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FOREWORD

This report describes a new method for rapid detarmination of the
permeability of various concretes to chloride ions. It will be

of interest to materials, bridge, and other engineers concerned with
the conscruction of low permeability bridge deck protective systems,

The report covers the development of prototype equipment and includes
the results of laboratory studies azud of field and lab.ratory trials
of the device on three bridges. The technique is suitable for use
both on cores and in place on a deck. The results irdicate the new
procedure may be a very suitable replacement for the current 90-day
ponding test for chloride permeability.

FHWA appreciates the assistance of the Wisconsin Department of
Transportation in making field sites available t. the researchers,

Sufficient copies of the report are being distributed by FHWA Bulletin
to provide a minimum of one copy to each FHW/ regional office, one
copy to each FHWA division office, and twos copies to each State
highvay agency. UDirect distribuvtion is being made to the division

e /%M%fé* .

Charies F./JScheffey
Director, Oftice of Research
Federal Highway Administration

NOTTCE

This decument is disseminated under the sponsorship of the
Department of Transportation in the interest of information
exchange. The United States Government assuines no liabiiity

for its contents or use therzot. The contents of this regort
reftect the views of the contractor, who is 1esponsible for the
accuracy of the data presented herein. The contents do not
necessarily reflect the official views or peolicy of the Department
of Transportation. This report dces not comnstitute a standard,
specification, or regulation,

The United States Government does not endorse products or
manufazturers. Trade or manufacturers' names appear herein

only because they are considered essential to the cbject of this
document.
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CONVERSION FACTORS, U. 5. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. B, customary unites of measurement used in this report can be con-
verted to metric (8I) units aa follows:

Multiply By To Obtain
Angatrous 0,0000001 (10~7) millimetree
inches 2,54 centimetres
Teet 0.3048 netres
les (U, 8, statute) 1.6093LL kilometres
square inches 0. 00064516 syuare metres
square feet 0.49290304 gquare metres
cublic feet 0.02831685 cubic metres
cubic yards 0.76LESLO cubic metres
grans 0,001 kilograms
pounde (mass) 0.4535924 tdlograns
tons (2000 pounds) 90T.1847 xilograms
pounds (mass) per cubic 16.01846 kilograms per cubic
faot netre
pounds (maes) per cubic 0.5932T631 xilograms per cubic
yard LT E
pounds {force) L. 448222 newtons
pounds (force) per 689k. 75T pascals
square inch
pounds (force} per . 882428 kilograms per square
square foot metre
miles per hour 1.6093LL kilometrzs per hour
degrees {&ngle} 0.017T453729 radians
Fahrenheit degrees 5/9 Celsius degrees or

Kelvins®*

% T obtain Celsius (C) temperature readings frem Fahrenheit (F) reai-

ings, uee the following Formuwlae:
Kelvin {K) readinge, use:

vii

¢ = {5/9)(F - 32). To obtain
K= (5/9)(F - 32) + 2,3.15.



1. IRTRODOCTION

Deterioration of concrete khridge
decka continues to be a perious problem
for many state and Federal highway
agencies, A report lasued recently by
the GAO (1) mtated that nearly 6.3
billion deollara are needed to restore
the Netion's Federal ald system brlige
decke. The root Of thig problem lies in
the deicina salte (primarily codium
chloridaj used in many states during the
wvinter months. The chloride ions (C1l7)
deatroy the natural passivity of the
reinforcing steel and promote the forma-
tion of corrosion products which exert
large tensile forces on the concrete
cover, These forces can causa delamina-
tion and spalling of the rluing surface.

The problem can be polved by provid-
ing a barrier which ran retard, or halt,
the migration ot chioride iong to the
Thia barcrier may either
be un the steel, aa in galvanized or
epoxy coated barm, or in the concrete
itself, This project was directed
towarde evaluatiorn of Lthe affectiveness
of techniques based on the latter
approach,

Materials used as barriers to chlo-
ride ions include, but are not limited
to, the follwing:

Polymer Impregnated Concrete

Latax Modified Concrate

Denee Portland Cement Concrete

Internally Sealed Concrete

steel surface.

Polymar Concrete
Rapid test procedures are needed to jrdge
the effectivenene of these treatments,
The two major objectives of this project
were;

1. To Aeveloy and test a rapid
destructive permeabiiity device
which can be used i1 the lLabora-
tory on sections of concrete,

avch as cores, taken from
atructures,

2. Ta develop and test a rapid non-
dastructive permeability device
which can determine the permea-
bility of rigid concrete members
(such as bridge decks) in field
inatallations,

2. LITERATURE STUDY

Prior to initiation of method devel-
opment work, a literature ourvey was con-
ducted, The objective of the gurvey was
to assemble all available data concerning
the permeabilicy of concrete to fluids
and dimssolved ions, and to select thoee
techniques which held the most prowmise
for fullfilling the contract objeciives,.
If suitaple techniques were not currently
avallahle, the knowledqs gathered froa
the literature survey wculd be used a3 a
basis for development of novel methods,

2.1 Flow of Fluids and Iona Through
Connrete
Plow of Elulds and ions threugh
concrel.e can take place via a number of

mechanisma, depending upon the initial
state of the concrete, nature of the
permeating substances, temperature, and
Rose {2) has broken down the
movement of water in porous materials
into seven distinct stages (Pigura 1),

pressure,

After initial surface adsorption, move-
ment of water vapor is via diffusion,
Ditfucios 15 mathematically expressnd by
FPicke first law:

3= (1)

where: J = flux (g/cm2.8)
D = diffusion coefficient
(em?/s)

dc

o coancentration gradient

ta/ end/ em
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Although chloride fons obviocusly cannot
transfer via vapor-phase diffusion, the
neasurement of water vapor tranemission
may be an effective means of assessing
relative materials permeability. Addi-
tiorally, chloride icns can transfer
within the liquid phase via self-
diffusion 2long the chloride concentra-
tion gradients exieting within the con-
crete porewater.

Ag relative humidity Iincreases,
water begins to condense within capillary
spacea. Forces then arise as & result
of the pressure differential across the
beniacus in the caplllz.y and induce a
flow through the capillary, the rate
of which is glven by Washburn's
Bquation (3;}:

v = {IVL/Idh) coe o t2)

wvhere:

<

= flow rate (cm/8)

= capillary radius {(cw)

V; = surface tensir.u (Pa-cm)

= depth of pr.etration [cm)
fluid viacosity (Pa-s)

@ 9 el

= tkr contact angle

Once the pore system is completeiy
eaturated, water waprv flow as a fluld,
I materials having very finely divided
poras, however, significant flow will
occurs only under high presaurs heads.
In this car2 Darcy's Law (4) governs the
flow rate:

o = -KA Ah/L W3

C = volume outflow (cmzfe}

A = area {cm?y

Ah = fluid head {(com)

L = path length (cm)

K = permeability constant (cm/s)

where;

As previously mentioned, ionic
species, such aa chlorides, can migrate
ihrough free water within the concrete

pore structure. This may occur via dif-
fusion in Stage= 3 and 4 (Pigure 1),
alth<ugh probably at low velocity due to
jonic interaction with the electrical
donble layer on the cement paste surface.
Ionic diffusion will he most effective

ln the fully saturated state (Stage 7).

A Bpecial case of diffusion oeccurs
when an electric potential ie &pplied
across an electrolytic solution, free or
contained within a porouas material. The
lons will then be transported towards the
electrode of cpposing sign {5). Tonic
robllity is given by the following
expression:

.l-—E’,‘a— (4)
t x)

= lonic mobility (cw/v.s)

= dlsitance {(cE)

= tive (8)

whares

= sigctric field strergth
(V; em}

ﬂaﬂ’ﬂf

2,2 Permeabllity of Cement and Concrete

A comprehensive search for data on
t''e permeability of hardened cement and
concrete was conducted,

Representative
results will be presented in this sec-
tion, discussion of specific technigques
used to develop the data will be given
in a later section.

2,2,1 Hardened Cement Paste
Permeahillty of a variety of cement

pastes to water at approximately %0 psi
(345 kPa) was studied by Powers and
co-workers ($). Their results lydicate
that permeanilities of hard=ned, mature
pastes range from 1 X llJ.13 to 1 X 10-9
cm/sec for weter-to-cement ratioe {w/c}
renging from 0.3 to 0.7 by weight. Per-~
meabilities alsc vary greetly over the
period of hydration, ranging from 4 X
1078 cmv/s at 5 days to 9.6 ¥ 10720 cnys
ultimately, for a paste of w/c = D.J,



Additionally, permeabilities of cement
pastes wer. compared with varlous rock
types used as concrete aggregates,

Their deta indicate that an increasws in
w/c ratio from 0.38 to 0,71 will span
the range of permeabllities generally
encountered in concrete aggregates,
Although total pororities of cement
pavte are far higher than rocks, permea-
bilities may be equivalent.

In a atudy of water vapor tranemie-
gion through cement pastes equilibrated
to various internal relative humiditien,
Sorensen and Radiy (7) found values rang-
ing from ¢ X 10-8 cw/s for very dry
cenditions (RE ~ 10%) to 1 x 10°% ews
for values close to saturation. Diffu-
sion coafficlents for water vapor throsugh
hardened cement paste (8) of w/c = 0.18
range from 15 X 10-8 cnale at 2 days tc
8x 108 cn¥/a at 28 days, remaining
conatant up to %0 days,

The movement of iona through hard-
ened cement pagtz hae also becn studied,
and ie of particular interest in the pre-
sent study. Berman (9) expoied hazdened
cement pastes (w/c = 0.4 anvi 0.5, age =
28 days) to various chloride, fluoride,
and chromate soclutions, hLolding numidi-
ties on the downatream alde of a d-in,
long . ~pecimen at 72% RH and 100% RH.
Results showed penetration of sodium
chloride to a greater depth than any of
the other esalts tested, Additicnally,
his data showed that the dissolved ions
pernetrated more rapidly into the pastea
than the water did. Similar studies
have been carried out by Xondo, et 1l.
{20), Kordo's resulte indicate diffusicon
coefficlenta for Cl~ through hardened
cement pastes at w/¢ = 0,4 cured for
28 days to be greater than that of the
asgociated cation, leading him to con-
clude that, "hardened cement paste seemed
to behave as an electro-positive semi-
permaable membrane.® Por NaCl sclutions

at 20°C the diffusion coafficient for
chloride ion wae 6 x 10~ % cm®/sec.

2.2.2 Concrete

Much of the early work on permeabil-
ity of concretc dealt with flow of bulk
water through coscrete under the influ-
ence of relatively large pressure heads,
One of the earlieat comprehensives
studies (11} umed concretes of varying
mix proportions cured For up to 1 year
and subject to A water preasure of
100 psl (690 kPa), Results showed the
axpected trends of reduction in permea-
bility with @ecreasing w/c and increas-
ing age. Permeasbility ranged from
N.19 fr/day (6.9 cw/a) at 7 days to less
than 8.5 X 1070 fr/aay (3.0 X 10°° cw/s)
at 1 year. BIffects of aggregate grada-
tion, when realistic oradings were uped,
were minor.

Farly studiea at PCA (12) utiliszed
pressurized water at somewhat lower pres-
surea applied to 6-in. (152 mm) dia. x
2-in, (51 mm) thick especimens. Decreas-
ing flow with period of test was found
(Flgure 2). Results at 24 hours show
permeabilitles decreasing from about
2.7 % 1077 ow/e st wic = 0.80 to valuee
too amall to measure below w/c ¢f about
0.%.

