlay interface, 
shown in Table 30, 

Teet results ,ue 

Pigure 59 (page 101) 
.1how1 the test results in compariscn with 
p?avioua tests in the cell. Locations 
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TULi 28 

PIBLD TUT Rl!9...!!!,!!! 

Denae Concrete Overlay - Lincoln, Wi•conaln 

Cover!/ Air Teap. Range Charge Passed Sol,:i~~-LO■I Total :integral 
11n.1.: !°rl 31 LOC&tl:2!! 1couloab1j Cbloride 

l 4-1/2 65•88 17,690 0.29 0.27 
l 4-1/8 ~7-79 9,250 0,10 U,22 
3 3-7/8 73-82 13,390 0,21 0,27 
4 4-1/1 67-79 12,190 0, 17 o.n 

AY,Ha9e 4-3/H ll,J.30 c.20 0,27 

i/ iiia■urM &'3'proa11lately 5 in. (127 •> outaide actual tert ■r•• on 
tranaver•• teat bar 

J./ Ml ■ In. Z 25.4 
3/ Or.• 5/9(°r - 32) 

TAIILI 39 

OV.IIU+~ TBICKIDSSl/ - lnchea21 

Location Maxiawa MiniaUll 1v1rage 

l 2,75 2,43 2.52 
2 2,04 1.51 1,78 
3 l.75 1.50 1.60 
4 2,56 2.125 2.30 
5 2,90 2,40 2.s:, 

17 kea■ured on core■ taken approx iaately 
l ft 1305 nJ froa teat area 

2/ - • ln. X 25.41 

are denoted by nu11Gr&la in■ ide the open 
ciri:h:1 on .;he plot, All re■ -.,lte lie 

above tbe line denoti'\9 11 "'/c ratio of 
O.4O. Locatior,a 2 and 5 e,ppear to 
•~gge1t • ~/c ratio cloae to 0.45. 

The■li re■ult• indicate highor per-
11eab1litie1 than previou■ly encountered 
with denH overlay aaterial1 prepar~d in 
the lab (clo■ed cir~le■), and also con
flict with the field teat reaulta. The 
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field te■ ta, however, included approxi
mately 2 in. (51 -.) of 11ubatrat• ■a ti/
rial in the te~t 1ection■• The teats 
done on slabs ,'.lt'l!pared by FIIWA had only 
l in. (JS :m) of 1ub■trate concrete 
beneath tha 2-in. (5~. •) overlay. 
Therefore, tbe total concrete th ickne■• 

between thti surface ao.i.ution and the 
ateel val', ,1pproxiaately 1 in. (2S •> 
greater in the field teat■ than in the 
lab teat■• Th• field tset rewu1ta are 
thua over:ly optimistic it one a!lke■ a 
direct co111pariaon without con■ idering 



the difference ln cover. Obvloualy, 
■ueh 110re work will have to be don• in 
the futwre ao that a dat:a baae e:ncoapaa•J

lnq variou• overl~y and eubetrate thlck

neAse• can be compiled. 

In su-ary, the core (cell teat) 

reeul~a are 110re reliable than the field 

teat results for thia deck. T~,ese 

reaulta indicate that this concrete la 

c0111parab-11 to an i.,rdinu·y hi9h quality 
concrete (w/c • 0.40 - 0.45) and not to 
a low p.?rmeabllity, tow 'A/c ratio (lea■ 

than O. 35, der1 ■e ■h:ture. 

7.3 Bridge 3 - PolY'Jl•r-concrete overlay 
on the third 111ti::·ucture, cores for 

evaluation •1• the laboratory ap~lled 
voltage cell were obtained. No field 
teating waa done. 

7.3.l lnltallatio~ of Overlay 
The overlay was installed on South 

FJrk Aah Creek Bridge (No. 491A) in 
Independence, Oregon. The bridge rC'•-"·,way 

was 81-ft (24.7 11) long ::,y 3&-ft (11.fi •J 
wide. The deck ccndition was good w1th 

no delamlnatione detected. Chloride con
tent waa below 0.00~1 by weight of con
crete. The deck was sandblaated prior 
to polymer-concrete application in ~rder 
to :emove dirt, ~il and aurfftc~itance. 

The mcnomer choaen was a thermoset
ting, •e~ium viecoaity vinyl eater reain 
(Derakane 411-C-50, DoW Chemical Corp.). 
".'.'.lther chemical c:onatituent■ added to the 

mh are given i11 Table 31A, showing the 
amount added to each layer of the overlay 

system, The aggregate used wae Wedron 
Bl-8 wsshed and d.:ied sand, having the 
gradatio11 given ir• Table llB. 

Juo!t prior to applic&tion fff t.h@ 
fir•t resin coat, tt>e ini ti at.or (MK) was 
added. The r@sin i- -l t.ht'ln poured onto 
two, 20-ft long (6.1 111 sections of twc 

lanes. The resin WHI brl•l!llled across tJ'le 
surfk<.-e, re■ultlng ir. an .!ppllcation rate 

TAIILB JU 

USII! POIIMOL.l,TION 

POLYMER CONCRBTI OV!'RLAY 

Layer 
_I_ ••• 

Chemical C011ponent 

surfynol 400 

I of Mon .. ,aer 
by Weight 

1.0 o.o 
Silane Al 74 1.0 1.0 
Cobalt Naphth,nate 

c1::1 r:obalt) 
Dimethyl AnilinP 

0.1~ O,lS 

o.os 0,05 
Methyl Ethyl Ketone Per.oxide 1.0 1.0 

TAIIL.~J.ll 

SAND GltADATIOB 

POL?IIER CONC'.lt&Tl! OVERLAY 

Sie•e Bhf! I Paas1.!!9 

8 (2.36 ... ) 96 
12 (1.70 DIii) 66 
16 (1.18 m) 19 
20 ( 850 µ19) 6 
3~ (600 µm) 2.5 

of 2.0 J.b/yd 2 [l.l Jc,g/m2 ). Aggregate 
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was then spread OVf.,r the re11in at a rate 
of 1S lb/yd2 { 8.2 lcg/m2 ) and compa~ted 

with a large!" pneu1'flatic roller. Tho 
fil' st layer wag allowed tc ::ure for 2 

hours, unbonded a9Jregate w4a remove~, 
and the second l111irer w,as t:hen cast. 
Resin loadir~ on this and aQbsequent 
layers wa■ 3.5 lb/yd 2 {l.9 kq/m2); aggre

gate loading was t.he same as. for the 
lirat layer. A two hour cute ~as allowed 

between t,he 1econd and third, and the 

third ~nd fourtb layers. Three hours 

after placing ttie foorth layer t.he lane 
was ceopened to traffi.,:-. 'f'he n11alnin9 
~ect.ions of the deck were complett.ld the 
nl!xt day. 

7.3.2 Teat Results 

Pour cores were extre:cted from the 
deck and shipped to PCA/CTL for testing 
in 1:he applieCJ voltage cell. Total corr! 



■lice thlotr:ne■e, O'V'erlay tbickr~ee■, encl 
oharge paa■ed are abown in Table 32. It 

i ■ ~••ily ■••n that all core■ exhibited 
aero charQ• pa■a•d durlnCJ the te■t ~rlod 
of 6 hours. Reslatonc• aeasured aero,■ 
the cell was greater · than 106 oh•H in 
all c,:eea, confirming th-. dielectric 

natur• of the overlay. 

TABLB 32 

POLl!IIBR-CONCRl/l'B CORES 

TBST RBSOL'l'_§ 

Thickn■II - Jnche■V Charge 
Paaaed 

~~ totel Sllc• overl~ tcoulo■bl} 

l 1.12 0.82 0 
2 l.'7 0. BO 0 
] l. g;; o.ao 0 
4 LIi o. 82 D 

v- • tn. i 2S .4 

7.t !_1fety Conaiderationa 
The poaeibility alway:1 exiata. t!iat 

exterr,al aetallic brid9e 11.erUera, such 
a■ bant!Jrail■, 9uardraila, steel beau, 

and electrical coRduit may be electri
cally conn~ctet'l Hhh the reir.forcing 
■ata in the deck ■!ab. If the r~turn 
path to the teat area were sufficiehtly 
conductive, peracnnel might ac~ieve a 
lethal shock by touching an exposed 
■ttallic surface. To ~hec~ thia posai
bil.tty, voltage drop'I between an aluminum 
handrail 4nd the concrete surface were 
determine~ durlnq an actual teat. T~e 
curb •r•• wa1 wett'9C.1 prior to teat. 
Except for area• leas than 8 in, (200 aa) 

ir011 the teat dike, the voltaqe drop 
between the railing and the d~ok was 
le•• t~an l volt. ~••uming that Ch~ pin 
connection ~nd teat cell are covered, a 
potentially hazardous aituatlon would 
arise only if the u■t area vere !!!.!2,i
ately adjace~ to the ezpoRed metallic 
■eaber, ouch as t,t a ~urb line. In thie 
caae, nor:c.c.,ndiJct.i"'e footwear should be 

vorn and peraonnel should stay clear of 
the cell during application of the 80.0 

volte. 

8. O'l'IIBR TBCRHIOOBS 

Although the -~~r ai■ of thl■ project 
waa to develop th~ applied voltage 
technique,• 11■ited a110Unt of effort 
••• devoted to evaluation of other 
~andid~te technique■• These include~ 
water-vapar ttanamiaaion (WV'!'), air 
permeability, and four-pin re ■ iatvity. 
Brie[ aua\arie8 of the teat! "9 and 

r&■ultl follow., The fwr-s,ln re•h-
tivity aethod fa described in 110r1 
detail in Appendix 5. 

8.1 !!.t•r \T~Tr;.na■iaaion (KYI'} 

Cor~ s~lJe ape-ci■ene, 2x4 ir.. 

(Slx101 DJ, were prepared ln a •~nner 
similar to ~.hat uaeC, for the •P!"'li~ 

voltage cell test, the periphery being 
coeted with @poxy and the specimen th•n 
vacuum saturated overnight. ThE test 
a?£)antra wae. identical to the 11pp!ied 
w,ltagP cell (111inua ~he me1h screens a~d 

electrical connctetors~, with the exc~~
tion that the left side •e1ervoir wae 
titted with a 4 a I.D. capill&rY si9hl 
tube approxim!t4ly 3~-in. long. Ann 
scale was affi~~ to the tube. ~rior to 
teat, tne left side of the cell was 
fille4 with tap ~ater and into the eight 

aide waa placed ~PPL~ximately 60 gm of 

•drierlte• deaicca~t (Caso 41 contained 
-in a nylon mesh bag. The entire appara
tus (with th• exception of the eight 
tube) was then pla~ed in a ~ater ~ath 
maintained at so! o.2°r (27 ! o.!0~,. 
The apparatus was allow,d to equilibrate 

for 2 hours, then eapill~ny reuditigs w.,e 
ttken a~ ~ourly intervalo. Reaulca on 
alicts whe!'e 1/4 in. (6 mm) of material 
waa remov~ from the aurfr.ce ~n:e pre
sented in rtgurea ti3 and 64 ! 11 full-
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depth aateriala and Pigur• 65 for OY~r
laye. 1~ order to quantify the teaulte, 
the drop ln the level of water ln the 
capillary wa■ converted to per■eabillty 

coefficient by the following foruul~r 

where 

;,•P •I. 
K • A 

X • per•abllity coefticient 
(g/ca• •> 

p •••••of ~•ter per unit 
CA?i1-dry length f9/ca) 

P • late of capillary drop 
(Cll/9) 

L • len~th of ar,ectaen (ca} 
A• area of apeci ■en rcw2) 

Peraeab·illty coefficients aro given in 
Table 33. The ■ateriala appear to line 
l.!P generally in th+t expected order of 
perMabilitlea. The es■entially e(!Ual 

TABLE 33 

WATBR VAPOR '.l'JtANSMISSION RESCLTS 

fil..~ 
33GS 
3355 
3390 
3400 

3401H 

3395 

3380 
3375 
3370 
3360 

l!r93 

neecription 

w/o • C.60 
w/c • 0.5-0 
w/c "' o.40 

Int. Se!!!l -
IJnhea. -~ed 

Int. Seal -
Beahd 

Latelll' - Pull 
Uepth 

IOlfa .. Propei:: 
Iowa - Improper 
Latex O\"o!.·lay 
Int. Sea:;. .. 
Overlay-Unheated 
P.I .c. - Pull 

Depth 

Permea 1ilit•· 
Coefficient· 
- i: 

fgJl/s•ca X l0- 7j 

19, 9 
'a.87 
6.65 
3. 81 

3.37 

O.lO 

0.39 
0.21 
?. 16 
Cl .51 

0 

petmeabilltlea of the 0.5 and 0.4 water
ceaent ratlo concreteo were confirmed by 
later PRWA 90~·day chloride pond.i-ng tet•,te, 

The teehniqu~, however, tailed to d1atin
guiah between lleated and unheated inh r
~ally ~ealed concrete&, and Dhowed 
anom~1oua re■ulte wh~n applied to 

properly and i~properly consolidated 
•tow•• concrete.1. l'urthermore, aoae 
■pect ■ena exhibited an ano■aloo• !_lee in 
capil~ary colullll height ~uring the teat 
period. Al worke~s at the X4ns■1 Depart
ment of Tranaporlatlon (32) we~e develop
ing 1110re refined t•chniquea f~r WV'l' teet· 
i~g, it was declaeJ to ter■in~te this 
phase of the tnve1tigationa at ecA and 
devnte prtncipal e■phaaie to de~elopment 
of the applied voltaQe technique. 