The clasaic paper among the early
studies iz that of Ruettgers, vidal, and
Wing at USER (13). Concrete specimens
up to 16x1B in. (457x457 ©m) in aize
were subjected to water pressures of
400 psi (2.8 MPa). In addition to the
vaval increase in permeability with w/c
ratic, the investigators found an
ircrease of about 10 times when going
from 1/4 in. {6 mm) to 9 in. (229 mm)
maximum aggregate size, Although the
authors attribute thie to greater prob-
ability of voide occurring beneath larger
aggregate particles, it is also posaible
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that flcw ccourred through the aggre-
gates, (limestone in their case) and,
theretfore, total flow would incredse in
provortion to Lhe aggregate content,
which would be greater as the maximum
aggragate size was increased,

Later work in the area of permeabil-
ity under high water heads was reported
by Cook {14), His tests involved lean
Bass concretes subjected to pressure of
200 ps! (1.4 WPa). Specimens with cement
contents ranging from 188 to 282 1b/yd3
(112-167 ka/2®) with wc from 0.50 to
0.06, were tested at 3 and 12 months age.
Parmeabilities at 3 months ranged from
1.5 x 107% ca/s for we = 0.86 to 6 x
10"% ca/s for we = 0.50. Specimens
which wers vacuum saturated prior to
teat gave higher permeabilities (by a
factor of 1) than those tested in the
moist-cured condition.

In many areas of the conetruction
industry the permeability of concrete to
wzter under high heada is not applicable;
rather what is needed are cata on water
vapor transmlasjion (WVT) of concrete,
Alsoc includad in =his general area are
absorption and caplllary flow testing.
Barly teats by Wiley and Coulsen (15},
although devised as & rapld teat for
water permeability, ware in actuality a
measure of caplllary flow and vapor
tranamission through the concrete pive
sectione uzed, Their coefficlents
i3-40 x 107? cave) were from 10° to
107 nigher :iran previous (13) data for
nixes rangirg in wc from 0.53 to 1.1,
In effect, this cays that capillary
forzes can move watsr through concrete
at a higher rate than can pressures of
up o 490 pai (2.3 WFa), Barre (16}
using 1.5%v10x10=-"n. (4%23x25 cm) apecli-
mena expoRed on one side to alr at 50%
RA and 737 (73°C) and on tiae other side
to a chilled ccndeneing aurface at 12%
(0°C) feund WV to range from 4.66 X

1077 gn/cmd 5 at we « 0.46, to 5.19 X
1079 gw/om?s s at w/o e (.82,

More recent work in this srea has
been reported in a report by th« 0,8,
Naval Clvil Engineering Laboratory (17),
A “"wet cup" technique was employed whare
a 1-1/2-in. (36 mm} thick x d-in.

{101 =a) diamstar concrate disc ias
exposed toc a saturated atmosaphere on one
face and varying RH on the opposite face,
Flow is neasured by welighing the entire
apparatus to the nearsst gram, They
concluded that WWT incresses wlth w/c,
decreases with RH, and 1is reduced by
addition of WaCl to the concrete mix,
Studies were alao dons on the various
rock typas contained within the San
Gabriel graval used as the aggregate
scurce, Valuea ranges from 2.1 X 10~ °
g‘/ﬂ-zil for a medium grained biotite
granite to 3.5 X 10”7 ga/cm® s for o
hiata)l porphyry. Onfor:unately, all con-
creten were Lropared with a mixture of
rock typea, therefore, no concluasione
can be drawn as to the ralative effecta
of aggregate WVT on concrete WWT from
thia atudy,

The movement of chloride iona
{C1”} through concrete has also bean
the topic of several investigations,
Monfore and Dset (1B) monltored chloride
levels in 2xd-in. (51x102 mm) concrete
cylinders exposed cn one face to 23t and
a8 CaClz-ZHzﬂ solutions.. The reesults
indicated that after 12 months of ponding
C1™ lavels will be algnificant at the
1-in. (25 mm) level at w/c of 0.40 and
above. At the 2-in, (51 mm) lavel €1~
levela will atill remain at haseline
levels at 12 vonths if w/c I8 beld to
0.44 or less, Clear (19) has studled
Cl™ penetratlcy of a numbar of special
concratas ag well as conventicnal
pecriland cemsnt concretea, Some ¢f hie
data are reproduced In Table ), The



TADLE 1

CHLORIDE PEMETRATION DATA

€1~ st Level Indicated (lbs/yad) /-
Average

Convantionsl Concrete = 830 saltings

Dapth
Rt wie 9,4 wle= 0.5 weo =08

0.2 20.0 22.1 27.9
l.0 1.58 1.4 13.7
2.0 BL* 1.76 3.8
3.0 BL 0.55 0.77
4.0 BL BL 0.5

"lowa Mathod” - w/c = 0.32 - 830 saltings

Dcpthz/ Proparly Improperly
{in,) at onsol 1dat

i lidated Consolidated
0.28 13.2 17.9

1.0 1.29 6. 25

1.0 BL 3,34

3.0 BL 1.00

1.0 BL BL

Latex Nodified Concrete = 830 saltings

Depth
{in. 2/
0.23 6.52
1.0 0.44
2.G BL
3.0 BL
4.0 BL
Pol f Impregnated Concrete -
938 saltings
Depth, ,
(in.}
D.28 1.06
1.0 BL
2!0 u
3.0 BL
4.0 BL

L = Baseline reading

1/ xg/n® = 1b/yad x 0.5935
2/ mm = inches X 25.4

data indicate that the specialty con-
cretes, when properly prepared, greatly
reduce the Lngress of Cl- intc the
slabs, Coppelardl et al. (20) using
technigues similar to that of Monfore,

calculated C1° Ciffusion coefficients
from the rate of penetration of the
chloride front through the concrete
cylinder, Values determined were 1.7 X
10" ca?/a for portland cement concrete
of w/c = 0,50 (vibrated) and 3.3 X
10"% cui/s for w/c = 0.60 (nonvibrated),
Poszalanic cementa exhibi*ed somewhat
lower ditfusion coefficients.
2.) Conventional Permsability Test
Proceduzes
In the following section parmeabil-
ity test methode will be brially des~
cribed wirh references to wore complete
descriptions included. Only methods
judged o be applicable to the current
project will be discuised, An outline
of the procadures 2nd apparatus to be
discusaed follows:
2.3.1 Mater Permeability

2.3.1,1 Bigh Water Heads

2.3.1.2 Variable Head

2.3.1.1 1Initial surface Absorp-
tion Test (ISAT)
Water Injection

2.3.1.4
.3.2 | haab i
2,3.2.1 MBigh Preasure Air
1.3.2.2 Pre3jsur2 Gorline
2,3.,2.3 Vacuvm Methods
Water Vapor Trensmission

Ton Diffusion

2.3.3
2.3.4
2.3.5

Resistivity Teciinlgues

2.3.1 HWater Feruea
2.3,1.1 High Water Heads

Typictal of the apparatus developed
to deternine water permeabilities of
concretes under high hydrosntatic heads
is thz= uned by the U,8, Bureau of
Reclamation (?1). Presscre regulators
can be veried to supply up to 450 pal
(3.1 MPa) to any one specimen. The
specimon ccatainera are depigned so0 that
distilled water covera the upper surface
of the speciuen, and flow is lateral




throyah standard €xli-in. {152230% mm)
specizens or 1ax18~Lln, (4572437 mm)
specimenns vhen mass concrete is to be
tested, The test 1n usually carried out
to 500 hours,

The above tschnique wotks well with
cohventional concretes, although long
times (up to 25 days) are necessary to
aghieve constant flow conditions, Per-
meability vAluss of PIC gathered using
this apparatus are suspect, due tc
sxtremely low flow rates and inability
to achieve eguilibrium.

Murata (23) has deviaed a more
rapld teat bamed on calculation cof the
water diffusion coefficiant through a
concrete specisen 6-in. (152 sm} in
diametor z 6~in, {152 =) long, A water
head {dye beina added tc the water) of
from 142 psl (.98 MPa) to 287 pei
(2.0 MPa) is applied tc the apecimen for
48 hz, the specimen being subsequently
fractured and the average depth of pene-
tration calcul. . ed from planimeter mea-
surenents of the area of penetration of
the dye, Diffusion coefiiciant 8%
is calculated as:

2 _ P:

8BS —— (5)
4t

[ £]

vhare: R = diffusion coefficient
(clzfsl

= average Jepth of pensetration
(cm)

= tise at which D is measured
[ED

- LN

S I 1

€% » conatant of integration

2.3.1.2 Variable~Bead Technique

In the variable-head technique (24),
the tate of passage of water through a
specimen is wonitored by the fall of the
water level in a manometer connected to
the specimen under teat.

Care muat be taken to saturate the
manple prior to tast; otherwise tha
mesaurement will be a function of the

capillary force devvloped in the sample
at varying dagrees of saturation and not
a true measure of permeability, per se,
As flow through condrete materials ia
very slow svan at high pressure heads it
was felt that the variable head technigus
would be inapplicable to the present
projeck,

2.3.1.1 Inieial Surface Abhscrption

Test (IGAT)

The Cast Concrete Products Associas-
ticn {Great Britain) recognized that
high pressure permsabi*ity “esta do not
simulace the real action of delaterious
agents on concrets surfaces (which occurs
mainly due to capillary flow), and may
indeed altar the pore structure vheras
sufficiently high pressures are used,
For thesa rearsons the initial surface
ahsorption test (IBAT} (25) was
developed.

It was raowr. that flow of watar
into a sucface under low heads follows
an inverse power law:

. at™ ™ (6.

where: a flow rate (al/m)

= time (8)
= 5 dimensional constant [cwm)

n has been found to vary from 0.3 to
0.7, being conatan: for a speclilc
concrete mix,

The teat apparatus conaists of a
gasketted cap which is clamped ¢: other-
wise affixed .0 the concrete test aur-
face, Water is poured into the inlet
untll the cutlet runa clear. A capll-
lary tube (bore 0.7 mm - 1.1 mm} is then
affized to the outlet tube, sn initial
teading is taken ac 10 min, 30 min,

1 hry, and 2 hr. To date, the apparatus
has beap used on relnforced soncrete,
paving, and architectural concrete with



gotd results. 1t should be noted that
the objective of this reamt s to ovredict
the du-ability of a surface layer of con-
crete, and gives no inforeation on the
inte: ior material.

2,3.1.4 ¥Water Injection

The British Bullding Reowsrch
Eatablishrent (BRER', racognizing that
the ISAT valuss ary highly depandert on
the permeablility of the first few mil-
limeters of surface, developed a tech-
nigue (26} which coild be used “o asaeas
the parxeability of concrats at any depth
below the surface. The procedure con-
sizts of drilling a hole 30=-mm deep x
5.5=-m8 diswelsr into the concrete, seal-
ing the hole with & silicone rubber plug,
enduring an air cight seal by means of a
hypoderaic needle placed through the
silicone plug, and then monitoring the
rate of fall of water in a capillary
after injectiny water by means of the
hypodermic syringe into the gmall cavity
in the concrete.