1.2 Air Per•abllity 
'rwo aeta of 2x4-in. (5lzl02 -) 

alicea fone •t with two aawed faces and 
one aet with o~e fini~hed face) were 
dried in a forced-draft cwen at l40°r 
(Go0~) for 24 daya. At tbia Point 
wei~ht loae r.1s le•• than 0.5 g■ per 
4 8-hour period. 'l'he spec:irtens were then 
individually wrapped ln saran and 
aluftinua foil, •e•led in •zi~lok• baqs 
containing a small a110Unt of driertte, 
and ahlpped to a ccaaercial laboratory 
for air permeability teati"9. 

The specimen■ were teated at 32 ~~ig 

(220 kPa) ueinq dried air. They wer~ 
sealed inte, a test chaaber by appHca
tion or external pressure to ,, rubber 

~t surro.Jnding the periphery of the 
speciffien.. In. thir, manner air flow was 
restricted to the longitudinal direction. 
Readi.ngs were taken on flow meter• untH 
a ateady-atate was achiev.a. Pot these 
spl!-Ci■ens this e~Jilibration tim~ wan 
,bout 15 minutes. The permeability (in 
mi 1 liaarcyi.l waa then calculated froa 
the followin~ e,.preaion: 

lll"here 

k • 

k • pP.~•eability, ~illidarcve 
(M ) 

µ•gag viscosity, centip:,iee 
{Pa•S) 

Ill) 

.0 tore Laboratories, Inc., DalJ.as, Texss. 
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0 2 • volu• flow rate, cc/a c ■ 3i.;J 

Pi• inlet preaaure, ataoa (Pa) 

P2 • outlet pre11ure, •ta:>• (Pa) 
L • flow length, ca (a) 
A• teat specimen area, ca2 (■ 2 ) 

Unfortunatelr. lt was not possible to 

obtain further detail■ c,n the apeciflc 
eguipaent or te ■t procedures uaeJ to 
perfor■ the air per■eability testing. 

Reaulte are presented in Tabl~ ,,. 
~lthouqh ree~lta for conventional con-

crete are reaaonable, there are dlacre
penciea lo: the data on the aodlfied 
concrete ay■te ... ~or eaa■ple, lites 
concrete thowa lower air peraeability 
than heated internally ••~led concrete. 
It la possible that, if the capillary 
■pace■ in internally Haled concrete ar• 
only partially filled with aelt.d wax, 
then relatively high air peraeabili tte11 

could be aaintatned, while water (or 
chloride ■oluti~n) per11t.tability wou\G 
d~cre••• U~• to a hydrophobic effee?. 

TABLE 34 

~Jk PIIRMBA.BILIT'Y RBSULTG 

Slice 

]385 - 1A 
- lB 

33,s - 1A 
- la 

3390 - 1A - lB 

3400 - .. ~-- lB 

;~'.'.'lR - 1A 
- !i:t. 

.1:,9,; - 1A 
- 1~ 

1~80 - lA .. la 

33"/5 - 1A - 18 

3370 - 1A - 1B 

336G - 1A 
- u: 

1 ~- ~, - 1A 
- lB 

3410 - 1 

3'10 - 2 

w/~ • 0.60 

w/c • 0.50 

w/e zo o.,o 

Int. Seal. Full Depth 

!nt. Seal. Pull Veptb-H~ate~ 

Io"':: - Proper 

Iowa - Improper 

Latex Ov~rlay 

Int. Seal. Ovetlay 

P.I.C. - Pull Depth 

P .c. Ov~rl ay + Pase Course 
2 in. total t'liicknesa 

P.C. Overlay Only 
0.5 lr., thickne&s 

A• elfce \ncludea top finished surface 
B • 0.25 in, cue off finished a11rface 

• !'!! X 1,01 X 103 
• .. n. X ..:5.4 

114 

Air ,.rltf!ability -,.a, 
0,12 
0,16 

0.10 
0.12 

0.03 
0 .o 9 

C ,05 
0.06 

0.01 
O ,Ol 

<0.01 
<0,01 

0.04 
0,03 

o.o• 
0 .07 

o.o• 
<0.01 

0.01 
<0.01 

<0.01 
0,03 

<O.Cl 

<O .01 

0,H 

o.u 

0,06 

0,06 

0.01 

<0.01 

0.06 

<0,01 

<0.01 



DnheaCed internally seeled concrete h•• 

an alr peraeebility ••••ntiallr the •••e 
bl conventional concrete with w/c • O.to; 
a hl9her value 1 ■ expected. In addition, 
the duplicetion appears to M poor in 
ao .. ca1ea (see result• for Sll~ea 
3370-lA. and 1B, 19-93 lA and lB). 

It la poaetble ~hat some of these 
anoaallea can be traced to the drying 
given to the alice■ prior to test. Orv
lng is a neceasity prior to air peraea
bllity testing. Th• llter.atuce review 
ahowed thet aoi ■ture c~ntent can have a 
strong influence on results. In view of 
th• ■uaevt!.at (l\leat~onable reaulta, th• 
lack of preciee lnforaatlon on teat 
equipaent ahd procedures, and the diffi
culty of adaptinc; auch a teat to a flel~ 
situation, further develoi:-ental wor~ on 
thia technique waa halt:ed. 

B.l D~pth of 1 ■permaabillty - Reals
th lty Technique 
A method previously used (4Zl for 

deter11lni11.g depth of polymer !.,;,,,;,regna
tion using a four-pin resiativi-:y t:ech
nique was applied to some of the P'RWA 

slabs. Thia work was carried oot by 

Professor Carl Locke of the University 
of Oklahoma and a student anl ■ tar1t. A 
dt•acrlption of the tests a1,d analysis of 
He data is included a ■ Ar>pendix E. 

The general concluaion derived from 
t1ese teat■ was that the techniCJUe was 
n,t autticiently ~eneitive to determine 
, ,"le difference in reaiativlty occurri119 
~ t the oYerlay/bade course interfaces 
for the matuiala us~ in this :rJtudy. 
Additionally, w& have aee11 that surface
heat~ int~rnally sealed concrete haa no 
sharp line of demarc~tion separat~ng 
heatecJ and unheated level■, but rather 
contal~• a contir.uuffl of material heated 
to various degrees, which ceflecta the 
temperatur• ~radient established ln the 
slab at the t1M ~f heat treatment. 
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Thua, ~here "° unique •d•~th of 
tap,erm•ability- for thi ■ case. 

9, SOIMARY « CONCLOSIOhS AND 

~DrDATIOIIS 

9.1 !_umwiary and Conclu ■ iona 

9. 1. 1 General 
;. poz:table inatru•1-nt ha.a bE1en 

developed for •eaaJring chlo~ide p•r
meabillty of various types of cor:crete 
both in-situ and ln th• laboratory, The 
inatruaent relies on the accelerat•d 
aigration of negatively charge chloride 
lone toward a positive electro!• under 
the influence of an applied voltage 
field, In the field 1104e the topmoet 
relnforcing mat ts used a,:; the po■ itive 
electrode, in the laboratory a •~•cially 
designed teat cell ia used to hold a 
3. 75-in. ( 95 DII) cHa■eter core teat 
specimen. Both 11odes utilize a !..Ill 

sodiu• chloride solution as the per111aant. 
The field (in-situ> test la carried 

out over a two-day period, Alth<~gh the 
application of vol tag& lasts only 6 

hours, laboratoz:y teati:ig indica1:ed that 
extremely dry ccncrete would pr0<luce 
anomaloua test results. For thiu reason, 
a vacuum/heat aoak cycle utilizing lime
water was developed and a portab~e field 
vacuuffl/heat chamber was constructed. 
Prior to actual teac, the test a1~ea, 

2 raeaaucin.g 11pproxlmately 121 in. 
(780 cm

2), is placed u-oder V&':U~m foe 
1 hour and then pondad with llatMaUr 
maintained at 140°1' (60°C) for 11: 

hours, 'the liae'flater ls then rem·,ed 
and 80.0 Vdc iS applied to tl,e c:1loricl~ 
solution fer a period of 6 hours. After 
completion of the teat, the concrete m~y 
be sampled for chloride conte;1t uaing 
standard techniques. 

Por the laboratory test, a stmilar 
procedure is used although th~ soak 
solution LS not heated. In thla case, 



60.D Vdc is applied across the core 

•~:la•n. T~e reprodocibility of the 
te1t was eatabli■hed for ■ultlple ai,.ci
aen■ tak•n ftca the •••e concrete elab. 
lt 11 of the order of 6-8 percant co~ff1-

c1ent of variation. 

Data which can be generated includ~ 
total e!ectrical charge !in COoJlcaba), 
loaa of chloride froa the teat solution, 
and total chloride contained in th• drill 
auple (field teat only). Correlations 
have been eatabliahed between these 
paruetera and PBWA 90-day ponding data, 
Por the fie!d technique, a correlation 
coefficient of 0.92 and standard error 
of 311 have been established for the 
relationahip bet.,.en charge paesed and 
total chloride after 90-dly& of ponding. 
For the laboratory tea~ a correlation 
coefficient of 0.83 and sta,Klard error 
of 391 have been ~atabliahed for the 
sJ■e relationship, Because of the rela
th•ly high standard errors, the tlt!'iit ! 

best Ulil!zed to rank concretes in terms 
of thei? relative expected pe~meabi~ity 
rather than ab~ FT@dictor of 9D-day 
ponding results. 

),l.2 Effects of Test_ Vuiabl0;:is 

The moat important variable to be 
considered ia that. ,c.f clear covet. 11. 

the labcr=.tory version, whe1·e core speci

mens are utilized, a atanc:lar-d thl".:'lr:ness, 
usually 2 in, (Sl •l can be ~pecifled. 
When cores taken fror O\'erlays are t.o be 
test~d, the C'Ore can be sectioned so as 

to include only the overlay aateria'.l. 
·rest results can then be compared t=> re
sults obtained on specimens of the same 
th1ckneaa from a variety of concrete. 
The laboratory procedure shows obv :ious 
advantages over the field teat bec~1use 
effects of cover and temperature c,rn be 
el i11inated, 

For the f iP.ld test the cmly c.::orPplete 
sat of data encompassing all conccete 
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types ftre for Blab■ having 2 in. (51 _, 
nf clear cov~r. Liaited labOrato~y 
tea.ting on a single concrete type over a 

range ct cc-vc:s from l-3 in~ (25-75 ->, 
indicates that ch~rge p~s~ed may ~at7 

~20 percent froa the values obtaJned •t 

2-in, (51 ia) cover. It 1a not yet known 
whether this cai1 be u!liversally applied, 
Add:itionelly, i10 m-ean.1 are yet av•ilable 
for ani.: ':'' 1n9 field ust results where 
over la)· :!Ind JH.:bstn,te thicknesses vary 

from tho~e ~btained on laboratory 

apecbier.■• 

bbient te■perature has been found 
to b4 illportant over the xange of 
to-1000, (4-38°C) but had l!ttle apparent 
influence under the s■aller jlurnal fluc

tuations en.co!..'l"ltered during a"tual field 
testing. In order to make th~ ~PSt 
appl:i1'".:able to a wide ,;::'!t"'-tY of environ
ments and concretes, however, more data 
will need to be developed on this aspect 
of the testing. 

01_;:::-.:: \u11r iables I su,:h as reinforce

raent cage geometry, conccet~ miY- design 
factors, and chlori<l~ cont~nt of concrete 
prior to test have been found to ~xert 
01,l.y !!!inor influences on the test 
results. 