The moiste-a content of the ccncrete
had a significant effect on the results,
especially at high (w/c = 0.6) w/c
ratios. Scatter in the data is guite
high indicating aggregate elfects to be
subsatantial), The mechod has alac besn
adapted to measure air permeacilities,
This will be discuseed in the next
section,

2.3.2 Alr Permeability
2,3.2,1 Alr Flow Under Presgure
Alr permeanetera have been devised

to cover large renges of applied pres-
sure. In principle, all that ie needed
is n suitable spatinen nolder which will
confine the flow to the iongitudinal
direction, ancurate pressure gages,
stable gag supply., and accurate flow
meter on the downstream side, ASTM
C577-68 {27) describes equipment and
test procedures necesaary for the deter-
minatizn of air permeabilities of

refractory materials at 240 m Hg
{31.% kPa) pressure on 2-in, (51 mm)
spesimens,

Khen highly perneable sanples or
high presaures ara utilised Darcy's law
may be invalid due to the presence of
turbulent flow conditiona, At very lo-
pressures, Zlow w:ll also deviate from
Daicy conditions, due to the sc-called
"Klinkenberg Eftact.”™ This is most
apparent for matotials of “ine pore
structure and low permeabil ity, when the
layer of gas nearest tO the surface wil}
move relatively {reely, ecpecially if
iner - gases such as helium are naec, yet
liquids such as water will be imeobilized
at the surfaca layer by dicpersion
forces. This aslip effect is »n inverre
function of the mean gvessurs, and can
be correc:ed ‘or by Deas.rcment at a
numbar of pressures and sxtywpolation to
infinite mean pressure,
£.3.2,2 Pressure Decline Technigue

Alr perseability may also be calcu-
lated in the non-steady state region by
mmasuring the pressure droo in a vessel
sealed by the specimen itself tu the
outside atmosphere. This ia termed the
conutant-volume technlique (27).

The need for + simplar and more
rapid test for air permebility led to
the developaent of a technique in which
air la caused to permeate Erom the
atmosphere through the aspecimen into &
container by draining water from the
container. Thie technique, termed the
"variable volume-decay-rate” method, was
criticized on the grounde that restricted
cutflow of fluid from Lhe container
causes a huad loss which hms an indeter-
minate effect ol the results.

Drennan (26), however, was sble to for-
mulate an equation of flow which included
that head loes term und thus achieve
favorable results. Although the appara-
tue lg simpiified over the conatant



velune technique, tt - mathematics are
greatly complicated, and tablesa are
needed to pe:fora the caleulations due
to the many co:rection terms needed,

2.3.2.3 Vvacuun Msthods

A negativ® preasure may also be
utilised in the de*srainations of air
permeabllity. One such apparatus is
that daveloped by Whiteway (29). Tha
apparatua consiste of three 100 o¢ bulbs
connected through the test piece to a
vacuum pomg, the 4°ap in pressucs being
senssd by & mencaster eguipped with slec-
trical contocts so arranged as to allow
tining of the intestval batween any two
chosen preanc-rves. This elapsed time is
& measure of the parmsablility, Whitevay
racogniged that at low pressurss Darcy's
law might not apply and the predoainan®
transfer mechsaniss may be molscular or
"slip" flow. The predominant type of
flo for any glven specimer can be
asce tained by performing the deterxina-
tioh uelng alr and than repeating the
run using helium, tThe ratio of time
increments (At (air)/at (Es)) theore-
tically shruld be 2,09 for pure molecular
flow. Whiteway determined the ratio to
be 2.55 for a seriss of low-permeablility
magnesia apecimens, indicating the flow
in this case to be mostly of the molecu-
lar type, which occurs when the mean pore
dismeter is of the zame order as the mean
free path of the gas molsculas (0.3 um
at 2.4 kPa for alri. PMor coment pastes
ranging from w/c ratios of 0.6 to 0.4,
Winsalow and Diamond (30) have determined
mean porr diameters less than 0,05 pm at
28 daye of aye. Even at 1 day age, mean
Clamstera were less thaan 0.3 um, For
polyder impregnated rement pastes (w/c =
0.60) cured for 3 day. and cubesequently
dried and pelymarized, mean pore diame-
ters (31) v re lap# than 0.1 um. [t
thecefore appeara that ;his technique

10

alght be applicabie to the materials of
inte cst in this study.

concurrent with the work on the
vater injection metbad (26), the BRE
developed a device for Jdetermination of
air permeabllity of concrete in-situ,
The hcle and ssalant ara the same as
previoualy described for the water
injection method. The test is started
by turning & 3way stopcock ta allow air
to be withdravn from the concrets until
a vacuum of 112 ms Bg {14.9 kPa) irm
reached, The pump i3 than lsoclated and
the time required for the pressurs to
rise t¢ 15) =m Bg (20.0 kPa) 1 recceded.
This valus (4t} is taken as & Telativs
muature of the siz permeabilicy of the
concretn,

The results cbtained wera found to
be a strorg function of the moisture
conteat of the coencrete. Varlations in
nolscure content from 1.0 to 1,88 iead
to 2 moaximum Aifference in At of 20 &,
Tynical test times run from 100 to 500 s,
irdicating errora of up to 20% are to be
expacted if the molsture ~ontent of the
concrete has not previously been deter-
ained, Although 1% is possible .n the
laboratory to determine molature content
by subaequent ovan-drying, a satisfactory
field technique im not yet ganerally
avallable.

2.3.) Water Vapor Transmioaion
A standard method (RITM C355-64,

Standard Teat Methods for Water-vapor
Tranamission of Thick Matercials) is
available for testing materiale up to
1-1/4~in. (32 mm) thick, The Zetails of
tha meth - zre given in the A3T™ Stan-
dard so gnly & generzl description will
te ~‘ven here, The tast specimen, in
Lthe form of a flat plate, is zealed into
& wide, shallow pan contalning eithrr a
desicennt or water. he gpecimen ia
#ealed onto the pan by means of molten



asphal: Or waz. The rate of change of
waight of the antire appParatus contained
in a rontrolled atmosphere with tipe ia
taXen as a measure of the WT.

WT = = (7

8,1
[ X A

whe’ 31 WVT » water vapor trandmission,
guinq/hr-!t2 (gl/l'ﬂl:)
= rata of water gain or “osa,

grains/br igm/a)

= area of teat ipascimen
exposed to declicrant or

water, !t2 (cnzl

> i

Results may also be expressad in
teras of water vapor permesnce, defined
af the ratlo of the W?T to the vapor
pressure differential (WVT/ p). The
average permesabllty (for homogensous
spacimens} 1s the product of the per-
meance times thickness of the spsclmen,

It ie appirent, that in order to
obtain reproducible results, the speci~
nine must be broughi to some wiiform
maieture staty prior to test. For con~
crates the obviouys cholce would ba the
oven-Ary state, and the desiccant method
would likely yield the mest favorable
results.

The results of USNCEL (17) pre-
viously discussed [see page 6 ) indicate
that this technique may be applicable to
concretes, although it i@ very slow,
Morrison, e* 5i, (32) have developed a
variation on tha desiccant method using
a watef reservoir Instead of a controlled
atmosphere on the opposite apecimen face,
A achematic 1llustration of ths apparatus
and aome results on conventional, polymec
impregnatad, and latex aodified concretss
are shown in Fige, 3 and 4, respactively.
in this case the concrete dlsce ’-in.

(2% mm) thick x 2-in. (£1 =m) dia. nre
prought to the molst condition (15 dayr
in water) prior to test, Good tempe.a-
ture control (+0,1°C) is nacessary 1if
reproducible results are to be obtained,
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necossltating che uae of & lavge tem~
perature bath {f many cells are to be
oparated simultaneously.

2.3.4 Ion Diffumion

Though not fully documented, it is
highly probable that one of the major
teanaport pathways for chlorides into
corcrate ie via ionic diffusion, The
process is likely not one of pure 4aiffu-
gion, a8 chemical reactions with hardened
camen: constituents and electl okinetic
affecta dus to interactions within the
gel pores ars likely to affect the rate
of transport.

The earliest vork on lonic {elec-
tolyte) diffusion through porous sub-
atances wax Jone by Northrop and
Ansun {3\, who were not interazced in
the abillty of the poriua naterial to
trapsport ions, per se, but rather In a
substrat: which could be used to separate
two reancvolrs of vastly differsnt con-
centrations, thua reducing the time
required Zor a measurement. Thia was
termed the "Diaphraim Cell Method,® and
its theory, operation, and limitatlons
wire discussed in a comprehensive article
by Gorden {34). These wWOrkers were
interested in determining 4’ ffurion cou-
ptants in free solution; thus they pre-
calibrated their solid diaphragma with
iona of kncw diffusion, and tsaumed nc
interaction between ions and diaphragm,
Workers auch as Garrels (35) also assumed
free solution behavior, and used this
assumption tc obtain information on d&if-
tusion of chloricde ioas throuqn various
cocka.,

Ancther meana used to calculate
loric dirfusion coefficients ig by radio-
active tracer studies, Thia method la
egpecially useful when the material
already containe suvbstantiai amounts of
the lon o interesc, and chemical tech-
niques weuld, therefore, be "swamped
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out® by the prese~ce of initially large
gquantities of moblle ions in the sample.
Bpirks, st al, (3&), have used a tracer
techinique used to monitor diffusion of

22+, 43¢t 1314~ 4ng 3550: tracers
into neac cement and mortar. The nea-

surad activity gradient then gave a
reasonably accurate measure of the lonlc
concentration gradient, aesuming the
dlstance of penetration of tracer ion
was large comparsd to the range of
raticactive particles emitted from the
motarial,

2.3.5 Realativity Technigques

In scme applications /.t is not nec-
essary to Measure the exact amzunt of
matecial (be it fluld, gas, vapor, or
ions} permsating through a eample, but
all that is desired iu a relative indi-
cation of the permeabilities of variocvs
noious matercials, It is known that the
electricel resiativity {p) is a strong
function of the molsture content and
electrzolyte concentration of con-

crete (37). Thus, by oringing a sprei-
men to a reproducibie inltlial molaturw
condition, sxposing the specimen to un
alectrolytic eolution, and then moai-
toring the change &f reaistlvity with
time, an estimate of the relative “per-
meabllity" can be obtained.

1 technigue incorporating these
principlesa has been describad by Astbury
and Vyse {38). The apparatus coneiats
of a lucite tank, the base cf which has
a iectangular opening into which the
speciten can b+ placed and sealed. To
atart the run a 0.1N lt:.‘_,sr.)‘l golution 18
porred into tha tank. Volzage i3 sup-
plied to electrodes on both faces of the
specimen and current monitored acroez an
apprepriate shunt. Increasz in current
indicates decrease in reslstivity and
pasasage of solution into the teat speci-

ven. Data presented for a mullite brick
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specinen indicate a current incraase
from 0 to 27 &a over a period of 25 mir.

Manheim and Watermen (313) have used
resistivity technigues to determine
formation factors of Indian Ocean lime-
stone cores. Yormation factor (F) is
the ratio of the slectrical resistivity
of the interstitinl water (p') in a
Aven eedimant to the bulk resistivity
(D!) of that sedimert+,

,’4'
The apparent diffusion coefficient (d)
of a given ionic species ig related to
the aiffusion coeffeclient in fres
solytion (doi by
4
ang ("

The technique requires that the specimen
by saturated and that it is poesible to
extract the interstitial f£luyld eo that
ite reeistivity can be measured in a
calirrcated cell, The method obwiocusly
worka bes: on unconsolidated or par-
tially consolidated moteriale, and it is
doubtfa)l whethar this could be appliad
to hardened concrete,

The State of Vermont (40) 19 cur~-
rently evaluating a resistivity tech-
nique first proposed by Spellman and
stratfull (41), which is dealgned to
test integrity of bridge deck membrane
saaling systems. Reslsatance 1s measvred
between the reiniorclng steel mat and a
copper plate placed on top of a sponge
in contact with the concrete Oeck
surface. ]

Varmunt reports reliabllity of the
method to ke about 60% when compared
with actual long~term chloride measure-
ments, vVariations in pavement porosity
and nmoluture content are believed to be



the malor interferences. The method has
buen accepted a8 an ASTM Standard Method
{ASTM D3633-717, bStandard Test Method for
Blactrical Reslstivity of nembrare Pave-
mants) In spite of the poor correlation
with chloride penetration, presumably
for 1ick of any mors precise method at
this time.