9.1.3 Ease of Opet~tion 
~he entire field test can be con

ducted by one person plus a~ assistant, 

No sp"'chlhed knowle49tt u.:her than 

instruction and training in the use of 
the equir,ment is needed, Obtaining 
eorea to,: the laboratory te:1t preaents 
no problems not ordinarily ,mcountered 

in eorir,g highto,ay atruct1.:n·e.s. Running 
the fie~.d test in-situ, how,~ver, requires 
that, the section being tu:t!d be closed 

to traffic for at least J,O r'loura contin

uouGly for each test. Additionally, the 
test chambs!r c.ncl auxiliary generator 
must be left in operaticin at the test 
site overnight. 



9.1.4 Safety Conaiderationa 

A• with all electri~al devices 
o~rating off line voltage, caution auat 

be •••re iled. Peraunnel abuuld keep 
cletir o': the te■ t citll, pin =:onnection, 

and lead wire terainationa while the 80 
volts is being app1i@d. If the teat 

area i ■ cloae enough to ezpoaed ■etalllc 
aurfaces (such a■ handrail■, steel beams, 
etc.) that one could ■tand iaaediately 
adjacent to the cell and aillultaneouly 

touch the guaidrail, nonconductive foot
wear ahould be worn. As standard practice 
per■onnel should keep clear of the cell 
and an area about 1 yd2 (0.8 a 2) auc
roundin9 it. 

9.2 RecCllllendationa for ruture Re■earch 

9.2.1 I■prove■ent of Cul'r•nt Techniguea 
The inatru .. ntation for these ■ea

sur3aents ia straightforward and does 
not need additional tefineaent at this 
stage. What is needed ia the developaent 

of a 110re eo11plete body of data concern
ing the effects of concrete type, clear 
cover, overlay depth, and ·,e11J>9cature on 
the teat results. Also, 'IIOre work needs 
to be done in establishing a routine for 
obtaining and verifying the existence of 
n uniform moistuce content in the test 
specimen. Some work ia needed to attempt 
to reduce the time needed to carry out 
th• field test. A research program 
deaigned to meet th~,e objective~ could 
take the following form: 

Laboratocy Teat 

uaed to detel'■ lne the opti■ui con
ditionih9 to~ used for laboratory 
teat■• Thia would re■ove acae of 
the unce~tainitiea present in the 

current procedure, where one doea 
not know whether different type■ of 
concrete a~e being brought to the 
aa■e percentage satur,tion during 
the conditioning pbase, 

Field Teat 

1. 

2. 

3. 

Prepace concrete slabs aiailar to 
those Jaed in the present study. 

Investigate effect■ of a■bient 
te■perature on teat ceaults for a 
wide variety uf concretes. Inve■•· 

tigate a nuaber of coabinationa of 
overlay depth/aub■trate covers in 
ordPL to enco■pa.■ s ~ wider range of 
p:,asible field condition.a. 

Establbh the ainlllu■ cC'lf1crete aois
ture content above which cesatJca
tion of the slab i~ not necessary 
Pl'ior to test. 1/ Thia would sig

nificantly reduce field t~st ti&e 
and make the procedure 11t0re appli
cable to work on bridges alredy 
open to tcaffic. 

If possible, develop oorrecti~n 
factors to use in bringing fi~ld 
teat results to standard conditions. 

9.2,2 Basic Research 

Applications of the applied voltage 
techniques and intecpcet~tion of the 
results are oeriously hampered by the 

lack of understanding of the mechanism 
1. Obtain eoce apec".aena froa a var ht~• of· ion flow through concl'ete. The pre-

of concrete ■ateri~ls, similar to sent study, being goal-oriented, did not 
those pr.epaced by PBWA for the pre- allow in-depth inveat19ation of •any 

sent stud~. ?btain known ■oieture 
content■ by a variety cf vacuum 
aaturation routines and run 6 hour, 
60.0 Vdc teats on all specimens. 
Theae l'e&ulta, coupled witb a know
ledge of the aat:uation moistuce 
content of each •aterial, could be 
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basic matel'ials variables which can 

ITAlthough sai:isfactory te«Jhniquea for 
dfh. --:mination of in-situ moisture con
ttint do not now ex- 1st, instru11entation 
h currently under develop.nent under 
contract to PiiWA which may lend itself 
to such cesearch, 



lnfluence the test. Effect■ of ceaent 

coapo■ ltion and hydration ■tate, aggre
gate characteristic■: aix design, ~•tura
tion, and teaperature need to be nore 
fully underetood. Polarisation eff~te, 
which apparently are manifested in a 
decrea■ ing rate of cuccent fLow, are not 
well-defined. A better understanding of 
the entire proc~•• will put the test on 
a aoc• rational bhai~ and 1110st l1kely 
allow further iaprc•ve111ente in procedure 
and •n increaae in teet efficiency. 
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APPIIIIMX 1 
APPLIBD VOLTACII 'l'IIST - a>RI! ~Pat!IMBIIS 

The teat consist~ of a nuEber of 

steps, starting frca obtainin~ • apeci
men an~ ending wlth interptetation of 
data. The mat•rial ■, eauipment, and 
procedure■ nec■■aary to completa each 
step are de$crlbed so that the user ••Y 
run this teat utilizing •of! the ahe•f• 

cmiponenta .11 It is necessary, however, 
to machine the acrylic applied voltage 
cell as this is a custom cCJ.~ponent. 

St-!p 1 - Obtaining Speciinen 

Bguipaent 
l. Core Drilling Rig. 

2. 4-in. (102 a) dia•eter (3.75 

In. (95 •l I.D.) dla110nd 

dressed core bit. 21 
Procedure 

Obtain core from structure in 
eo~ventlonal manner. Place core in 
plastic bag and return to laboratory. 
Core should be of a sufficient length ■o 
that a 2-in. (51 mm) slice can be taken 

off the surface i~ the next step. 

step 2 - s izi:,~f specimens 
Equipment 

1. Movable bed diuond aaw 
(Highland ru, Mo<.'lel 24SS or 

equi·,rlent•. 
2. Specimen clamping holder 

(Optional). 

1/ The electronic u~it rRLC lnatrumenta 
Model l:'.i8) use•J for Ueld testing 
'Appendix 2) may also be used in the 
laboratory teal. In thie cftae •Teat 
Volta• 1s aet at ~o.o Vdc, and a short 
jumper wire is inserted ir1to the 09er 
te11pe1 .J.tut·e senior conr:ector. All 
other fun~tions remain the same as 
when the ~nit la used for field 
tHt:1 ng, 

2/ If th,e core bit has a 4.00-in. 
(102 mm) I,O,, the dimensions of tbe 
applied voltage cell (Step 4 and 
1-'lg•Jre 70) shoi.1~d be adjusted 
accordingly. 
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Procedure 

1, Place core in saw and align 

face of core par3llel to aaw 

blade, Set bed ■o •• to 
obtain a ■lice 2 in, (~l mm) 
in h•ngth. 
Blow &peed 

clean cut, 

::ut specimen at 

•~ as to obtain e 

2. Remove any burrs on belt 

sander. 

Step 3 - Preparation of Specimen 
Material ■ 

1. Rapid set ling epoxy. (CIBA 

6010 Re■ irv'X0-225 hardener a~ 
111 by weight la recOlllllended). 

2. De-aerated wnter {Boiled 
wat.er). 

3, vacuu11 pump oil , 

Bguipment 
1. Vacuum Saturotion Setup - See 

l"igure 66. 

1.1 500 ml sepa,1:ati ng funnel. 
l,2 1,200 ml st-dnless steel 

beaker. 
1,3 250 m I.D, vacuum desic

cator with sleeve type 
stopcock. 

1.4 L5boratory vacuum fUmp 
(Sarg~nt Welch 11 Duo-Seal • 

Hodel 1405-6 or 

equi vah "It) • 

1.S a-tube vacuum manometer 

0-260 mm Hg (-346 kPa) 

(Sargent Welch Model 
5-3974~ or e(lllivalent,. 

1.6 vacuum hose, clamps, 

rubber stopper, glass 
tubing, stopcocks, 
suppart stanli. 

2, Epcucy coating 'iquipment. Gram 

balance~ papeL ~ups, wooden 
spatulas, disposable glue 
brushes, small support studs. 



FIGURE 6(,. VACUUM SATURATION APPARATUS, 
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Procedute 
1. Vlg,-..rou ■J y bOil tapwater :a. • 

lart• (2 ·i:.) florenct- f1111k. 

Cap tightly • ■ ho.rt whf.le 
•fter reaof'i~ tra, ho·eplale 

and allow to cc.ol overnight. 
Allow speciMn to surface dry 
ln air f~r 1 hour. Thorough:y 
•ix S gr••• of e'P()xy resin 
with~ gru1 of hardener and 

brush onto aide• of apeci•en 
(plactnq apeclaen on a a■all 

1tad vhlle apply\ng coating 
will help). Allow !"'Ollting to 
cur~ 3 hours at lab t•■perature. 

3. Check coatt119 for tack-free 
surface. Place ■pec!■en t ... 
§00 nl • • a. beall:er , an.1 p.f a.::f' 

beak•r into vacuu~ 6~~iccator. 
Sez;l aea1ceator and t:u1·n en 

vaouua )IU■p. Vacuum should 
,~duce to leas than 1 iNl B9 
{1330 kP~) within a few 
atnutea. Run pu•p for 3 hours. 

4. Fill 500 1111 o@paratory filnnel 
with de-a~rated water. With 
pump still running open stop
cock and drain s•Jffictent wrter 

into Et■ inleaa ste~i beaker to 
cover apecir1.en (do noi: all01i1· 
air to ent:e:t deaiccator f:.hro•.1gh 

stopcock). 
s. Cloee at.OfCQC\;. and allow p.lll.P 

to run for•~ a~dltion&l ho~c. 
6. Cloae deaiacatoc deeve, tut ·1. 

ott puwp, allow air t~ 

re-entl"lr df!·t1iccator. 
7. ti rain of~ from Y■CL'.UR pu:11p and 

replace with fresh oil, 
8. Allow apeci ■en to SOftk under 

water for 17-19 hours 
(overnight). 

Step 4 - Teettnq of Specimen 
Materiale 

1. Silaatic Rubber (~Oi'II corning 

3112 RTV +0.51 catalyst Pl. 

2. 3.01 by w•i~ht aod:I.UII chloride 
(Reagent gn.de) ,olution. 

3. 0.3N 1odiua hydroxide (palletg 
- Re~~ent gr~de! aolut1c~. 

4. p.1per cl.lacs - 3-in. di Deter. 
~ent 

l. Applied Vt:l tag• Cell 

(Pigures 67 and 68>. 

, 

2. 4•V2 ~!git DVM - 200.00 •v 
full scale (P'luku Model 86:lOA 

or equivalent::) • 
3. 3-V2 digit DVM ... !'9. ~ v fu1 \ 

eoale (l'luM:e Model 8020A or 
equivalent). 

4. l~0 PV mhu~t re,Lstor - 10 up 
rati.4 (3!: 50-140-034-MTAA) • 

• O.C. con~tant voltage powe~ 
eupp).y. o-ao vd'c o-fi· A 

(Soren■on Model 80-6 or 

•~ivalent) , 
5. No. 14 (l.6 •> two conduct~r 

insulated 600 V c~bl~. 
7. Mlacellaneoua electrical 

CG.11po11enta. hookup wire, 

hanana jacks. 

8, Long stea rlastic funnel. 
9. Thermocouple wire an~ readout 

device (Optior.al). 

ttote: An @lectrical block dlagram of 
the ,,quipnent is "Jhowr1 in 
?igur~ 69. All wires carryln9 
the current Which passes 
thrc.-ugh the cell should be 

No. 14 (l.6 mm) high voltage 

cable. Wire■ l~adln9 to the 
neter8 can be ■tandard elec• 
t:r.f cal hookup wira. 

Proce,!ure 
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1. Remove specimen from water 1 

blot off excess ~•ter, 
tranater to •~•led can. 

2. Mix 20 grams of RTV rubbe~ 
with 0.1 gram of Catalyst F, 

3, P!~ce paper disc over one cell 

screenJ trowel RTV rubber over 
screen borders adjacent to 



Reproduced from 
best available copy 

FIGURE 67. APPLIED VOLTAGE CELL-FAC: VIEW. 