Looks (42) has uded a fonr-pin
resistivity technigue to determine the
depth of partial impregnation of concrete
with methyl methacrylate reaina, This
technique say be adaptable to determining
depth of impermeability of cvarlay mate-
rials and depth of wax melting in inter-
nally sealed concyires, It relies on a
large differsnoe in electrical resistiv-
ity between two sdjacent layers,

2.4 Criteria for a Chloride

Persuability Test Method

In tha preceding section the qur-

rently avallabls technigues for dster-
aination of variocus types of permeabil-
itien in concrete and other materials
were presented and discusged. After
careful consideration, it was concluded
that none of the currently avallable
technigues met the requirements of this
project, Ideally, the technigue should
meet the following crlteria:

i. Results should correlate
directly with the iong term
pe.xeabliity of the member,

2. Test should be rapid.

3. Device ahould be portable.

4. Device should preferatly mea-
sure permeabllity in-situ,
without disturbing concretae,

5. If in-mitu measurement is impog-
gible, tests on cores should be
performed in lzboratory.

6. Test should mesaure depth an
well as degree of imperreabllity.

In the following sesction, avallable

and proposed aethods are divided into
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gensral catagories and the ability of
the methods to satiefy :hese criteria
are discussad, A value of 1 point ls
asslgned for each of the ciriteria met by
the test method and rarking is premented
in Table 2. The methods are broken down
into the feollowing categories,

2,4.1 Ron-Destructive Technigques
Purely Pasalve

Direct Technigues

Water Permeability

Alr Permeability

water Vaper Transmisaion
Rlectrical Methods

2.4.2

2.4.1 Non-Destructive

Technigues

Ideally, the test itself should not
disturb the in-place concrete ur subject
the concrete to clemical aolutions, mois-
ture, alectric current, or ather factors
which might posaibly affect the perform-
apce of the protective system, A variety
of non-destructive technigues have been
developed or are undar development for
asaearing strength, modulus, meisture
content, chloride content, depth of
cover, corrosion potential of reinforce-
ment, vold areas, and other properties
of concrete. These wethods either
directly meaaure the property of interest
or are baped on the fact that there is a
unique relationahip between the property
of interest and Bome other property which
can be related to the meagurement in
queation., Por example, the velocity of
propagation of pcoustic waves through a
material is proportional to the elaatic
modulus and unit weight of the mate~
rial (43). This Las a mound theoretical
bagis and has been experimentally vari-
tied. Therefore, measurement of acoustic
wave velocity can be used with a certain
degree of confidence to predict in-place
modull of concrete (44). As another

(Passive)




TASLE 2
RANKING OF PROPOSED TECHNIQUES

Assigned
Technique hLeference(s) Basia for Method hdvantages Disadvantages Points
Chloride 47, 48 Migration of Cl* Rapid Heating affects 5
Migration under imposed Bhould cor~ pifEiculty in
(Electri-~ potential relate with pasaing curcent
cal rTest) causes Increasge long term Cannct measure
of current with prrmeabilizy depth of
time due to portable impermeability
electrolyte flow Relatively
non-destruc-
tive
Watar 2%, 28 Caplllary action Simple Sicw 3
Fermeabil~ Noa-destruc- Sensitive to
ity tive temperature
(Low-Head) and initial
molatuce
cor tent
May not cor-
relate w/long
teIm per—
meabil ity
Cannot measure
depth of
impermeabil ity
Alr 16, 2% Vacuun declines Relatively May not cor- 3
Permeabil~ as air flows out giaple relate w/long
ity of concreta Portable term per-
(Vacuum meablility
Method) Very Sensitive
to moistura
content
High test
varliance
Requires noles
drilled into
cehoreteo
Water ASTM C355 Diffusion of Felatively Sensitive to 2
Vapar 17, 32 water vapor almple gemperature
Transa- under humidity FProven appli- dHehsitive to
migsicn gradient cability tc initial mois~
gome mate- ture content
rials of DeStructive
interest Not readily
adaptabla
o field
Blow test
Four=-pin 42 Difference in B imple to Requires large 1
Renis= ¢lectrical uge difference in
tivity registivity Rapid resistivity

betwoen layers

Applicanle to
P.I.C,

between adja-
cert layers
enpitive to
moisture
content
Only measures
depth
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eraunla, there in an approximalely linear
velationshlp between attenuation of
x=rays and denslty of waterial, Thus,
in~place density of concretle can he meas-
ured using tranexiscion of backacatler
type radiometer esuipment (45).

This review of the llterati:r thow-
aver, has indicated that there arc¢ nu
uniqua fundamental relaticashipa between
perneabiiity and relatively ca1gily meas
ured proverties such as density, chemical
compceltion, poroeity, c¢r electrical
properties, Indeed, “"perneabllity® ia
not a property at all, but Terely an
operationally defined quantity which
relatea the amount of any glven subsiance
which can pass ‘hrough any one metorial
under a ringle set of test conditicna.
Witnese the discrepancies between air
and water permeahilirics on the same
material (46),

Ir, therefore. appears that in order
to satigfy Criterion #1. teats muat be
made using the subrtance of interest, in
this case chloride lon. It is quite
poseible **.t there may be an empirical
vurrelation between al:, sater, or other
type~ of permeabrlity and chloride per-
maabllity (Criterlon #), however, there
ie no way of knowlng beforehand whether
this is the case. Passive methods,
howevar, appesr totally unpromising.

2.4.2 Direct Technigues
2.4.1,2 Nater Peimeability

The high pressuce techrigues fail
to meet most of the criterla, zince they
are deatructive, time-cousuming, not
adaptabie t> In~3itu work, &nd do not
necessarlly satisfy Criterion dl, The
low pressure £ ariques suffer from
their aensitivity *o initial moisture
conten%, anc¢ are wain'y a measure of
capillary rise.
BRE method (26), howerar, du deserve
further atudy.

Techniques sach & the
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2.4.2.2 Alr Fermesnility

The high pressure techniques auffer
from the same disi “2satzges as the water
wmethods, Low pressyre tecaniques ere
very sersitive to ac.sture content and
probienms arlme with effecting adequate
grale Ln an in-situ &-tt. 7hey may be
wore rapid chan water methods, however,
and deserve a limited amount of pllot
testing.,

2,4.2.3 V¥Warer-Vapor franamipsicn

The work of Morrison (32) indicates
that these technigues may be applicable
to the materiale to bz conaidered in this
study and deeerve fucther investigation,
Sicwness of teat, hovever. glves these
methods low priority.

2.4.3 Blectrical Methods
It 13 obvious that cnloride migra-
tion into even high w/c ratio conven-

tional concrecee is a very slow procesa,
and in itcelf would not constitute a
rapid tegt. Recent studiea (47,48),
however, lndicate thai chleride can Le
~augsed to migrate out of a concrete slab
quite rapidly undar application of an
external electric field imposed acrosa a
concrete slab,

Thies technique could be utiligzed as
s chloride nmermeability mnethod if the
pola:ity werr reverred, that is, by
zakina thoe reinforeing stesl ancdic (+);
chluride ion, LAving a negative charge,
would mi rate into the concrete. As the
electrical -esistivity of concrete
decreases with increasing chloride fon
concentration, a measure of tha increase
in current with time could be correlsted
with the amount of ¢hloride entering the
conorete. Additinnally, #t the termine-
tion of tha test, samples could be taken
to verify the ing.ess of chloride by
subsequent wet chemical analysis.



2.5 Conclusions from Literature Search
1. Although many accepted tech-

nigues are avallable for deter-
uinatlon of the permeability of
concrete to high water haads,
vater vapor, and air, only long-~
term ponding methods are cur-
rently availlable [Or determina-
tion of chloride permeability.

2. While it may be possible to
establish an empirical correla-
tion hetween water and air per-
meabllity and chlozide ion per-
meabllities, the differences in
trangsport mechanisms preclude
the use of dsta gathered via
conventional technigues in
predictinrg long-term chlorid»
permeability without extrnBive
croas-correlations.

3. A8 permeabllity 1ls an opera-
tionally defined parametar,
there are no fundamental thecore-
tical reiationahipe between it
and bapic physical properties.
Thus, the measurement of such
praperties as deneity, porosity,
wave veloclity, or other physical
properties holds little promise.

4. Chloride ion rcan be forced to
rapidly migrate into concrete
under the Influsnce of zn elec-
tric potential, This technigue
is especially appealing a3 the
test permeant is the substance
of intereat, i.e., chloride
iena,

5. Change uf electrical resistiv-
ity with depth may be used to
assess the thickness of an

Thia could

be used to determine "depth of

inpermeabil ity®.

impermeable layer.

§. The permeatility of concrete is
influenced by its mclsture con-
tent at the time of tesating,
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Therefore, it is iikely that
sone typs of conditioning will
bs necessary prior to testing
80 that all specimeni can be
tested at approximately the
pame degree of saturation.

4.6 FEelection of Research Approach
2.6.1 Option 1

Evaluate all poasible techniguea
for determining permeabil ity of conuvrete
materials. As this would leave littls
time or funding for matiicd dsvelopasnt,
only conventional techniques could be
gtudied.

2.6.2 Qption 2

Study the sechaniem of flow of
chloride ions through concretes .nd con-
crete mater lals under applied voltage,
Rigorously define all varlables {i.e,,
aggregate type, cement, mcisture con-
tent, temperatvre, etc.) as to thelr
effects on ion flow, Then proceed to
develop an instrument capable of mea-
suring chloride ion flow in laboratory
and fileld situations,

2.6.1 Optieon 3

Devote a limited effort to evalua-
tion of conventional technigues for
water, alr, and water-vapor transmission.
Develop the applied voltiage technigue on
an empirical basie to th: pecint where
field and laboratory testing can be
rcarried out using a set routine, and
resuits can be correlated with 90-day

ponding data on compacison specimena.

2.7 Apgroach geiected

1'. was felt that restrictlon of the
project tc use of convintional techniques
might result in faillure to develop &
reliable method. Devoiion of all
ragearch to the astudy of chloride ion
flow, while certainly commendable from a



basic research standpoin:, migh* te 8o
laborious a task that no practical
Inetrussnt could be developed within the
original project funding and time limjita-
tions, PFor thewe reasons, a misaiop
oriented approach {Opcion 3) was choasen.
Davelopgent of the aprlied voltage
technique had tc be carried cut in as
efficlient a manner aa posaible, with the
study of the basic mechanism of the
tachnigue de-emphasiszed., Thia would
allow time For limited evaluation of the
most promising conventional techaicues,
and clso an evaluation of the tect used
by Locke (d2) for measuremsst of the
depth of lapermeaiility.

3. MNETHOD DEVELOPMERT

3.1 Testing of Rocks, Cement Pasten,

and Mortate

An initial geries of expariments
was desligned to yleld information on the
ralative chioride perssablility of emall
specimens of varlous aggregates, cement
pastes, and sortars preparad £frem theae
crushed aggreyates ard ceaents. 1Ini-
tially, the specimensa were teated in the
form of dlsce Q,175-in. {4 mm) thick x
2 in, (51 mm) in diameter in asall cells
previcusly used at PCA in alkall/aggre~
gate research {49) (aee Pigure 5). The
specimens were axposed to a 30% NaCl
golution on one side of the membrane,
and distilled water on the other. This
wag chosen so as to maximize osmotic
forces., The concentration of NaCl on
the diastilled water side was monitored
at dally intervals using Quantabtn)'
chloride strips, Results after 7 &days of
test are given in Tahle 3, It is sean
that all rocke teated exhibited highar
permeabiilty than all but the most perme-
able cement paste (w/c » 0.6}, In the

TReglitersd trademark, Amee Co., Elkhart,
Indiana.
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mortai asri2e  han the lowsr permsabll-
ity reck wem used as agjregite, the par-
wenbility of the moztar waa apparently
detrimloed welnly by the permesbility of
the paate. When a high permsability
aggregates was uasd, the permeability of
the agaregate had a large affect =ven at
low w/c tatios.