Fl GURE 68. SPECIMEN READY FOR TEST. 
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FIGURE: 69. ELECTRICAL BLOCK DIAGRAM. 



p~aetlc cell. Carefully remove 

pa.per dlle. 
4. Press sp;.~eimen onto acreen1 

remove ei:ceea RTV' rubber whlch 
flows out of specdmeN'cell 
boundary. Cover E>xpooed face 

of specimen ~ith an lmperm~ahle 
material such as so:id rubb•· 

she@ting. Pl1ce a rubber 
stopper into e~ll vent-· hole to 

restLiet moisture mov£ment. 
Allow 10 mtri.:t:efl for rubber to 
cnre. 

s. Repeat Steps 3-4 on sacond 

half of cell. Allow rubber ~~ 

cure 10 11inutas. 

6. Pill left hand (-) side of 
cell with 3.01 Nacl using a 
long-stem funnel. Pill right 

hand (+) side of cell with 
O.JN NaOB. 

7. Attach lead wires to cell 
banana posts. Turn on power 
supply, set to ,;o. o v, and 
record initial curre~t reading, 

Note: If a 4-1/2 digit DVM is used 
in conjunction with the 100 mv 
shunt, the display can be read 
directly in milliamps, disre
garding the decimal point 
(i.e., 0.01 mv eauals 
l milliamp). 

a. Read current every JO 111inute':!l. 
Monit~r temperature lnsidt: ::,f 

cell if desirecl (thermocouple 
can be run through 1/ 8-in. 
(3 m11) ventbole in top of 
cell). 

Note: If temperature exceeds 19()0P 
(88°C), discontinue test in 
order to avoid ~amage to cell. 

9. Terminate t~st ~fter 6 hours 
has elapsee. 

10. nemove s~l.!irnen, Rinse cell 
thoroughly in .. ·u:-:r,in,; ... ,., ;!':c 1 

strip out anJ discard cesidual 

RTV rubb,::r seed .• 
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Step 5 - Interpretation of Reaulta 
l Construct a plot of current (in 

amperes) vs. time rin etconds). 

Oraw a smooth curve through 
the data, and integrate th~ 
1rea underneath the curve in 
order to ...,btai n H,tt ampere

seconds, or coulombs, of 
charge pas&e~ during the 
6-hour teat period. 

Nott; While _on·,entional integratlon 
techniques such aa planimetry 
or paper weighing can be ·,used, 

progra111111able hand-held calcula
tors are now available which 
can be used to numerically 
integrate the plots. 

2. Itefer t"l Table l'i for ~valuat
ing the test results. These 
parameterg were developed fr0111 

data on J. 75-in. C 95 IIUlll diame
ter x 2-in. {51 11111) long core 
slices ta~en from laboratory 
slabs prepared from varlous 
types of concretes. They have 
shown good correlations with 
90-d~y chloritle ponding 
results on companion slabs 
cast fran th'9 same concre~.e 

mixes. 
Note: The effects of such variables 

as aggregate type an~ size, 
cement content and composition, 
density·, and other factors 
have not been evaluated. We 

recommend' th~t. persons usinq 
ttJf s pr,xedure prepare a set 

of concretes from local mate

d als and use t~1ese to eeto!lb
lish the1r own correlation 
between charge pa~sed and 
known chioride permeability 
for thP.ir own particular mate

rials. The values given i~ 

rable t may be ~sed as esti
mates until more ~ata has been 



TABLE 35 

APPLIED VOlTAGE T~ST 

Interpretation of Result~ 

Chloride Charge P,used 
~ ermeab il i ty 'coulombs) 

High 4,000 

Moderate 2,000-4,000 

LOW 1.000- 2,000 

Very Low 100-l,IJOO 

Negligible 100 

developed by a number of 

agencies on a wider range of 

concretes. 

Notes on Cell Construction - Figure 70 
1. Attachment of Lead Wire to Screen 

Solder one end ..,~ the nyl.clad lead 

wire to the outer edge of the br~ss shim 
which holds th~ screen. The nylcl~d 
insulation should be removed prior to 

soldering by burning off with a propane 
torch and then removing the charred 

residue with wire wool, 

2. At tachraent of Screen to Cell 

The screen is bonded to the cell by 
using a hi9h quality waterproof adhesive 
(Scotch "3uper-stren9th adhesive• or: 

equival('nt). Scour both the scree:1 shim. 
and the cell lip with medium sandpaper 

prior tv applying adhesive in order to 
:>btl!in 9~-,d metal to plastic bond. Apply 

a coating of adhesive to both cell and 

screen, nm lead wire through 1/16-in, 

[l. 5 mm} hole inside of cell, then gentJ.y 
push screen into place on cell lip. Wipe 
excess adhesi,-e ufl: face llide r,f scree,, 

Shim ~od place a weight on screen until 
adhesive has fully cured (24 hours). 
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'[--vpe of Concrete 

High water-ce~ent 1atjos 
{~0.6) 

Moderate water-cement ratio 
(C.4-C,SJ 

Low Wjter-cement ratios 
•1owaM densa ccnc1~te 

Lat~x modified concrete 
Internally sealed concrete 

P'Jlym1:r impregnated concrete 
Polymer cone I ete 

3, Attachment of Lead wire to Banana 
Plug 

Solder a 12-10-1/4 ring terminal 
onto the bare end of the lec>.d wire, 
keeping excess wire length to a mini

m1Jm. Rtrn the threaded end of the banana 

plug through the eyelet of the ring ter
minal, then tnre:1d banana plug into t:.he 
1/4-26 threaded hole in the side of t: 1e 

cell, tighten securely. Then fill the 
1/6-in. (1.5 mm) hole ·,dth clear silicone 
rubber cauJ.k (Dow r::ocning no. 732 or 
equivalent). 

4. Materials Quantitiei;; and Cost 

Sor..e materials may not be available 
in the small guar.tities n~cessary to 

constcur,t a singJ.t? cell. ::n these cases 
package quantities :1ave been quoted. 

Lucite sheet s"..ock 1dll probably need to 
be pLe-cut by the $~ppliers, and the 
buyer will need to pay outting chargeG 

unless h~ has ar.other use for the tull 
stock width. 
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$ 'll!!l•Of90 
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APPBNDU 2 

PlBLD TEST PJCCBDORE 

1. Introduction 

~he field test procedure can be 

convenie11tly broken down fnto four sepa
rate sta•Jes, plu1J clean up. 

1. Location of reinforcing steel 
and bonding of test Gike and 
heating 

2. vac11u11 aatucation of test area 

1. ApplieA voltage te8t 

4. Chloride aaapling (optional). 
Bach t@st takes two full working 

days, by u,,e of two dikes four tests can 

be c0Rlp1et• d in one working week. The 

operator should note that stage 2 
requires overnight O'P"rationa; however, 
the unit aay be left unattended during 
this r,eriod. Although the entire t~st 
~an, in theory, he co'1ducted by one 
person.an assistant is advisable to help 
in transporting &Oftle of the heavier test 
equipment and to exp~1.\ t-!- £0r.&e of the 

tasks. 

!.~ 
Pield Equipment List 

~ Eaulpment 
l. Model 158 Electronic onit 

.1 Rain Cover 

.2 Light shield 

.3 Pin Connector - For Reinforcing 
steel Pir, 

2, vacuum unit 
.1 Liaewater Reservoir 
.2 vacuu• Oil (Duo-seal), Funnel 

, 3 Micro-Stopper {Sargent-Welch 

S-734601 

., Silicone Grease 
3. Sc.reen Unit 

4. Oikes (2) 

.1 Plastic Pipe Ends (4) and 

Caps (3) 
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,2 Dow Corni h9 No. 7.32 .3il i C'!'One 

caulk 15 tubes) 

• l Caulkin9 Gun 

s. Generator 
,1 fi gal Auxi liar1 Tank 

.2 5 gal Saf;,;ty .:an 

.3 5 qt!! Oil , Filler ' Punnel 

.4 Oil Pan 

.5 Filters & PreCleaner 
6. Chemicals 

,1 2 gal 3.~I NaCl 
.2 2-L'2 qal Limewater 

7. ~ 
.l Rotary Impact RIUDer lit (Bosch 

Model 11203~ or Equivalent) 

.2 Carbide Drill Bite (l,5 ln. dia. 
and 1,375-in, dia.) 

.3 Electric Hand D.-111 u1d VB-in. 

Bits 

• 4 Assorted Rand tools (ha1U1e.,:s r 
crescent wrench, 7/ ~in. open 

end wrench, pliers, screw

drivers, chisels) 

.5 Electrical Extension Box (100-ft 
minimum) 

.6 Dull Knife, spatulas, wire Wool 

.7 small , Large Steel R~les 

.8 100-ft Steel Tape 
8. Cover Met~~ - •a Meter• - James 

Electronics 

9. ~!scellan~oua Supplies 
.1 'Paint Pails 
.2 50 ml Plastic Syringe, 2,000 ml 

Pastic Graduated Cylinder 
,l Lat1e Sponges, Rubher Gloves, 

scr11t; Pad 

,4 sanple Container for concrete 
powder chlori~e samples 

.5 Plastic Bottles for chloride 
solution samples 

.6 Plastic Bags 

10. Vacuum Cleane~ (Sears Kenmore or 

e'l;livale~t) and Disposal Baqs 



2. BguiP!!nt 
Tbe aajor cmiponenta of the Model 

158 Chloride Peraeability Te■t Sit have 
been described in Section 5 of t~ia 

svMDetrically11 over th~ •unit ce~1•, 
witb one upper110■t bar runnJ'\9 throug~ 
the center of the test .Ut"I (lee 
Figure 71). A l.5- i.l'!., U8 •} dioeter 

report. In addition t~ these coapcnents, hole is then drilled to tt~ center steel 
auxiliary equi~•ent anU sua>s>liea are 
needed to carry out & full fieli lest. 
A cc:mplete listi 1.t9 of all n'!ceasary 
liiUppliea 18 givfin in Table 36. Whili! 
80H Of these lH,y be ObV i.OJS (~uch as 

han~1 t~la), the user ia advised to ,,oa

p ilea checklist prior to field operu
ticna in oJd .. r to ensure a auccea~ful 
trip. Scai!' of the•• supplies &ay be 
difficult to 1.Jbtain in iaol•ted areas. 
The quantities li&ted are sufficient to 
perfor■ l week of testing C4 tests). 

J. Operations 
3.1 LOl':~tion of Retnfotcinq tteel and 

l!!!..,dinq of Test Dike 
The objective of thia phase is to 

lo..:ate the area of the topmost, steel mat 
co b•~ used as the posit~ve test elec
trode. The steel can b~~ locat-.?d ... s~ng a 
magnetic device termed a •cover meter• 

(James Electronics "P.-Meter• or equiva
l'int). Althc1ugh, at. least one o.( the 
top110at bars (usually the transverse 

steel in a bridge deck) must be located, 
it ia preferable to locate11 all steel 
within the approximat~ly 10.75xl0,7S-in, 
(273x273 11111) test acea, Once this ia 
done the grid is delineated in penc U on 
the deck sutface and the Gike placed 

1/ in cases -.·here thick 0•1erl,;11ys 12-in, 
{51 mm) or more) have been applied to 
the deck tc,tal clear cover m,:1y exceed 
•-in. (102 IIDll). Modt cover :u~ters are 
not suf.Eici~nlly accurat~ to loc~te 
steel at auc.h a d-i!pth. In th is case, 
one may need to drill test holes (or 
cores) into the deck in order to 
locate a single toplllOst. bar. Ti-e
locations of the other bars can then 
be mapped uut using the reintor.cing 
details on the deck plans. 
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bar 5 in. (127 •> froa the ciiter aurfac• 
of the dike. C~etetA pow~er ea~racted 
from this hole should be retained aa a 
chloride •blank• for the test. A 1/8-in. 
lJ e) hole is then dcilled in~o the 
steel a.r.d 1. knurled 1/8-in. [3 •) diaae
ter stainless steal pin is driven intc 
this hole. The length of the pin ahould 
be such that 2 ... in. t51 •> protrud,ae 
above the surface of the c0ncrete. 

rand, ce•ent, waste concrete, and 
other debris should be brooaed off the 
teat area. The test area ahould not be 
located in spots where oil, paint, or 
other substances have coated or pane
trated the concrete. 

A 1/4-in. (6 a) bead of s1iicone 
Caulk (Dow Corning 7l2 or equivalent) is 
then applied to the lower surface of the 
dike. 21 The dike is then pressed onto 
the test area. An~th~r bead of silicone 
ia then placed around the periphery of 
the dike and smoothed into place using a 
wooden spatula. 

A 3-in. (75 mm) I .D~ X 4-in. 

(100 mm) long length of schedule 60 PVC 
pipe is then bonded over the atainlese 
steel pin to the deck suctQce A pipe 
cap having a 3/16-in, (8 •l =1roove cut 
into its ourface to allow fo,: the pin 
leadwice i.s then placed on t.he pipe. 

All caulking is allow.d to cure for 
J-4 hours prior to t.he next phase of 
operations. If a second dike iB avail
able it can also be bonded at this time. 

1/ In some r.ases, transverse bars are 
placed skew to the longitudina~ steel, 
In these cases, place tne dike perpen
dicular to the transvarae steel. 

2/ In Qases wher~ the concrete surtice 
has been grooved ~o improve skid 
resietance, it may be necessary t,, 
also fill the gcooves wit?t caulk 1,·rior 
to bonding the dike. 



• 
,. Test Dike 

· Transverse Ste el 

Chloride SamplinQ 
Locations 

FIGURE 71, EXAMPLE OF DIKE PLACEMENT OVER TEST 
AREA, 
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3~2 Vacuu■ Saturatl~n and Beating ot 
Teat Area 
After 4 hours have elapsed (3 hour ■ 

if the ~eather is war■ and dry), the 
vacuum satl1ration cover ls plllced on top 
the dike an~ the wing nuta are tlghtene~. 
The fluit5 ,,alve ls ,:losed and the V3.CUUII 
pum;, turned on <the power being suppliec.' 
by the Portable gas generator). The pull.? 

is allow~d to run for 1 houri a v~cuum 
of from -28 to -30 i~. of Bg {0-6.8 kPa) 

should be attained. The l L reeervoir 
io th~n attached to the fluid intake plEMf 
and filled to the mark with li•ewaterV 

solution. The solution la then ■lowly 
l0t into th~ chamber. The reservoir la 
then filled a second ti•~ and the process 
ia repeated. The vaeuum pump ia allowed 
to run for an yQditional 1 hc,ur. 

~t~ vacuum is then turned off and 
t~~ fluid entry valve is opened. The 
stirrer and heater are then turned on. 
The heate~ dial setting should inltia~ly 
be set to 75 unit~ and adjuat~d ~pwarda 
or downwards so that the pyrometer regis
ters 140°r (60°C). Only a small adjust
ment {l-2 unlt.s) is usually necessary. 

If the applied voltage test ls 
scheduled to begin at 0900 h~urs the 

following day, the 6·-gal .'!l.mriliary tank 
~houl~ be connected to the gas generator 
~ earller than 1800 hours the first day. 

3,3 Applied Voltage Test 
The following morning the stirret 

and heater are turned off and the vacuum 
top re.11oved frurn the dike. Moot of t"le 
hot llmeweter is removed using a larg,t 
syringe (commonly termed a •t~rkey 
baster•) an~ the remaining water remov~d 
with a large Ppong~. The dike is then 
covered with a sheet of lucite to prevent 
further evaporation o! moiature. 

1i' ¥0 prepare Limewoter solution dissolve 
17.5 gm Ca(OH)2 in 2.5 gal (9,461) 
of cold watar. 
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The 2 L graduate is fjlled with 
1500 ■l of 3.01 Na,:1 aolution. l/ The 
eolutlon is transferred to the dike and 
the acr,..,,. cover ie affixed. The Model 

1S8 instiument leads are connected to the 
appropriate binding P',,sts on the screen 
cov,r. The stainless steel pin co~nector 
(+) le.sd ill attached to the pin, The 

Model 158 instrument h put into opera
tion using the followlr1q sec:,uence. 

l. Connect the ,c Power Cable 
tyellov cable) to the portable 
generator. 2/ 
2. Start the generator and al'.ow a 

few minutes warm up. 
3. '!'."Urn Teat s~t Power switch on. 

Simultaneously press §!2! and 
~• All diaplaya should be 

on and read zeroes. 
4. Turn Test Volt switch on and 

Teat Volt Select s.,i tch to 80 

vol ts. TEST VOJ,TS display 

shodd read 80.0. Adjust volt
age if n~ceasary. 

5. Check printer by pushing M~nual 
Print. Printer should print 
out: 11) time, (2) Cllrrent, and 
(3) Coulombs, and advance the 
paper one space. 

6, Set test limits. 
a. Set Test Time (usually 360 

minutes) using thumbwheel 
sw.: tches. 

b. Set Maximum Test Current: 
(usually 7.~oo amperes) by 

hclding the Current Read 
Swltc~ depreseed and turning 

l/ To prepare solution ~issolve o.•8 lb 
(218 gm) of Reagent Grade NaCl in 
15.52 lb {7.04 kg) of distilled wat~r. 
Tran■ter to a 2-g~l (7.6 1) heavy
walled plastic jug. 

2/ It is a ~ood practice to again run the 
generator off the 6-gal auxiliary 
tank, as the 2-gal. on-board tank will 
allow vnly 5 hours of continuous 
operation. Therefore, fill the tank 
prior to starting the applied voltage 
teat, 



the cu,r~nt Adjuat Pol• 
Lock pr:,'!. 

c, Set th'! Auto Ptl!tt ••itch :.• 
the de■ lred print" out- !nter•· 

val tu•ually 30 .-.irw:tes). 
7. Start the teat by ■oaent,trily 

puahi"9 t~e STAllT ■witch. The 

current DPM -111 i•ediately 
display teet current and t:H! 
Coul0110 dieplay will ahow 
coulcab& at a rat• ~ependent on 
the current. The ti .. countPr 

will diaplay ti ■e at one count 
per ■inute. 

Ro further ■anlpulation■ other ·th,..n 

a.all voltage adju■tllent■ are nece■■aty. 
The in■tru■ent will apply voltage aftc. 
print out teat data for the teat ti•• 
■elect~d (ln 110at caaes 360 minute■). 

!t la gOOd practice, however, to •~in• 
tain a aeparate hard co~, cf the date ln 

a fi~ld notebook. 
The teat will self-abort if any one 

(or ■ore) of the following conditions ls 

enc, .onte:.:-ed. 
1. Teat aclation exceed& 1eo°r 

( e2°c). Ouer-te:mperature L2lD 

on front panel will light. 

2. Test current limit exceeded. 
Over-current LED r.>n front par1el 

will light. 
3. Line volt6ge drops below 100 

volts for an extended (greater 
than 0.2 msec) time period. 
Microsecond t1:ans1ent voltage 
fluctuations will not inte1f~re 

wit ti the teat. 
4. Test tlme is e~ceeded (normal 

c~ndition at end of teat), 

T1•e-out T.J!lD will light. 
Once the condition has been reme

died, the teat ii put back iuto operation 
by depressing PBSET, then START. The 
tl:l'at will conti'.1ue from tti• point in 
time at which tt terminated.1/ 
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During the 6 :,ou.= teat period a 

r.:.:~ber of other. tl\■ ka can be perfor11ef'I, 
Tht• vacuu1. oi 1 in the vacuum pu11p muat 
be changed. If onw is running ■ore than 

one te~t, the vacuum saturation/he•ting 
r~Jtine can be inlriate~ on the next 
t@at area. Other test areal can be 

1~ated and the steel aapped out. 
When the teat perioe is over the 

unit is turnea off and the ecr••n cover 
re11oved fr.-liD. the dike. A 200 ~l sample 

of the t0at solution 1 ■ placed inco the 
1a■ple bottle. The remaining chl01lde 
solution is re\lOved and disposed of. The 
dike wall \r then flushed with approxl-
11ately 500 al of fresh water. The dik~ 
la removed end the teat area h allowed 
to dry prior to chloride sampling. 

4. Chloride Sa11pling 10ptio.,al) 

Chloride sampleG are taken in dup
licate directly above the centr~lly 
located ~-anaverse steel bar (see 
P'igure 7lJ. They are taken 3 in. ( 76 mm) 
in fran ear:h cf the walls of the t.~st 
chamber. samples ar• taken wlth a 
1-3/&-in, (35 mml diameter carbide hit, 
A rota1y impact h~~mier (Bosch Model 
11203) ia used to drill tha sample 
ho.lea. The procedure used follows that 
preacribed by FHWA (501, with the excep
tion that sampies are taken at V4-ir,. 

(6 111m) increments up tc- 1 in,, and 11 

final 1/ 2-in, (13 111ft) increment for a 
total ot 5 sam~Jes per drill holP-. 

Powder samples are transferred to 
plastic sample containers and returned 

iJ Whiie the te11t cloc:.C wilJ. run as 
bef?re, the Jtint~r will be out-of
phase vi th t·1e test clock if the- cloc!c 
etnpl)f!d at a~y other DC"int in time thin 
at an exa~t ~ultiple of 5, 10, or 30 
minutes (whichev~r was chosen for tnc 
printer interval). To get the printer 
back in pheEe one can let the test run 
until the clock does reach an exact 
multiple of the chosen test time, t:hen 
momentarily disconnect th• line cord, 
When the tei,t is restarted the print•:
will now ag~·.in be in-phase with tt-e 
hst clock. 



to th• laboratory•~~ enalyeis of total 
(acid soluble} chloride content. A 
3-gram sample la dried to constant weight 
at 221°r r1os0 c1 and chloride content 11 
determined via Gran Plot Titration (50). 

Chloride (as \ by wt.-ight of sample) 
is plotl,;ed veuua the mean sampling depth 
for each interv~l (i.e. tor O-.i./4-in. 
(0-6 iu) 111ean depth la 1/ 8 in, (3 111111) \, 

• A free hand plot ii then drewn throw;h 
the data points, sane extrapolatlon 
belng 'lecessary between O and 1/ 8-in. 
{3-3 mm} i.'00 between ~he final point and 

the baaellne. The plot can then be num
etlcally integrated, as1lgnln9 a value 
of l unit:. foe each 0.2 in. (5 •> on the 

X-•xia of the plot (see Pigure 72). The 
~•lue of th~ chloride content la then 
recorded at •~ch of theae unite. The 
total integral chloride content is th~n 
evaluated usin9 Simpson'& Rule {53): 

•nf f(X)dx 

•o 
+ (12) 

where 

(13) 

n • number of int~rval~ • 2, •, 
6, 8.,. 

in this caae h • 1 and n ~ 8 so the tvt~l 
uncorreet@~ integral ehlcride content 
(I'} appcn7.imately hf!~omes; 

,. • j(0.105 + 4(0.128) + 210,138) + 

4(0.138) + 2(J.085) + t(0.052) ♦ 

2(0.030) + 4{0,010) + 0,008) 

I' • 0.644 

The total !nteqr!l chlorid~ content 1• 
then corrected for the baseline value 
(0,008 X 8 • 0,064). 

• 0.644 - 0,064 ~ I::~ 
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5. ~~ 
Tbe dike can be reaoved fr0111 the 

deck 'oy undercutting the silicone aeal 
with a dull tnife and then ~rying the 
dike oft the deck wtth a heavy gage 
ecrewdrivec blade, The residual sill
cone is rem~ved frOM ~he diKe using a 
sharp laboraloty spatula blade (heavy 
gloves should be worn during this op.,ra
tton} ~ The lime coatingl/ can be re1110Ve-' 
from the dike ~nd the heater coils using 
steel wool. 

All equiP111ent (GiJc:e screen, grad
uated cylinderc, syringe, etc.) coming 
into contact with the c~lo,ide teat solu
tion ahould be wash~ in clean water and 
dried prior to the next teat, 

V After a number cf uses, a permanent 
dlaeolorati.on wi~.l he noted in the 
interior dik• wall whicn contacts the 
test solution. This does not impair 
the functionin; of the dike, 
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APPBNDJX J 
COr.RBLA'tION ANALrSIS 

Correlat.ion ano1ly.aea between vario:Ja 
d~ta aeta vere performed utilizing the 
technique■ of linear regression analysis. 
A •statistic■ pacKage•11 for the Hewlett 
Packa,~d Hodel 98258 Calculator wu: used 
for ca~.culatian and plotting. The 

followinlil: atatistics were utili1ed, 
1. ,correlation Coefficient (R) -

An eati11a,~e of the aaaociation between 
the independ~nt variable (XJ and the 
d•?•"~•nt v~riable (Y), Its square 
repreaer.ts the ratio of the variance dr·e 

to re,re•aion to the total varh.nC'ie, 
Whan R equal■ unity all vari~nce ~~n be 
accounted for by ~he regreaaior. an, cor
relation is •perfect•. 

2. Standacd Error of Bltiaate 
(S.B.) - A Nasure of the scatter o: the 
observed po~.nts in tte vertical (Y) 

direction, If populations are normally 
diatributed, the~ 95 percent of the 
population will 11~ within± s.E. of the 
true regression line. 