TASLE 3
OSMUTIC CBLLS

§ HaC! in Left Side at 7 Days

Bock ¢ 1 2 3 4 _ 5 &

9.0 6.9 0.2 0,31 0 "7 0,12
Raute we 0.3 0.4 0.3 D.6_
~28 aoist 0.02 0,03 0.07 0,230
112 Roctars with Rock ¢ 5 2

- 28 molst w'c

0.4 0.02 0.49
0.5 0.15 0.29
92.% 2.32 0.46

The osmotic cell waa then rodified
by placing coppar mesh mcreens on both
sldea of the test sapecimen. The screen
immersed in 30& Nall was connectad to
the negative lead of a 10.0 vdc constant
voltage power supply, the screen lmmersed
in distilled water connacted to the poezi-
tive lead. The curreat (in ailliamperes)
generated at 10 Vdc was moaltored as a
function of time. Plota of current vs,.
time for rock, paste, and mortar speci-
mens are shown in Figures 6 through B,
Although the preclse sign.ficanca of the
ghape of the curves is unknown, it is
avident that the magnitudes of the cur-
rent are qenerally proportional to the
chloride pormeabilities determined in
the osmotic cell tests. The results of
these preliminary axpzrimenta indlcated,
therefore, that furthisr develogpment woik
on: Lhe applied volrage technique was
warcanted,
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3.2 Terting of Concrets Slabs
3.2.1 S8lab Specimsns

In order to sasesa the applicability
of the applied voltage methad to larger
scales specinens, a saries off tests was
conducted on reinforced concrete slabe,
Thess vere 0.5 It {.013 m3) specimens
having the dimeasions shown in Figure 9.
Two mats of No. 5 {16 mm) bares were tied
ecgethes with wire, The uppesz {(“trans-
ve<se") mat was sat at 4-in, (101 sm)
=entery, the lower {("longltudinal®) at
a-in, (203 mm) centers. A knur.aJ steel
pin vas used for tha elactrical connec-
tion. Thermocouples were placed at 1/2-
(13 sm}, 1- {25 mm), and 2-in, (91 mm)
depths. Clear covar over the tcp mat
wis 2 in. (51 =mm). TwO CORCrute mixes
we:e utidlized, the first (B-AU) being &
high water-cement ratio permeabla mix,
the second (E-~3%) a low Water-cement
ratio densa concrety, Batch guantities
and characteristica are shown in Table 4.
tpecimens were molat cured for 28 days
prior to test.

pourad into tha dike. A WO, 4 (4,75 mm}
mesh copper screen was used as the negs-
tive electrode, The slectronic compo-
nents used ars shown in Plgure 11. A dc
pover supp.y is used to spply a constant
voltage between ths copper acreen and
steel reinto>rcing mat, The current flow
is monitored by piacing a digital vole-
metar [DVM) acroes a 100=mv shunt ir
soriam with the copper screen. Thias
affords a sensitivity of 1 ma/0.71 mv}
thus current in milliamps can be read
directly fzom the digital roltzeter,
Initial and final resistances between
the steel mat and the copper screen wvera
meédsured on some of the test slabs using
an AC resistence meter (¥ilason

nodel 400},

3.2.3 Freliminary Testa

The concrete 8labs were subjectaed
to aprlied potantiale of 10, 20, and 0
voltas for periods of 1, 2, and 4 hours.
Plots of current ve, ti%e are shown in
Plgure 12 for «#/¢ = 0.6 and Figure 13 for

TABLE 4
PRELIMINARY CONCRETE MIXTURES

Mir Quantitiea (lba/yd>}

Mix wo eusent Water
E-60 0.60 322 193
B-135 0.35 670 241
-
Y ka/m> = 1n/yé’ X 0.5%4
2 mm = in, X 25.4

3.2.2 Apparatus

The apparatus used to conduct the
tests on these slsoe ia ahown 'n
Plgure 10, An acrylic dike wvas afflxed
to the concrate surface with silicone
caulking compound., The silicone was
ai¢-cur~d overnight, and the following
morning 1,502 ml of sodium chloride solu-
tion (308 used !n initial testa) was
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Slumpzj Alr

Sand Gravel {in.) ("

1,314 2,144 1.0 5.3

968 2,058 2.0 5.6
wc = 0.35. The breaks in the curves

repreasnt times when chloride drill sam-
ples were taken, the teet being inter-
ruptad for approximataly 45 min to allow
for drilling and backfill cf the darill
hole with rapid-setting epcxy. Except
for the higheat voltage applied to the
high w/c mix, all curves appear rela-
tively flat throughout the test period,
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Chloride samples were obtained uaing
8 1-1/0~in. (28 mm) Adlameter carbide bit
on a rotary-impact hammer. Samples were
ground to passc a 100 mesh sieve and ana-
lyzed ueing the Gran Plot technigue {50).

Resulte of chloride sampling

{Tanie 5) taken at depths of D to 3/8 in,

algnificent amountc of chloride inte

highly permeable concrete, little Aif-
ference between aimplz ponding
applied voltage could be found
cretes of lower
to incremge the

and

frr con~
In order
the teat,
inves-

permeability.
sensitivicy of
therefore, it was necessary to

TABLE 5

CHLQRIDE ANALYSES

0—3/5—1n.1/ Depth

(¢ by Weight of Sample)

Applied Voltage

w/c = 0,60

Time 0V 10V 20V 0 v
1 hr - 0.062 0.157 0.142
2 hr - ¢.125 9,298 0,206
4 hr 0,130 0,208 0.35 0.39%4
wc = 0,35

1 he - 0.067 0,029 0,082
2 hr - 0.130 0,152 0,165
4 hr 0.150 0.18l 0,282 0,174
Bazelinee

we o= .35/ 0.00449, G.00679

/e =
*Quastionable result
1/ mm = in. X 25.4

.50 / 0.00630, 0.00871

{0=10 ), 3/8 to 5/8 in. (10-16 mm), and
34 to 1l ia. (19-25 mm) indicate that at
shallow depths chleride penetration
increases both with voltage and Ltime,
but at lower depths little chloride nes
penetrated esven at the highest voltage
employed. Cantrol slabs {panded with
30% NaCl but not srbjected 0 voltage)
showed approximately egual chloride
voncantrations in the first 34 in.

(9 mm) for both conuretes, and no sig-
nificant chloride at lower levels., This
get of resultd indicated that although
40 Ydc Applied for 4 hr would migrate

30

34 - 1 1in,
0.0131

1-1/2 - 1-3/4 in,
0.0108

34 -1 in,
b.0088

1-1/2 - 1=3/4 in.
0.0122

tigate the use of higher voltiges and
longertr test periods.

3.2.4 Tests at Higher Voitages

Concrate slabg having w/c = 0,35
were treated by ponding a 308 NaCl solu-
tion on top of the slabs and applying
direst current at [ixed voltages of 40,
80, and 120 Vdc for periods of 4 hr and
d hr, Results, shown in Figure 14A,
indicate a steady increase in €17
detected at the 3/16- and 1/2-in. (B and
13 mm) levels as vo'tage is incresased.
Figure )4B Indicates a larae increase in



1€

T
4 hr of Tast
30 % NoCl W/C =.35
X120V
6 F - 80V
O: 40 Vv
= CV
ST
mm=in. x 25.4
e a4l
"
G
5
[
h3
. 3}
£
-
]
=
F )
D
2t
(&)
T
[ 4
o
5
a qF
e —— = — —gaseline
o /8 /4 e 34

Depth «t  Micpuin® of Sampie. in.

(A) TESTED FOR 4 HOUIS.

FIGURE 4. CHLORIDE PROFILES FOR SLABS HAVING W/C RATIO OF C.35.

Weight of Concrete

Percent CI° by

0

8 he of Test

30 % NoCl  WyC =35
@ -~BOV
o= 0V

™~

m— e — e 3)'—""'—.-*—1——JBrlselima

(B

A
4

R 1 i72 372

Degsth ot Midpoint of Sample, in.

TESTED FOR 8 HOURS.



C1” detected at 172 and ¥4 in. (1)
ané 1% om) as time at 80 Vdc im extended
fros 4 hr tc 8 hr.
venient for a field
{requi:ing overiime
8sm) 3 ceat perlod of & hr was also
tried. PFesulta (Figure 1S5A} ace aleo
very prom.9ing, indicat’ng about 0.35%
C1™ at 1/ ir. (13 am) after S5 hr of
t=st at B0.0 V,

Aa the pelative change in actual

tegt situation
to Retup and break-

aoluotion ¢oncencraticn dur;ng the period
of teet is very sunall if one otarte with
a Yighly concentrated (30%) NaCL 221u-
tion, we dacided Lo try & 5.00 initisl
polution under t'. same conditiona,
Thia might allow one t~ dispenne with
cnloride 4ril)l sampiing ir the Eield il
the change in con2sntracion of e pond~
irg solution was qreatz ennugh, The
C€1” protile for this test (Pigure 15A)
aluo indicates a high concentration of
€Y at /2 in. (13 mm). Solution con-
sentration decreased 0.5t in NaCl meas-
ured using Guantab‘n} chloride indi-
cator ztripa, Although later testind
showed these strips to Lo Inaccurate,
they 414 indicate that some meaaurable
change in concentration had ta¥en place,
The test was repeated using con-

crete with w/c =« 0,60. Results, shown

This indicates that chloride
ic beginning to sccumulate at lower
depths fanter than it can be puiled in
fcon solution, which would be eapacted
in » very permeable svstem, Thie teat
alaa chows that & meries Af samples must
ba <akzn at increasing dopths.

gradlent,

Dther-
wise, if one were to simply sawple at
/2 in. (13 mm),
would sppear to have the eame chlotlide
permeabllitiezs cn the basis of the
siacle point result.

Current rise as a function of +ime
at £0 vde is shown in Figure 16, The

Eay, the concretes

he 8 hr may b incom

Az

higher currents encountered in the

0.60 w/c concrete can be attributed to
the lower clrcuit resistance (initial =
65 Q) relativa to the 0.35 w/¢ voncrete
(initial = 120 ). 1t is interesting to
note that final cirguit resistances were
much closer (32 § for w/c = 0.60 ve, 42 Q
for w/c = 0.35),

Tempesrature .ise a8 a function of
time for w/o = 0.60 concrete at 80.0 vde
is shoun in Figure 17. Final tempera-
turee after 5 hr of test range Crom
150%F (66°C; at the surface to 170°F
{77°C) at 2 in. (51 mm). These can be
considered conasrvative astimates, am on
an actugl atructure the heat sink would
be suatantially greater than that of an
0.5 £¢3 (0.14 =7} specimen.

1.2.5 Conclugione Derived from
Preliminary Experimeants
It le possible to accelerate
wigraiion of chloride iona into
concrete by application of
potential between the surface

1.

of a alab and the topmest relin-
forcing wmat.

In order to /listinguish between
highly permeable and moderstely
impermeable concretes, a tast
period of € hr at B0.0 Vde has
been selected, Rapid heating
due to IR losaes pracludes the
ube of higher voltages.

The permeabllicy of the test
specimen may be asiyesged by
examination of plots of current
ve, timeg, chloride concentra-
tion vg. sampling depth, oxr loas
of chloride from the surface
golution,

3.