3, Percent Standa.J:"d B.:ror (I S.E.) 
- The standard errot of estimate Jivided 
by the~ Y value. This afforda a 
quantitath•e eatimate of the error to be 

expected in. applying th• computed regres
sion line in order to estimate~ Y value 
from a given X value, 

"· F StatiEtiC (F) - Ratio of the 
variance due to regression to the resi
dual (error) vaiiarice. If F exceeds the 
tabulated v•lue for the appropr late 
degrees of freedom, the probability that 
the difference between the two variances 
is due to chance is less than the speci
fied significance level (uau11lly 90, 95, 
or 99\) and the regression is •signifi
cant• at that level, This only !.uplies 
that the linear relationship between x 

1/ General Stat1Btl;~s, Vol, 1, Program 
No. 10, HP Part No. 0982~-15001. 
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and Y ia !!2,S; due to chance alone and doea 
not indicat■ any c•~•ativ~ or aaaocia
tive relationship. 

5. SS Percent Confidence Liait■ 

(951 C,L.) - Th••· li■ itB defin~ lh& X-Y 
region within which 95 percen~ ~f the 
obaervatlona ar~ expect~~ to lie. The 
li•ita "'.re asymptotic to ti;e linear 
regren ion line, the closest limit■ 
occurring at the ccnttoidal point (maan 
value of X and Y), and the ~catter 
inc.i:easing as one nears the extremitiea. 
These are shown on Pigures 73 th~ough 80 
a• two dashed curved line■ on each side 
of the linear regreaaion line. 
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•J.'ABLE 37 

C0RB:ELATIOR ANALYSES - StllMARY STATISTICS 

S.!, Signifi-
Relationship Parameter& wt, ' cance 

X Y:111 Y X VII Y -·- Safflj;!le I S.E. _F_ Level 

I. As-Rec'd vs. Total Integral c1- VI, 0. B6 o. 276 ..!:34,6 20,2 99.51 
FHWA - 90 days Total Integral c1-

2. Aa-Rec'd vs. Charge Passed-co~l. va. 0. 92 0.217 _:!:31.1 46.2 99. 91 
FHWA - go days Total Integral c1-

3. AB-Rec'd vs. Cl" at 0-3/ B ln. • •• 0 .66 0.123 .:!:•tl.8 5.4 901 
FBWA - 90 days Cl" at 0-3/ B in, 

4. Aa-Rec 1 d v11. Cl" at 3/ 8-5/ 8 in. vs. a. 90 0.049 .:!:39.6 29. 9 99. 51 
FBllA • 90 day■ Cl" at 3/8-5/8 in. 

5. A.II-Rec'd vs. Cl" at 5/ 8-7/ 8 in. ... o. 86 Q,036 ,!57.4 19, 8 99,51 
FBllA • 90 day■ Cl" at 5/8-7/8 in. 

6. Ri!-Sat'd va. Charge Pasead-coul. VB, o. ga 3,860 - ,!15.8 102.0 99. 9> 
Moist Ch•r91t P..ased-coul, coul. 

7. Cell Test va. Charge Pas11ed- C'.>ul. vs. 0. 83 0.2!M :::38.9 17.7 99.51 
FRWA - 90 clay■ Total Integral c1-

e. Cell Test • •• Solution LOSS - I vs. o. 82 0.299 ;!:39.6 16. 9 99,SI 
FHWA - 90 days Total Integral c1-... . In . X 25.4 
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!~l! 
DATA OS~D PC'R C'ORRBLATI03 ANALYSBS 

R12id Telt 

D•pt ~-, .. I nche■ l/ 

.2::1l.! ¥ 8-5/ 8 .'L.!!=.Jil 7/8-!V8 !V 8-13/ I 
Total 

Integral Charg• 
!!.!!L T:tJ!! - Chloride - 1ft. I of sa■l!!• Chloride tcouloabs} 

3307 0.6 0.112 0.233 0.181 0.070 0.015 o. 77 52,570 
3358 0.5 0.193 0.111 0.021 0.010 0.008 0.47 22,500 
3393 0.4 0.179 o.oso 0.013 D.010 o.ooa 0.31 20,tlO 
3368 19-l'ull 0.220 0.273 0.181 0.022 O.Oll o. 9:1 36,070 
3397 LTX-l'ull 0.131 0.022 0.009 0.008 0.008 0.27 8,670 
3383 Iowa 0.159 0.022 0.009 0.008 o.008 0,31 15,270 
3373 LTX-Over ~.191 0,028 o.008 0.008 0,008 0,37 Hi,'50 
336711 IS-Full ll.072 0,009 0.012 0.008 0,008 0. 10 ~, 770 
3362H IS~ver (1.052 0.008 0,008 0.008 o.ooa o. 0 9 3,020 
3408 PIC a 
3412 PC a 

~y Pond! n)! Tf!■ t 2/ 

Ct,lod de - 1ft • I of Sam;ele 

3384 0,6 0.442 0.'93 0,179 0 ,107 0.038 1.!f-6 
3354 0.5 0,371 0,201 0,097 0.036 0,013 1.10 
338' 0.4 0,503 0, 172 0,083 0.025 0.012 1.21 
3364 IS-Full 0.390 0,242 0,133 0.057 0.018 1.28 
3394 LTX-rull 0,303 o.ou 0.025 a.au 0.011 0.u 
,379 Iowa 0.2,:. 0,054 a.au 0,008 0.007 0.57 
3J69 L'l'X-Over 0,223 o. 068 0.013 0.009 0,007 0.49 
33SlR 1s-rull 0,052 0.013 0.008 0.006 0.007 0,13 
339911 rs~ver 0.0~9 0.017 0.012 a .010 o.c,11 0 .19 
3404 PlC 0.'.38 0.043 0 ,009 0.013 o. rJOS 0,337 
3409 PC 1\.,058 0.022 0.011 0,009 0,009 0,161 

1/ - • In. X 25.4 
2/ Bach r«eult la the average of three separ1te sample• 
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APPJNDJX ,! 
,EltMEABILJTY MEASURING INSTRUMENT 

DETAILED RBQOIRJ!:MENTS 

The followit1g is a listing of 

requirements for ~, chloride r-ermeability 
measuring instrument. These specifica
tions were aubmitte~ as guidelines and 
w~re revised so■ewhal during the final 
instrument design. 
1. She Requicements1 f.luggt.sted maxi

mum dimensions are 24-in. long• 
12-in. high x 14•in. wide (0.6K0.3x 
0.35 .. ) • 

2, weight: 50 pound• (22, 7 kg) or 

less. 
Teape~ature Range for oper~ticn, 
40° to l40"P (5° to 60°C), 

•· H~•idity Range for Operation; •01 

to 951 relative humidity. 
5. Rugged:1ess: Must be capable oi 

absorbing the ,ormal handling 
expected during ~ran~portation to 

&nd f~om a typical highway con
structi,:,,fl sii:e. 

6. Portability, Thie instrument ~ill 
be a portable device, Supporting 
handl~s will be located for safe 

A hinged panel cover aay be incluc.1ed 

to provide a smooth case surface. 

11, Power Requira•nts, 115 v AC!. 101, 
so or 60 H1, single phase. BAttery 
power backup is &uggested to pre
clude data loss in the event of AC 

power failure. 

11. Voltage Output: 
adjustable to 60 

o.svoc. 

DC v~ltage must be 

! O.S and 80 +. 

13. ~urrent Capacity: DC current output 
shall be sufticient to operate one 
Cl) sensing element having approxi
mately one Cl) square foot of aen~
ing area. The cur:ent cequireaent 
is estimated to be in the range of 
O to 5 amperes at 80 V DC. 

14. ~•terl\dl Power ReguiremP.nt!= 
External AC power requirement& are: 

115 v AC! 101, 50 or ~O t·1 1 .dn9le 
phase, with a minimum power 01.:tput 
c-: 1,000 watts, 

15, circuit Protectio~: 
shall be provided at 

Fuse protect ion 
the AC line 

input to the instrument. 
16. Voltage Readout: A meter shal~ be 

provided for ind1~ation of DC 

voltage. 
handling by one person but with pro- 17. Current Readout: A mlPltE:!r shall be 
vision for handling by two persons. 

7. Security: The instrument case 
shall be designed so that hazardous 
components or systems are not 
re.::.dily ac,::-essible to i:Jersonnel. 

8. Ouration o~ Measurement: Typical 
measurement time is six (6) :1ours. 

9. Instrument Configuration; Thi~ 
instrument shall consist of a mea
surement and control module, and a 
separate conditioning ele~ent. 
These two units to be interconnected 
by removable •~able (s). 

l(t. Cont.to} P~nel: The instrument con
trols shall be ~ocated so as to pre
vent damage during normal handling. 
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provided for indication of ~urrent 
output to the nearest 0.001 ampere. 

1e. Power on Light: A light shall be 
provided to indicate that power is 
applied to the sensing element. 

19. Readout Interval controls The 
interval between data printouts 
shall be aelected 'oy rotar:y switch 
or equivalent. 

20. Data Readout: Printer data should 
be pres~nte~ in digital form. 
•Alpha• numeric printout of data 
and headings on removable- hard copy 
is pcfl . ..,rrad. 

;n. Data Presentation Ii1terval: i)ata 
reado1Jt interval se:ection sh,111 in
clude 5, 10, and 30 minute periods. 



22. !!.!!!..!!_!~: Elapt:ed ~.b.e, DC 

cur ;ent, and the '- r1t•9rate" ti•e
cu•:rent value {ccJlotnbs} 1hall be 

provided. 

23. ~ahriah- Mea■ur,i11ent C'apab~U t~·i 

'J'hi11 instrument Jhall be C";apebh of 

chioride l]ermeatility measurements 
on conventional portland cen1ent. con
crete, latex modifi~d concrete, 
polymer impregnated concrete, inter
nally sealed concrete, and polymer 
concr9te. 
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APPBHDIX 5 
APPLIChTICN or,., l'OUR-PIN 

USISTIVITY ltB'1"90C POR DB'rBRMINATION 

OP DBP'l."8 OP IN..,BRM&\BILITY 

1. IntrOduction 
A four-electrode-r~ai ■ tivity tech

niqu• haB been utilized succeasfully as 
• nondeatructiv• •eana to deteraine the 
penetration depth of partially i■preg

nated polymer concrete (42), The valid-
ity of this tech~i~ue ta based on the 
fact that diff~~enl types of aaterial ln 

current through the aele,:ted mediu■. 
Four electrodes 3re equally spaced in a 
line on the surface of th~ slab being 
tested (Pigure 81). The current (I) 
paaain; through the 111ateri,tl between 

elwctrodes land 2, and the potential 

drop (6V) between electrodeu 3 and, are 
recorded. The average reaUti•.-ity (p) 

can then be calculated with the following 

equation: 

P •2va.4Y.. 
I (10 

a ccapoait• may poaReaa distinct electri- when: 

cal reaiativitieo and the reatativity ia 
characteriatic of the type of aaterial 

p • resistivity (oha-c•) 
a • electrode spac .lng (c•) 

IN• potential drop (volts) 
I• current (a.mperes) under well-defined conditions. If the 

reaietlvity at all locationa in a COllpo

aite can be accurately aeaaured, it may 
well indicate the pteaence and location 
of certa: ., type of material. The four
electrOC:e-reaiativity meth~ provides a 

wav to detect the resistivity et differ
ent locations in~ composite, and with 
proper data tr~ataent, a way to determine 
the lucation of the interface betw~en 
ho types o! mater icl :'londestructively. 
Concrete overlays con11ht-.'lng of portland 

cement concrete and overl}·inl.i 11111terial 
may have resistivities so differ~nt that 
the location of the interface, or th~ 
thickneaa of tl'le overlay, 
mined by this technique. 

can be det11r
The principle 

of tt\is technique and the r·eeult of the 
measurement will be presented in the 
followlncJ sect.ton, 

2. The Principle of rour-Bler.trode
Re~iativity Method 

The four-electrOde-reaistivity 
techniqu~ uYed in thi■ work is a aodifi
cation of the Wenner-◄-pin-eurface resis

Hv it:, test (54) whic,i has been used for 
measurement of soil resistivity. This 
b·chnique i;wol,..es measurement of the 
re11istance to th@ passage of an electric 
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Th~ effective depth of the aea.surement 

below th~ surface is equal to the elec-
trod• spacing. This approach is based 
on the assumption th9t equipo~ential 
hemispheres with radii a ~re established 
around electrodes l dnd 2. Every point 
on the eurface of the hemiapherP has the 
same potential. The spacing betWt?en the 

elec~rOdea can be varied and thus the 

data obtained will reflect the chai-1ges 
in resistivity as a function of th~ depth 
from the au1•face. '!'he ~asurernent at 
each ~pacing will be an average vdue of 
resiAtivity of all the material from the 
~urface to depth a. One method of data 

trPal:ment, an intc,gral method, developed 
by Mc,o::e (55 J , prov id@s an indir.ation of 
Uie thkk.ness of different layers. In 
this mett:od, the cumulative reshtiv ity 
is plotte-.1 against spacing and a straight 

line is ob':.aineJ for ear.h kind of mate
rial, If there are t~o different types 
of wi;.1.terial in a slab, two straight line!s 
,..,ill be obtained and the inte-rcept will 

indicate the l~ation of the interface 
or the thicknqsa of the overlay. 
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FIGURE 81. WENNER-FOUR-ELECTRODE CONFIGURATION. 