4. TATORY TESTING

4.1 Test Specimens
Specimena of various typea of

concretes were prepared at the FHRA
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laboratorise, The specimens weare in the
form of alabs having dimensions of
13-1/2-in, (597 =m) long x l2-in,

(305 mm) wide x 6-in. {152 mm) deep.
Five of these siabs were cast froam each
concrete mixture, Two contained a mat
of reinforcemont conaisting of No. 5

{16 ™m) bars on 5-in, (127 mm) centersa
{top) and No. 4 (1) =m) barw on 10-in.
{25¢ wm) centeix (pottom) {See Figure
18). The two mats were joined with
steel wire ties, Jne out of each set of
these reinforced slaba cantained a set
{A) of smbedded thermocouples located at
depths of 1/2 in. (13 om). 1 in. (25 mm),
ard 3 in. (51 W) and dizectly above a
steel reinforcing bacr, and a dingle
thermocouple (B) located midway between
two bars at the leve) of the scieel. The
reaaining three slabe were unreinforced.
All alabs (with the exceptiun of the
latex modified mixes) weze cured for 14
daye undec wet burlap, then wrapped in
plactic sheet and shipped to our
tacilities for temting. Latex modified
specimens were burlap cured for 1 day,
followed by air curing. One plain slab
from each mix was retained at FHWA for
90~c¢ay chloride ponding., The remaining
four were shipped to CTL/PCA and stored
as follows:

Set
No. Storage Conditicns
1 stored in fog room approximately 3
months prior to teat, "moist™ (rein-
forced slaba with thermocouples).
2 GStored in air freezer in heavy

plastic bags at (] (-1892) to
maintain mojature ¢ontent in the
"ap-recelived” condition (reinfcrced
8labs) .

1 Btored in air at 70-75% (21-24"n)
and 50-60 percent RE
only).

4 Blight cores, 3.75 in. {935 mm) 1n
diameter were taken from these

(plain slabs

36

alabs, then placed in thr air

freezer,

Slab numbers, descriptions, and

atorage conditlons are given in

Table 41 (Appendix 7).

4.2 Concrete Mistures

Ten concrete mistures were produced
for this study (Table 6). They consisted
of conventional corbretes (Mlztures 1-3),
specialty concretes {(Mixtures 4-5) and
ovetlays (Mixtures 7-190),

Overlays were placed cver base
course slabs having w/c = 0.50. Base
alabs were sanublasted to remove all
taitance prior tc applying the overlays.
Portland cement grout was used am 2
bonding agent for the Iowa and internally
gealed overlays. Latex grout was used
to bond the latex overlays, and a "quick
aeal‘(n" resin containing 1% accel-
erator used to bond the polymer concrete
overlay,

All internally sealed specimens
(overlays and full-depth slabs)} were air
dried for one week after curing, then
surface heated with blankets until the
temperature reached 185°% (83°C) at
2 in, {51 =m) from the surface. A 82t
of internally sealed concretes wag left
unheated.

Polymer impregnated concreter were
produced at Brookl.aven National Labora-
tories. Tha 3labu were dried For 72 hr
at 151°7 (66°C) followed by 48 hr at
250°F (121°C), They weze than evacuated
at 76 om Hg for ¢4 hr, and a monomer
system containing 95% MMA - 5% TMPTMA
wag used to impregnate the slabs. They
were then 2caked 3§ hr, followed by
heating at 190° (88°C) for 4 hr. roly-
me: loading (by weight) averaged approxi-
ma‘ely 58,

Polymar concrete overlays coniisted
of a mixture of ‘qulck-deck'(n,. re~in,

*Reglatered Trademark, JUT, Inc.,
Pittaburgh, Penneylvania.
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TABLE §
CONCRETE MIXTURE CHARACTERISTICS

Batch Quantities_(lb/cu yd)l/

Depth
to
Ovetrlay Steel
Mix Elulp2/ Alxp Dcpthzl Mat 2/
Ho, ___Type Cement Waker  Additive(a) {in.] A&] {in.) {(in.)/
1 w/c = 0.60 658 395 - 7.8 4.0 -- 2.0
: wes= 0.5 658 329 - 1.4 5.5 - 2.0
3 wic = 0.40 658 263 - 2.0 7.9 - 2.0
4 Latex §58 158 Latex 7.2 7.7 - 1.0
Nodified Emulsion - 198
5 Internaliy 658 364 Wax PBeads - 113 3.4 3.7 ] .0
Sealeld
] Polymsr PMMA 5% by
Inpregnated £58 29 wt, of Dry 3.2 5.2 - 2.0
Concrete concrete
7 Latex Latex
NMpdifica 658 158 Emulaion - 198 4.0 3.7 1.22 2.45
uverlay
B Internally
Sealed 658 365 Wax Beads - 119 3.1 3.3 1.0 3.0
Overlay
9 Iowa 834 272 - 0 8.7 2.0 3.0
Overlay
10 Polymer Con- 19.9% “quick~deck" resain - - 0.5 1.5

crate Overlay: 0.4% accelerator

79.7% -8 pand

3 = 1n/yad .594
TR 4 Wl il

and minge 8 (=2.4 ymj mesh eand in pro-
pertions of 20180 by welght. RAccelerator
was added at 2% by weight of resin,

4.3 Test Procpdure - Slab Specimen:

The apparatus pravicusly used an
the smaller slabs (see Figures 10 &nd 11}
was aleo used on Sets 1 and 2 of tha FHWA
slab cpecimens. In this case 3 parcent
NaCl solution was used. A voltage of
80,0 + 0,1 Vdc was applied for € hre in
all cases. Current and tharmoccuple
readinge were monitored at JC-minute
intarvals.

la

At tha conclusion of each test
200 ml of the surface golution wae
eollacted into a polyethylene sample
bottle. Initial analysis for ¢hloride
concentration was done eing & cali-
brated direct-reading c¢hloride electrode
(Orion Model 34-17)., in scme poiutions
the pH lncreased to highly alkaline
laveis during the test period, 1t wsae
leter found that thile resulted is s
ehift of the chloride calibration curve,
resulting in reported r.aldings of solu-
ticn .oes (%] beingy graater than the true
losaes. It wap possible to ovarccme



thess probleams by acldification of the
teat solution to a pH between 4-5 prior
to taking the elactrode readinga; Row-
ever, this aciditication was tedious and
time=conguming and nc acre efficient
than simpla potentiometric titra’‘on of
an acldaitlied solutlon. Therefore, the
values reported for "molution loss §" In
the moist and aa-received slab saries
are to be taken as reletive indloations
of concentration changes only. 1In later
atudies the walues are more accurate, ap
they were obtained by potenticmetric
tltration (Gran Plot).

Chloride drill saxples were takan
ageedr the test surface had bean flushed
with water and Adried. Samples were
taken above the centrally located upper
rebar. Saaples were taken at the fol-
lowing increments: 0-3%8 in. {0=10 mm),
Ya-5/8 in.{10-16 mm), 5/87/8 in.
(16~22 mm), %/ 8-9 86 in, (22-29 mm),
¥e-1%8 in, (29-41 ma). The rfinal aam-
ple is a 1/2-in, {131 mm) increment, as
little chloride is usually detpcted at
such a depth, All samples were ground
to -100 (-150 um} mesh prior to extrac-
tion and analyeis.

Sanples for free wpter content
determination were taken prior ro each
tast on the vetested herlf of the alab.
These conaisted of drill eamples taken
at 1/2-in. (13 me} invrements, Samples
»ere placed in plastic vials imme?iately
after drilling., Pree wvater wag deter-
minsd by lese on drying for 4B hr at
221°F (105%0).

4.4 Reaults of Slab teats
4.4.1 Teamte on Mcist and As-Receiyved
8labe

The apparatus and technlgue des-
cribed on page 24 wae appllied to Seta 1
and 2 of che reinforced zlaba. The dike
covered one~half the surfac: of the aiab
under tost, allowing the remainder to bhe

EL)

teadted at a later date Li desired,
veltaga of B80.0 Vic war applied in sach
case for € hr. The following paramaters
were used to characteriae :the permeablil-
ity of wach mpecimea:

1. Charged passed in coulombs =
integral of current va, time
under test.

Bolution loss = dacrease in
concentration of RaCl soluticn
ponded on surface of slah,
Chloride concentrationg »
percent Cl- by weight of
concrete at a given sampling
deapth,

Total chloride = integral of
shloride profile {con-
centration va, depth).
Additionally, by utilizing the aibedded
thermocouples, the temperature of one
set of reinforced siabs (Set 1) was
maonitored Auring the period of test.
Plots of temperature at the 1-in. (25 mm)
lavel vs, time for selected glabs are
The 1-in. (25 mm}
level wag found to yleld the highest
remperaturee of all poaltions monitored.
The rate of temperature rise is highest
in the moat permeable, high water-gement
ratio concrete, The temperature rlae
can be attributed to the higher levele
of current which ars paseed through the
cancrete as lte permeability {ucremses
[Figure 20). It was noted that in the
high permeability concretes fw/c = 0.6),
there appearad o he a paah in the plots
of current va, time, while for the other
concretes current increased continuously
with time at various rates,

Some 2xamples of chloride profiles
with depth are shown in Figire 21. The
highly permeable concrete (water-cement
ratlo = 0,.6) zhows a congentration in-
creasing with depth up to about 0.5 in.
{13 mm}, then decrcasing. Other con-
cretes ghow a rapld decrease with depth.

shown in Flgure 19,
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The laast pacrmeable materiala, such as
internally sealed and "lowa®" concretes,
ghow no significant amounte of chloeride
below the 0.5-in. (13 mr) level.

Results of total integral chloride,
golution loss, and charge pasased are pre-
sented in Table 7. The varicus concretes
Beem to arrange themsslves into four
major groups., The first, conventional
concretes, exhibit relatively high total
chloride levels, sclution logses, and
charge passed. 1In the next group, encom—
passing latex modilled and Iows con~
cretes, values of total chlorside, charge
pasned, and soluticon loas run lbouE
20-30% lcwer tinan the "best® of the con-
ventional concretea. It should be noted,
however, that subseguen' experimentation
showed that concrete cover could have a

gignificant influence on the teat
resylte, For the "Iowa”™ ove lay alabs
the totml distance from the test surface
to the ateel wae 3.0 in, (7¢ mm), versus
2.0 in. for the conventional elabs.
Therefore, the charge passed through the
“"lowa™ slab ie thus artifically lowered
due to If the
“lowa" slab had been tested at a cover
of 2,0 in, (51 mm) it is likely that the
charge passed would have been comparable
tc the conventional 0.40 w/c ratlo slab.
This was verified in results of core
tests in the applied voltage call

(Table 14), where there was little appar-
ent difference between 2.0 in, (51 mm)
8lices of "Iowa®™ and 0.40 w/c¢ ratio con~
cretes, It is likely that these "Iowa®"
concietes were not completely consoli~
dated, which would tend to increase

the increased caver.