3, B1periaental 
The apparatus used for measurement 

in this study is shown in Figure 82. 
Four ainiaturP copper/copper sulfate 
electrodes manufactured frOfll felt-tip 
pen bodies were used in th is measuremer,t. 
The sponge rods inside the plastic pen 
shells were soaked with saturated copper 
sulfate solution and copper wires were 
inserted into the spon~e rods, Elec
trodes constrl1cte.J in this way permit so 
slow a mov&ment of the copper sulfate 
sulution that the electcc.Kles can be 
placed at a spacing less th&n one centi
meter while mainta!ning good electrical 
contact. The current is supplied by a 
DC-power source (Hewl1t.t Packard 6116A} 

to the outside electrOdes. The c•Jrrent 
flowing through the electrodes is mea
sured by an electrometer (Keithley Model 
602) and, with the help oi a switch, the 
potential frop between electrodes 3 and 
4 is also measured by the same elecLro
meter. The electrode spacing was varied 
from 7 cm to 1 cm and the resistance data 

for various spacings '°er~ recorded. 
The tested slabs are described 

below. All the t,:sted slabs had the 

dimensions 12x23-l,'2x6 in. (305X597x 

152 mm). Among t~e slabs listed below, 

those wh~ch are described as •wet• had 
been exposed to noisture for a month 
before being tested. The other ~ labn 
were air-dry. ~~o of these •wet• slabs 
(t3372 ;md t3382J had been frozen and 
were al Lowed to thaw in pl,'J.stic bags two 

dayllc' be .:ore they were tested. Some of 

Over lays: 

13413: 

f34l21 

polymer 
ateel 

polymer 
steE.l 

concrete overlay with 
(air-dry) 

concrete overlay with 
and the:~·'Tlocouple (wet} 

1331i3: unmelted internally-sealed 
overlay wit:1 steel iair-dry) 

f3.36.2H: partially melted ir.ternally
sealed overlay with steeJ 
and thermocouple {air-dty) 

f3403H: internally-sealed concrete, 
partially melted {air-dry) 

f3381: dense concrete overlay 
(air-dry) 

f3382; 

f3383: 

t3l73: 

f3372: 

dense concrete overlay witn 

steel and thermocouple 
(air-dry) 

dense concrete overlay with 
steel (air .. in) 

latex over lay w.1 th steel 
(air-dry) 

latex overlay with steel and 
thermocouple (wet) 

4. Results 
4,1 Treatment of Data 

Changes in resistivity as a fu~ction 
of depth from tl,e surface (i.e. spa.;i.ng) 
for thirteen slabs are shown in .E•igures 
83 through 92. The cumulative resisuv
ity vs spacing plots which are used for 
determ},nation of overlay thirkness are 

also presented. In the proc~ss of calcu
lating cumulative resistivity, the suiwa
tion can begin with either end, as long 

as the starting resistivity is higher 
tha~ the resistivity at the other end, 

the sl~bs were reinforced with steel ar.d Aa an example, for this 3et of data, 
a few of these reinforced slabs had ther-
mocouples in them, The locations of the 
reinforci,~g steel and thermocouples ar~ 
described in Section 4.1 (page 36}. 

Pull Depth Mater).als: 
13356: 

fJJSB: 
t340 2: 

f3396: 

base concrete (air-dry) 
base concrete with steel (vet) 

internally concrete {air-dry) 
latex concrete (air-dry) 
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spacing 

reaistivity 
(ohn1-cm) 

sp-:1cin.g 

resistivity 
(ohm-cm) 

1 2 3 4 

3xl09 1.1x::.09 2x108 7xl0 7 

s 6 7 

6xl0 7 Sxl0 7 4xl0 7 
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FIGURE 82. APPARATUS FOR RESISTIVITY MEASUREMENT. 
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the SUID!lation starts fr,:im "Che end with 

higher reslativity, which is the left 

end, to yield the cumulative resistivity 
data below. 

spacing 1 2 3 4 5 

cumulative 3,00 4 ,10 4,30 4.37 4.43 
rt!Sistiv ity (xl0 9 ohm-,:111) 

s~~~i.nq 6 7 

c~•11ulative 4.48 4-52 

The resistivity data obtained from 

these slab samples are generally irregu
lar compared to previous date (42j. 
:~lectrical interference was cbserved 
;,,hen the resistivity measllrement was 

carried out. A ground current in the 
■ag,,ftude of 10-810-9 Amperes was 

detecl@d even when t~e power su~ply was 

disconnect~d. This might partly account 

for the irr4gularity ot the data. The 
presence of 3teel rvds and thermocoJples 

in some of the slabs might also have 

cauplicated the prot,lem. However, .:he 

resistivity data st~ll reveal some 
information on tt:e quality of terJted 
slabs. 

The magnitudes of "Che resistjvjty 

data fen· these tested slabs are generally 
reasonahle, A wet base ...:oncr-=te s!ab 

showed a resistivity cf th':' magnitude 

104..10 5 ohm-cm whil(t ~ dry one showed an 

average resist..ivit~r c,f 107-1n 8 ohm-cmr as 

show~ in Figure 83. These dat~ are 

comparable to that obtained at The Uni

versity of Oklahoma, which eh~wed an 
average resistivity of 10 4 ohm-cm for wet 
slabs ar.U ~~~10 10 ohm-cm for relatively 

dry slabs, depending on the extent of 
dr:yir.g. 

4.2 Inter:nally··Sealed Concrete and 

Ovarlay 

FiguLe 84 shows the resistivit1es 
(in logarithmic ~:cale) of two internally

sealed concrete Blabs ancl two internally

seialed overlay s.labs as a function of 
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specin9. It seems that the resistivity 

of a inte1nally-sealed concrgte slab is 

slightly lower than that of a laboratory 

dried base concrete slab, as slab t3402 
showed an avera~e resistiv!ty lower than 

that of a base concrete slab and sla~ 

13363 showed an increase in resistivily 
with incre~s1ng spacing, The high resis

tiv1ties obtained from the partially 

melted slabs (l:.362H and t3403H} indi
cates gooa s:;alings at least in the sur
face l :1.yP-rs. 

In 1"igure as, the cumulative resis-~ 

tivity ve spctci,~g diagram indicates an 

overlay thicKness of 1.S in. (38 mm) (an 

overlay de~th of 2 in. (51 mm) is listed 
in Table 6). No effect ~n resistivity 

due to the prese~ce of reinforcing rods 

was ob?e~ved as the location of the steel 
t(.1.-:ls is 3 in. t76 mm) below the surface. 

The location of the interface of slab 
f3362H is difficult to tell, possibly 

because of the presence Jf steel rods anrt 
themocouples (Figure 86). The cumulative 

resistivity data are somewhat scatter~d 

(Figure 87) for the partially melted 

internally-sealed concrete slab, t.1403H. 

However, the approxin:ate lo.:ation of thC! 

interface s~ems to be somewnere around 

1. 7 in, (43 nun) below the surface. 

4.3 Latex Concrete and Overlay 
According to Figure 88, the resis

tivity of a latex concrete slab is also 

lower than lhat vl a dry base concrete 
slab. The resi&tivi:y of the wet latex 

overlay slab (13372) was substantially 

1..,wer than that of the lat1oratory dry 

slab (13396), This suggests that the 
latex overlay will absorb wat~r re~dily, 
It Geems this could be a problem. It is 

interesting that both latex overlay s~.ahs 

(13372 and 13373) showed low resistivtt'.,i' 

at tne same location, 2 in. (51 mm) belcw 
the burface. This seems to be an incEca

tion of the presence of steel rods, which 

were 2,25 in. (57 mm) below the ::urfar:e. 



Slat -...3356 - Base concrete ( laboratory dry)- O 
# 3358 • Base concrete ( wet l - - - - - t:;. 
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FIGURE 83. RESISTIVITY PROFILES FOR BASE CONCRETE 
SLABS. 
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-#3363 - Unmelted Internally sealed concrete overlay (with ,teell - 0 
♦3362H - Partlally melted Internally sealed overlay - - - - - - - A 
:i3403H - lnter!!ally sealed concrete, full depth, partially melted - CJ 
•3402 •- Internally sealtd concrete, full depth, unheated- - - - a 
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FIGURE 84. RESISTIVITY PROFILES FOR INTERNALLY SEALED 
CONCRETES. 
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Slab #3363-Unheated Internally ser.:ed overlay ( with steel) 

Summation starts from right end ( a = 6 cm ) 
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FIGURE 85. RESISTIVITY SUMMATION FOR UNHEATED INTERNALLY 
SEALED CONCRETE OVERLAY, 

lSS 



Slab# 3362 H - Partially melted Internally sealed overlay (with steel) 

Summation starts from rl9ht and. 
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FIGURE 86. RESISTIVITY SUMMATION FOR PARTIALLY 
MELTED INTERNALLY SEALED CONCRETE O'JERLAY, 
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,i, 3403 H - Internally sealed concrele , full depth, partially melted 
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FIGURE 87. RESISTIVITY SUMMATION FOR FULL- DEPTH 
INTERNALLY SEALED CONCRETE - PARTIALLY MELTED 
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- 3396- Full depth late,i. concrele , air - dry - O 
13373- L(jtex overlay (with steel), air-dry- □ 
tt 3372 - Latex overlay (with steel), wet - --6 
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FIGURE 88. RESISTIVITY PROFILES FOR LATEX MODIFIED 
CONCRETES. 
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The e±fect of steel rod on resistivity 

is pronounced ~n the dry slab ano rela

tively ilteak in the wet Elat>. Thi& fact 

can be explained by the difference in 
[esisti~ities between the steel rod and 
tne dry and wet overlay slabs. 

1.'he presence of steel rods and 

thermocoup!es in f3372 might influence 
th~ determination of the ove[lay depth, 
The depth is estimated to be 1.45 in. 

(37 mm) fo[ slab f3372 and 1.56 in. 

c•t> 11111.) for slab t33'13 (listed dept!) is 
1. 25 in. (3: JIIJII) fO[ each slab), as shown 
in Figur~• 89 and 90. 

t.4 Polymer concrete overlay 

A dry polyn.r concrete overlay slab 
(f3413) showed a very high resistivity 
(~10 11 oha-cm} which could not be mea

sured with our instrument ~1th good 
accuracy. However, resistivity data was 
obtained for a wet polymer concrete 

ovet·lay Slab (13412). The resirtivity 
falls into the [egion of 10 7~0 8 ohm-cm, 

which is substantially lower than a dry 
slab 1Figure 91). The ~ery t~in layer 
of ~~rlay, O.S in. '13 mm), and the 

presence of thermocouples may be reRpon
aiole for the resistivity drop, The 
depth J.1f o.rerl.ii_'{ is difficult to deter

mine. possibly due to the same reasons 
mentioned above, 

oens€ Concrete Overlay 
A dense conc[ete also showed a sub·~ 

stantial Orop in [asistivity after expo
sure tc., moisture, indicating the infil

tratk,n of water (Figure. 9L.). It 
appe3rs that after exposure to moisture, 

there is no significant difference 
between the resislivity of the high 

density portion and the base concrete 
po,:tion. No reasonably accui::ate dE!ter
mination C•)Uld be made on the ove1lay 
depth in t·:,, is c:ase. 

160 

S, Conclusiona 

Resistivity data o~tained from four

electrode reaistlvity •••aureaent provide 
so11e information which may be helpfiil in 

understandin~ the nature of the overlays 

and slabs. The e~perimental results 
obtained had s011e inaccuracies which were 
possibly due to lhe ptesence of te nforc
ing ateel, thermocouples and eh.ct.deal 
inter fer en ·a. 