TABLE 7

FPERMEABILITY CHARACTERI ZATION PARAMETERS

Chleride Solution

Chargea passed

Total Chlorids Loss - @ - Couloabs Chlor ide
Descripticn Moist Aa-Rec'd Moist As-Rec'd Molst As-Rec’'d Permeability
w/c = 0,60 0.81 0.77 0.65 0.53 56,010 52,570 High
w/c = 0.50 0.39 Q.47 0.33 0.38 20,230 22,500 Kigh
w/c = 0,40 o.40 08.37 0,27 0.34 18,680 20,410 Bigh
Latex-Overiay 0.34 0.37 0.18 0.38 13,820 16,950 Moderate
Latex-Full Depth 0,31 0.27 a.20 0.18 11,330 6,670 Hoderate
Iowa-Overlay 9,26 0.31 0.22 0.27 14,260 15,270  Modernted/
Int. Seal-Fuli 0,10 - 0.10 - 5,770 - Low
Depth-Heated
Int, Seal-Puil - 0,33 - g.53 - 36,078 High
Depth-Unheated
Int. Seal- 0.09 - 0.03 - 3,020 - Low
Overlay~Heated
Int, Seal- - 0,47 - 0.28 - 22,418 Hligh
Overlay-Unheated
PFolimar 0 - 0 -- 220 - Very Low
Tnpregnatedl/
Pol r - bl - - - 0 Very Low
1 regnated?/
Po yger Concrete - - — - - 0 very Low
Overlay

Molst = stored 3 mnaths in moist room

As~Rec'd = atored at 0 F (—1800) immediately after receipt
1/ "Time~to-Corrosion” slab~previously salted hy FHWA
2/ Slabe prepared at Broovxhaven Wational Lagboratories for thla project

3/ Cover over steel has a significant effect on test result.
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their permeabillty. The third group,
internally s»aled concretes, show a
dramatic drop in all parametera. Note
that when internally sealed concrete is
not heat treated, itg permeabiiity ie of
the same crder as convéntional concretes,
The final group, pelyszr impregnated con-
crate, zhows négligible permeability to
chloridesa,

4.4.2 Correlations wi:h FAWA 80-Day
Fonding Data

Correlation analyses ware performed
betveen the as~received data sate and
90~day ponding results obtaired by FAWA
r companion slabs, The parameters com-
pared are given in Table 35 (Appendix 3},
along with summary statistics.
data used for the analyees are given In
Table 36. The parameter of "Total
Integral Chloride® is in arbitrary anits,
being expressed as the integral of
chlcride concentration vs., unit depth
increments rather than actual depth in
inches (mm).

The raw

This approach waa choeen

becange suff.cient resulte were not
available on the latsral distributior of
chloride within the test alahs for the
applied voltage teet; thus an integration
using the actual depth values would only
indicate how much chloride was contained
in the pacticular drill hole sampled,

not in the slab as a whole, Linear
reqression plote are shown in Pigures 73
through 89,

Examination of the data Indicates
that the closest relationship 1ls between
the charqe passed {coulombs) in the rapid
test and the total integral chloride in
the 90-day test (se¢ Piyure 74}, A cor-
relation coefficient of Q.92 was calcu-
lated. While the relationship is highly
significant, the quantlitative error esti-
mate [percent standard error) is rela-
tively high, about +31 percent, Applyirg
the 95 percant confldence limits to
charge levels representstive of high,
moderate, low, and very low permeabili-
ties, the data in Table 8 are developed.
FPoer a teat result of 30,600 coulombs
passed, one would be 95 percent confident

TABLE 8h

EXPECTED ERROR IN ESTIMATION OF 90-DAY PONDING RESULTS FROM
CHARGE PASSED DATA TN APPLIED VOLTAGE TEST

¥

x CaléuTated 1/ + Tctal - Total

Charge -1 Permeability @)=Day Total Integ:al Integfal
{coulombs X 10 ) Desionationr  Integral Chloride 958 C,L. Cl cl

30 Aigh 1.08 .19 1,27 0.89

15 Moderate C.65% 0.15 0,80 0.50

5 Low 0.37 .19 0,56 0.18B

9 Very Low D.24 0,22 0,46 .02

Y= 2,8 x 107 X+ 0,226
TAELE §B

COMPARISON DATA = 90-DAY PONDING

iype of Concrete Total Integral Chloride - 9-Day Ponding

Conventional 1.0-1.5
Tima, Latex 0.4-0.5
Irternally Sealed, PIC 0.1-0.4
PC 0.1
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that the 9%0-day total integral chloride
would be between 0.9 and 1.3 units.
Reference to comparison data indicates
this is indeed within the range of con-
ventional concrete, FPor a test result
of 15,000 coulombe, which we have
gelected as representing "moderately®
perxeable concrete, one
cent confident that the
integral chloride would
and 0.8 unita. This is
range expected for Iowa and latex con-
For low values of charge passed
(5,000 coulombs), the confidence limita
apan the 0.18-0.56 range. This encom-
passes (but exceeda somewhat on the high
s#ide) high guality internally sevled and
polymer impregnated concretes.

would be 95 per-
90-day total
lie between 0.5
clesa to the

cretes.

For very
low values of charqge pasred [such ag for
the polymer concretes), however, the
upper ronfidence limit ls rather high
(0.46 unita). This can be attributed to
the fan-s-aped nature ot the confidence
band at the exiremities, where estimates
based on the regresaion line are not
adviszble.

4.4.3 pir-Dried Slabs

One problem anticlpated in the
application of the proposed procedure to
actual field testing Ias that of variable
concrete moisture content. As the
nethod requires an electrolytic path
betwen the reinforcement and the
concrete surface, moisture content will
influence the electrical resiatarce of
this path which in turn will influesce
the amounc of current and chloride flow
In order to develop
some information on the extent of this
effect, a few slabs were dried in air at
130°7 (54°C) so that moisture contents
were redused to 40-60 percent of the
initial (as-tec'd] levels in the conven-
tional concretes. Puplished results (51)
show that the top 2 in. (51 mm) of Lridge

into the concrate.
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dack slaba may reach these moiasture
levels during dry summer gesasons,
Reguits of tests conducted on the
alr-dried slabe are given in Table 9.
It is quite apparent that there are sig-
nificant differences hetween teste on
slabs in the moist and air-dried condi-
tiong. In most, though not all, cases
the parameters of total integral chlo-
ride, solution loaa, and charge passed
are significantly reduced in the air-
dried series., Analyeis of the data with
respect to molsture content and each of
these parameters indicates that the rela-
tiorship 18 unique for each "material"
{see Figure 22). Therefore, since one
does not know pricr to test what "mate-
rial® is being teatad (i.e,, what che
w/¢ ig or what the extent of heating has
been), an analytical correction for mois-
ture content cannot be applied. The
only approach left is to bring the test
area back cloge to saturation molsture
content prior to actual testing.

4.5 Re-Baturation Studizs

4.5.1 App:ratug
A sketch of

to affect such a

concrete rlab 18 shovn in Figure 23.

The chambsr is constructed of 1/4-in,

{6 mm) thick aluminum plate, with an

inner liner of 1/8in. (3 mm) acry¥lic,

Internal dimensions are ia 10-3/dx

10-3/4 in, (273x273 mm). The chamber ia

bonded to the concrete siab with silicone

caulkirg (Dow Corning RTV=632:, The 1lid

of the chamber is also bonded to the

gide walls with the Rame gealant,

an apparatus designed
re-saturation of i

Brasa
tubea threaded and sealed to the chamber
lid are used as inlet and outlet ports.
A terminal post threaded throuagh the
chamber wall can be used for an elec-
trical connection to a resistance meter
(Nileson Model 40Q0)., Thusa, the extent
of re-saturation can be estimated by
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TABLE 4§

COMPARISON DATA

Ap-Received (AR) vs. Air-Dry (AD}

Total
Integral Solution Loss Charge Pasead
Fres Molsturer Cl {% Chloride) _{coulomba)
} of '

Type AR AD 1Initial _AR _AD & AR _AD L} AR AD %
w/e = 0,60 5.1 2.7 52 0D.77 0.8% +10 0,53 0.3 -32 52,570 15,7% -1
w/c = 0.50 5.1 2.1 41 0,47 0.3%9.-17 0,38 0,23 =39 22,500 10,370 -54
w/c = 0,40 3.1 2.1 64 0.37 0.3¢ ~19 Q.34 D.1% -59 20,410 5,420 -73
Iowa 3.3 2.¢ 19 0.31 0.34 +10 0.27 0.15 =-44 15,270 6,060 -60
Latex-Full Depth 2,0 1.4 70 0.27 0.02 -%3) 0.18 0.02 -89 ", 610 610 ~-93
Int, Jeal-Overlay 4.7 3.0 64 0,47 0,23 -51 0.28 0.16 -84 22,418 3,610 -34

~Unheated
Int. Beal=- 3.2 3.6 -— 0.09 0.09 0 0.63 0 =100 3,020 400 -87

Overlay-Reated

*Powdered samples Adried 721 houre at 221°F (1059C)

monitoring the decrease in reaistance of
the concrete between the copper mcsh and
the ateel reinforcing mat,

4.5.2 Preliaina-y Re~Saturation Tests

A number of reinforced concrete
alabs were produced from batches similar
to thoee u3zed in earlier studies
{Table 4), One slab from each of the
betches was tested in the molat condi-
tion at 14 daya, The remaining alabs
weis placed in a forced-air drying room
at 130°7 (54°C) for 1 week, at which
time they hed reached 60-70 parcent of
thelr initial moisture content. They
ware then placed in thich plastic bags
until ready to teat.

Resulte on moist alabe tested at 14
days ace shown in Tables 10 and 11.
thess slabe it waes felt deairahle to
take chloride drill samples at a number
of iovations (see Figure 24), as all
previoua wark had been done on samples
taren duirectly above the centrally
located bar. Although the resulta are

For
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acmewhat scattersd, little consistent
diffsrence between aampling locations
can h»e digcerned, This indicated that
the lines of current Elow, and hen:e of
chlozide migration, are relatively uni-
fora even in areas between the stesl
rabars.

An iaftial test of the re-saturation
apparatus was performed on & slab which
had been exposed to 508 RH and 73°P
[23°C) for about 14 monthe, Water-
cement ratio was 0.5, and initial cure
period was 28 days. The ini:ial reaist-
ance {at 2B days) between the surface
and rebar mat wap 65 ohma. Humidity
wella had previously been ceat into this
sleb at deptha of 0.5 in., 1,6 in,, and
2,0 in. A miniature hygrometer probo
developed by Monfore (51) wae used to
peasure internal relative hunidities,

A vacuum of ~25.5 in. Hg (14.9 kPa)
wasg pulled on the alab for 60 min. WwWith
the pump atill running, 1500 ml of satu- -
rated limewater were let into the cham-

ber. Saturated limewater was used so
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TABLE 1¢
CHLORIDE ANALYSES

w'e = 0,60
Molv¥ =714 Days

8 €l b Weljht of Concrete

Integral
Depth
Location Arithzetic Arbitrary
Hae Flg. 24) 1 2 3 4 5 Mean Onits
1 0.133 0,086 0,042 0.093 0.061 0,083 0.652
2 0.126 0.109% 0.077 0.040 0.024 0.078 0.528
3 0.087 0.084 0.077 0.053 0.045 0,077 0.548
4 0.0%9% 0,087 0.084 0.077 0.0%2 0.080 0,589
Mean 0.111 0.0% 0,070 0.076 O0.046 0.079 0.579
Blank - 0.008 - -
DepthL/
Sample {n.)
1 0-3/8
2 i/ e-5/8
3 S/8-%/8
4 Ve=¥%a
5 ¥el1l¥y8
o = In. X 25.4
TARLE 11
CHLORIDY ANALYSES
w/e = 0.32
nolet - 4 days
8 C1~ by Weight of Concrete
integral
Locaticn Dezth
Arithmeti= Arhit:ary
(see Pig, 24) i 2 _a _a 5 _ Hean _ Umats
1 0,175 0,242 0.Cla 0.02¢ N.opA 0.053 . 382
2 0.215 J.0H8 - - - . -
3 0.235 0.065 0.C19 0,015 <¢.0r7? 0.u6¥8 "398
4 0.197 0.048 0.021 C.007 C.007 N..56 0.424
Mean 0.206 0,061 0.019% 0,014 J.308 0.059 [ 1
Blank - 0,009 - ~
Depth
Sample {in. V_
1 -3 8
2 3/8-5/8
3 5/8-7/8
4 e-ve
5 9 8-13/8

T mm =~ In. X 25.4

« ! let into the chamber, and RE and
that the alectrlicel resistance >f the istance monltored vs. time, RH
., ofl1Tes at viricus tim=s are shown in

Flgure 25, resistance vs, time in Plgure

slaiz could be meonitored using a copper
scraen imz .ed in the golution. Pump-
ing was co. zinued for 60 inin. hir was
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26. It is seen that constant relative
humidity ot 1Q0% is achleved down to

2 in, (51 =m) somewhere between 24 hr
and 36 hr, Resistance, however, con-
tinuea to slowly decrease bayond 3§ hr,
leveling aff at 115 ohma at 72 hr. This
is 8til]l 50 ohms higher than the value
initially measured atter 28-duvys of
moist cure,

Teating then proceeded to the set
of slabs dried 1 week at 130%% (:4°C).
The firat slab w~as subjected to l:imewater
ponding only. Reaults were similar to
the previously tested slab, that ia,
resistancs d1d not return to the in:tial
value even after 4 days of pondirg.
Mizasured free water contents on drill
samples, however, Indicated that the
noisture content had returned to that of
the 14 day mo.lst-cured Elab, except
perhape at the loweat depth. A Becond
glab was then asubjected to the vacuum-
saturation procedure, ueing limewater.
In this case, resistance dropped more
rapldly, but still remained above 100
ohms after 3 days of ponding. 1In order
to facilitate the ingress of water and
decrease the resistance aore rapidly, a
thira slab fram this set was subjected
to the same vacuum satura.ion technique,

- " ] q T - M . )
this time ucing liRowaler Leaidd t0

146°F (60%; .