Based on the result~ obtained, it 
see1:is th•t thi3 technique m•y be appl t

cable to measuring the depth of wax-bead 
overlays and partially melted wax-b~ad 
layer~. Thia technique may also be 

dtective for deptb deten,ination of 

latex ,verlaya if the effect of steel 

can be better undestood. The depth of 

polymer concr~te overlays apd dense con
cret• overlays probably cannot be mea

sur~ by this met~od dS the poly•r con

crete overlay has too high a resistivity 
and the resistivity difference between 

dense concrete and ba,e concrete ie not 
significantly 1ar9e to ahow the 
i.nte~Eace. 

The major d~awbacks of the tec:1nique 
are that there has to be a~ order of mag~ 
nitude diff~rence (or more\ between the 

resistivities of thP t\tO layers under 
determir:.ation if an intet'face is to be 

detecteJ, and that this interface sh01.1ld 
be relatively sharp. In addition, a 

very high resistivity material (such as 
polymer concrete) will prevE:!nt any .l:F:Q

sonable current from penetrating the 
vverlay. niak.r,g measui::ement imposs1ble. 

This last problem could be overc01W, how
ever, by us(1 of higher voltages and/or 
more sensitive current measutement 
techniques~ 
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Slab # 33 73 - Lutex overlay (with steel), air-dry 
Summation sleirts from right erd 
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FIGURE 90. RESISTIVITY SUMMATION FOR AIR-DRY LATEX 
OVERLAY. 
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Slab* 3412 - Polymer concrete overlay, wet 
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FIGURE 91. RESISTIVITY PROFILE FOR POLYMER CONCRETE 
OVERLAY, 
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# 3381 - Da~,e concre!e overloy, olr-dry-o * 3 382 Dense concrete overlay , wet - - 6 

.. 
0 
" .. 
"" -~ 

-E 

" ' E 
.J::. 

2 

>, 
:!:: 
.::: 
~ ·w ., 
a:: 

9 

8 

7 

6 

5 

4 

3 

2 3 4 
Spacing, i cm ) 

5 6 7 

FIGURE 92. RESISTIVITY PROFILES FOR AIR·DRY AND WET 
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J.FPE~DIJC 6 

I!.131.l:: 3! 
STRUCTURAL DETA~~§ 

~IDGE NO. l 

l. N~~; B-36-·73 at M.e.ni.tO'WC)(: Rap1ds, 
Wiscona1n 1 Northbound lanes 
over Manitowor. River. 

2 • OESCRI PTI ON: 

I,enilQ: 504 1 -11,5• (153.9 11) 

!!! .. !!.!.!:P 43'0" (13.l mJ total 
1&vo 11 {3.66 m) delving lane& 
lC·'•O• {3.05. a\ outs.i~.e 

shoulde, 
t•o• (l.83 II) inside shoulder 

!Ya: Continuous t beam u~it 499 1 

(152 11) long having fou[ npans 
,.24'-4.S" (37.9 Ill), 12S' 
()8.1 m), 125\ (18.1 m), 
124"-,S,S• (3°1',9 Ill) 

Cvncre~e Oeck Slabi 

soo•-o.s• <152.4 m) lor.~ 
42 1 -10• (13.06 m) wide 
4,000 psi (27 ,6 MPa.) cor.crete 

Slab Reinforcement: Grad~ 60 
Reinforcement 

!!?R:Mat: 

No, 4 (13 mmJ trans..-e.cse :2oc 
skew) at 6,r>• (165 mm) cer:•-ers 

No. 4 (13 mm) longitudinal at 
12.0• (305 mm) centers 

Bottom Mat: 

No, 4 (13 DUil) transverse (200 
sleew) e:t 6.s• (165 mm) Centers 

No, 4 {13 mr.) lor-,qitudinai at 
6,0• (1~2 mm) centers 

Slab Thickness: 7 _5• (191 mm.} 

Plan Cover~ 2.0" (51 mm) 

Grad~: Approaches +l,991 and -2,20\ 
Main span 1,400' (427 m) ver

tical curvatu[e arch 

3. SALT FXPOSU!u:':: None 

_; JTRUCTURJ:~ in.!.!~.:f.: 

f;RIDG!:, NO_. ;-

l. ~: B-41·62 a·t Linc<,:~n, ·Jiu :::>n9:ln, 
Eastbouri,J lanes ouer c, •fol R.R. 
Tracie 

4!, ~.f:fil!~'l.'lC[S: 

165 

Q.;1-g :nal 1Jf•r:k. 

LenS!!!: 189 1-7" (S7.8 r1) 

!!.!.:~th; 4'2'0" ~-12.a m) \~Ot<l1 
22'0" (6.7 m) d1:iviin.9 lane 
12 1 -0• (3.7 mJ ~asainJ lane 
6 1 o• (l.83 m.J sr:.oulder 

~: Continuous I bt .. a·Jll unit. 186,5' 
(56.8 m) long having three 
spans: 
62 1 (18,9 Ill) 
62.S' (19.l rn) 
62' (18.9 m) 

Conc~ete DecK Slab: 

188.7' (S7.5 m) long 
4l.5' (.t:t,6 m) wid,e 
G1 ade Ali Concrete 

Slab Reintorcement: Grade• 20 
-R~infort:eine~ 

!QE..1!..!U= 
tlo. 6 ("L9 mm) transvers'i! at 1,5" 

(191 ll'll'i) centers 
Jfo, S (15 mm) lor19itodinal at: 13" 

{330 mm) :::ente1:s 

8c1ttom Hat: 

No, 6 tl9 lllJII) t.ransvene at 7.5" 
(191 mn1) centers 

No. 5 (H mm) longitudinal at 
6 ~ 5• {l.6S m,) centers 

Slat- Thickr,ess: 6.5" (165 mm} 

Plan Cover: 2,0" (51 mm) 

Grade: +0.751 E. tc w, 



TABLE U 

S~\B IDENTIFICATION AND STORAGE CONOITIONS 

Descriptior:, 

W/c .. 0.60 

w/c • a.so 
w/c • 0.40 

Latex Modified-Full Depth 
Internally-Sealed-Full Depth-Heated 

I nte•; na.lly-Sealed-Full Depth-Unheat-ad 
Pol~m1tr Impregnftted Concrete 

Latex MOOified-Ovwrlay 
lnternally-Sealed-Ove=lay-Heated 

I nterna lly-Sealed-O•;er lay-unneated 

Io-.·.eo Over lay 

Polymer ConCI$te Overley 

Mou:,t 

(73°F-1001 ~~ 
J388 

3357 

3392 

3398 

3J67H 

3408 

3372 

33628 

3382 
3412 

Storage 

Frozen- l/ 
As Received 

(O\JF) 

3387' 

3358 

3393 

3397 

3368 

3407 

3373 

3363 

3383 

3413 

I7;;pecimens were sealed in heavy plastic bags prior to freezin~ 
2/ :,C = 5/9 {OF - 32) 

•o.;;. OOVt:JU,MEli"T Pll!N'l'ING OJTIC'E , 1981 0-J.(l-·28/UH 

166 

Air 
(73°F-501 RH} 

3386 

3356 

,391 

3396 

3366H, 3403H 

3365, 3402 

3406 

3371 

3361 

3381 
3411 



l'EDERALLY COORDINAIT~ PROGRAM !FCPI OF HIGHWAY 
RESEARCH AND DEVELOPMENT 

The Office, of Ref!~a.rcb and Development (R&D) of 
the Federal Highway Administration (FHWA) are 
respon,ible f.1, ,. broad progrur. of llta.£( a.nd contract 
research arid development and a Federal-aid 
program, conducted by or through the State highw•> 
traa1portatio11 agencies, that indudes 1he Highway 
Planning and Re,e .. rch (HP&R} prognm e.nd th~ 
National Cooperative Highway Research Program 
(NCHRP) managed by the Transporta6on Research 
Board. The F'CP is a carefuUv selected group of proj• 
ects that uSl's re!iearch <1.nd development resourres io 
obtain timely 1olut1on~ to urgent n•tional highway 
engir.eering p,·oblems. • 

The diagonal double stripe on the C'Over of thi8 report 
repte!ents a highw11y and is eolor-caded to i.dentify 
the FCP category th111 the report falls under. A red 
ltr1pe i11 utit-d for category l, dark blue for calegory 2, 
light blue for category 3, br.>wn for category 4, gray 
for categr.rJ 5, green for categories 6 and 7, and an 
orarige st.-ipe idemifies category O. 

FCP Category T>eacriJ,tioru 
1. Improved Hlghway U.,ign and Operation 

!or S..fety 

Safety R&D addresses problem~ ,::,..sgoriated M'it~ 
the re,ponsibilitie& of the fHWA •rnder the 
Highw&y Safely Act ant\ includes investi,,;'ltion of 
appropria1e des1~n Stbridards, rnadside h m;_,,,are, 
..,ignlng, and physical and h ic"l'ltifH· d~i:4. 10·· the 
formulation of improved safety regui.1.tion6 

2. ftt"dU("tion of Traffic Cong.-.11t!-:; •• ' ~~ s; 

lmprtn:ed Oper~tional EUidenc~ 

Traffic R&D is conce,rned with increasing the 
operational efficiency of exis.tmg highway~ by 
advanC'ing tt'chnoiogy, by imnrn·,ing designs for 
existing as wt'!I as neN faciliti~~-. J.nd bv balancing 
1he demoild-capacit\l rt>!a1ionship through traific 
manage."lent 1echniquu !-IJ..::h H bus and carpool 
preferential treatment, ir.otorit-1 information, and 
rerc-uting of traffiL 

3. Environmental Cun1id~rations ln Highway 
Design. Loet1tion, ConM:-ucdon. and Opera• 
tion 

En,·ironmental R&D ls .Jir,:c1ed toward i!lentify· 
ing and e\·alu11.ting highway elt:rnen1!1 that affect 

• Th~ complrt• •n,n-~olume off1c1.1I ota'tmrnt ,,r th, FCP 1t anJah~ f,,.n,_ 
1hr Nat,on•l Tuhna.·11 lnforma11on Sn·,,,,, 5F,ongfield, Va 2.:161. Sincl, 
rol""'"( th• 1nl1GOl.lt\N'J ,<:>Ill.mt ut n•lldilr 11,,hri\ll ch•TII~ ho,!\ f'l<llt'!lm 
\n1l~1i, (HR0-3~ Off1r•• of Rtenr~h tnl Dr,dopm•nl. Fed,ral H,~h•) 
Adm,n,.,utoon, 'A', ,h,ng,on. DC 205Q(J 

,r...e quality of the human environment. The goab 
are reduction of adverse highway 1 traffic 
impacts, and prote•ction and enhanl-•ment of the 
P.nvironment. 

4. Improved Materia!t1 Utilization and 
D\lrability 
Materials R&D is concerned with expanding the 
knowledge and technology of material!! properties, 
using available natural materials, improving struc• 
ti.1n1 foundation lll&terials, recycling highway 
material•. comerting induatrial wa11te!i into useful 
highway products, developing Htenrler or 
substilute material1 for those in short tupply, and 
de11elopin(I more ,apid and reliable testing 
procedure1. The goals are lower highway con
struction costs and e.itended maintenance-free 
opt ration, 

5. lmpro,ed O..lp 10 Reduce Coell, Extend 
Life Ellpectancy, and Insure Structural 
Safety 

Structural R&O i5 concern~d with furthering the 
latest technological advances in strlJCll.iial and 
hydraulic designs, fabric11.tion processes, and 
<·onsiruction techniquts to provide safe, pffirit>nt 
high,,_,·a~s at reasona.hl,e -:•.:st:... 

6, lmpro11ed Technolog)' for ~Hahway 
Construction 

Thi11 category is ronrf'rned with the rNl'if('h, 

oeh!~!Jment, an,I implementation of highway 
construcu.:-o: tech,1ologf to incrt,ase produttivity, 
reduce enrrgy <'onsumption, conserve +..-inrlhng 
resources, and re-duce costs whil" impruving rht" 
quality and n,.,thod~ of ,.onstru,•tion. 

7. Improved Te~hnology for Highway 
Maintenance 

This category addreHes prob It ms in pr<:sc rving 
,he Nation ·s highways and includes acth·it1e-s in 
physical malnten.l;nce, traffic Sf'fV1ces, manage• 
ment, and equipment. The goal is to mnimize 
opt:r~tional t-ffici.ency and safety to thf' tra,·elin!{ 
~ublic whilr conser\ling rtsources. 

0. Other New Studies 

This category, not included in the seven-volume 
official statemtnt of the FC~, is concernf'd with 
HP~R and NCH RP studies not specificall)· related 
to FCP ,>rojt>cts. These studies involve R&D 
suppor1 of other FHWA protz:ram officr research, 