After vacuum pumping was discon-
tinued, the chamber lid was removed and
a4 heatlng coil placed into the solution.

[y

A commercial thermoregulator was used "o
maintain the temperature at 140 # 1%
(60 + 0.5°C) for 24 hrs.
with the stictrer led to termination of
the test and the slab was alloved to cool
back to rooa temperature 3% (23°%0).
Although reelstance had decreased to 75
ohm at 140°F (60°C), it increased back

to 110 ohm after cooling to 73°%F (23%).
Thus, part of the resiatanre decrease la

Some problema

due t> heating of the solution, and
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indicates that the chloride test should
be run without allowing the zlab to cool
bac+< to room temperature, A second aslab
wae treated in a gimilar manner, In this
caee resistance at 1405 (60°C) haa
dropped to 58 ohm after 24 hours of
heating. A comparison of the various
re-gaturation schemes Indicates that
vacuum re~saturation for 24 hr using
limewater maintained at 140°¢ (60°C)
yields the most rapid reduction of
redistanze ia the shortest time period.

After the 24 hour heating period
had elapsed, the limewater was removed
from the dike and a 2,08 NaCl solution
applied. The slab was then subjected to
80.0 Vdc Resulta of C1~
solution loss, charge passed, and total
chloride for three slakbe are shown in
Table 12. These are:

1. 1Initial test or li-day moist-
cured slab.
Tert on dried sladb re-paturated
with 73% (23°C1 limewatear
fur 4 days.

for € hours.

N

Test on dried slah re-saturataed
with 140°F (60°C) limewater
for 24 hours.

Chloeride profiles (average of drill
holes §l1 and ¢2 - gee 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 8o that all three con-
cretes would fall into the highly per=~
meable range, which they should at such
a high water~cement ratic. Tha chloride
profiles are all what would be expected
for a permeable concrete, i.c., high
levels of Cl~ evan below 0.5-in, (13 mm)
depth. To summarize, the use of vacuum
paturation followed by 24 hours of pond-
ing with limewater at 140°F (60°C) allows
one to return a drv concrete to moisture
levels sufficient to obtain essentially
the same results ae If the concrete were
tested in the moist-cured condition.
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TABLE 12

PERMEABILITY PARAMETERS

VARIOUS TREATMENTS

Charged Passad Solution Loss

Cl-
Total Integral Chlorlde

glab __{Coulombs) () {Arbikrary Daltsg)
14 day moist 317,570 0.21 0.58
73°F limewater - 4 day 39,000 0.44 0,65
14U°F limewater - 24 hr 30, 550 0.31 0.45

% » 5/5(% - 32)

4.5.3 Apprlication to FHWA Slabs

Selected FHWA alabs, previously
tested in the wolst condition (Set 1)
were Aried for 2 weeks at 120°F (54%C).
The mlabe were then subjscted to the
re-saturation procedure described in the
previous sectlon. Plots of reslstance
ve,. time are shown in Figures 28 and 29,
Reslstance in the iritial molst conditlen
ie shown for comparlson purposes. 1In
all cases, resistance after the 24 hr
re—saturation had droppad below the
original moigt-~Cured values,

After the 24-hr heating period was
over the limewater was removed fros the
glaba and 1,SCD ml of 31.08 NaCl was
poured Llnto the chanber. A potential of
80.9 Vdc was applied for 6 hr, Plot of
current vs. time are shown in Pigure 30.
The curvea all reach a peak (or pluateau)
in current value between 1 and 2 kr of
ceat, then begln to decrease, The
decrease 1s gharpeet for tnhe most perme-
able (w/c = 0.6} concrate, These are to
be compared with previous runa on the
game slabs in the lnltial molat-cured
condition (Plg. 20). S&imilar types of
curves are seen for the w/c = 0.6 slab
in both casea; however, ror the other
slabs in the molst condition a gradual
increass 1In current ig scen, rather than
a decrease mg g2¢n for the re-saturated
#labs, The current decreases seen in
the re-vaturated slabs correspond with
increases in reslstance between the tlme

at which the current peaked and the
final reading of 6 hr, Althcough surface
temperature wasg monitored, this 4id rot
appear to explain the increasea in
resistance, It le poasible,. however,
that heat sam flowing out of the con=
crete (initlally cloae *:C 140°F at
beginning of the test) and that the
Jnternal temperature was decreasing
during the test period.

Typical chloride profiles for both
the moist and re-saturated conditions
are given for pome of the slabs tested
in Figuresa 21 thiough 33. The Adata
repreaent the average of drill samples
taken from sampling Locations 1 and 2
ises Flgure 24). It 15 geen that the
profiles are qulte different in many
caaea, Hlgher chloride concentrations
were detectod at lower depths for the
re~gaturated testa, FoOr the heated
internally sealed slib, the re-saturated
chleoride profile is much higher. This
indicates that the 140°F [60°C) lime-
water ponding somehow Increased the per-—
meabllity of the system. For lntevnally
mealed concrete, therefore, one may need
to use a lower temperature during
re-~saturation,

Tedt parameterg {total integrai

Cl”, sclution loss, -.1 charge pasced)
are glven in Table 13. It is seen that

for Slape 3357, 3392, &nd 3372 a higher
chloride content in th2 slab correeponds
with a lower solutlion loss. Thie could
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TABLE 13

PERMEABILITY PARAMETERS

Moist ve. Re-Saturated FHWA Slabr

Toatal Integral

cl”

Solution Loss Charge lassed

(%) {Coulombe)
8lab Type Moist Re-Sat'd Moist Rz-Sat'd Moist Re-Sat'd
3388 w/e = 0.6 0.81 0.63 D.65 0.29 56,010 43,157
33157 w/e = 0.5 0,29 0.5#8 0.33 0.16 20,230 19,690
3392 w/c = 0.4 0.40 L.5v .27 0.16 18,675 16,985
3382 lowa 0.26 0.3% g.22 0.18 14,260 14,783
3398 Latex-Full

Dapth 0.31 G.1? 0.20 0,07 11,330 6,989
372 Latex~

Overlay 0.34 0.52 0.18 0.13 13,820 11,851
3368 1nt. Seal-

Unheated 0.93 0.64 4.53 .22 36,370 24,503
3367H Int. Seal-

Heated 0.10 0.74 0.10 0.21 5,770 18,400

occur only if there were chloride in the
glab to begin with, We tested cne-half
of the slab in the moist state, then
placed the slsbs 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.
Additiorally, in order to intercept the
same rebar gecmeiry as in the first set
of tests, the chamber had to be placed
ro that the left ~ige spanned the central
tranaverse bar. i the right edge of
the chamber spanre:’ the same bar in the
ware in fact
including an area of abovt lxil in,
(25%x280 mm) which had previously
exposed to chloride, During the
ponding with hot linewater, aome
chloride most likely leached out into
the limewater and re-entered the slab,
thus accountirng for the anomalously high
¢chloride levels in the re-saturation
teats.

Th= charge passed compariacn data
{Table 13) are much more favorable,
however,

earlier noigt tents, we

been
24-hr
of this

The amounts of charge passed
are fairly comparabie for both the moist
and re-saturated teet conditions. This
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is reasonable, as chloride icns consti-
tute only a portion of the charge car-
riers in the high ionic strength pore
water, This relztionship ig shown in
Figure 78 (Appendix 3}, Summary statis-
tics (Appendix 3) show a high correlation
between the two data sets, Standard
error 1s about 16 percent of the mean
value. Thus, in slabe lLich have been
previously expooed to chloride (which we
expect to find in many field situations),
one could use the charge passed as an
indicator of chloride permeability, but
actual measurement of chloride concen-
traticns would not be advisable. This
hypothesis was verified in later field
testing (ses page 97 }. FPor slab NHo.
3367H, the charge passed is anomalously
high, presumably due to the increase in
permeabil ity after ponding at 140%
160°C) .

4.5 Reaulis of Core Tests

The apparatus and test procedute
described in Appendix 1 was used to test
3.75-in. (95 mm) diameter x 2-in., (51 mm)
lang core slices taken frcm FWA slabs.



4.6,1 Specimen Preparation

Por the full-depth materials, four
olices were taken from each core (Pigure
34h). Por the overlay materials slices
were taken both at the bondline (Figure
34B) including the surface layer, and at
the bondiine with 1/8 In. (3 mm) of the
surface removed (Figure 34C). Finally,
the polymer concrete overlay and latex
overlay cores ware aldc sectioned Eso as
te include all of the overlay plus encugh
base course to yield a total thickneas
of 2 in, {51 mm} {@ee Figure 3d4D).

Briefly, the testing procedure is
as followa: The slice is firat allcwed
to air Ary for 2 short time and the sides
are coated with an epoxy formulatlion.
Aftex 3 hr of curing the slice is
welghed, thin placed in a vacuum desic-
cator, The chamber ia evacuated for
3 hr, De-aerated water i8 then let into
the chamber sufficlent to cover the
ppecimen, and the punp is run for an
additional hour. The vacuum ls then
broken and the chamber brought back to
atmospheric pressure. After soaking
overnight, the specimen is ready for
testing the following Jday.

Prior to teat the specimen is
gurfaca-dried and weighea, A very raplid-
setting siiastic rubber is used to form
an in-place gaaket between
and the llquid reservolirs.
ing the rubber to cure for 10 min, the
to the negative lead
is filled with 3.0% NaCl, and the reser~
volr connected to the positive lead is
filled with 0.3N waOH. This L8 done to
achiave approximately equal conductances,
approximately 5 X 107¢ mho.om™}

(5 5.cm” '), on both sides of the specl-
men., Tne specimen is then szubjected to
§0.0 vdc for € hr.

the apecimen
After allow-

regervoir connected

1.6.12 Time
Plots of current vs, time for 2-in,

(51 me), l-in, (25 mm), and 0.5-in,

current vs,
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{13 mm) sliceec are shown in Flgurea 35
through 37, It should be noted that, ae
alice thicknesas decreases, the number of
materiuals which can be teasted also
decreares, as high permeability samples
exhiblt excessive heating during the
teat. The plots in Figure 35 are for
2-in. (51 mm) giices taken Off the top
surface of the core fsee Pigure 3da,
Section 1). Resulte for 2-in. {51 mm)
slices taken Eram the core interlor
(Section 2) were similar for conven-
tional concretes, but differad somewhat
for modlfied concretes. This will be
dlecussed later,

4.6.3 Temperature and Resistance

The high current flow in the more
permaable specimens leads to a rapld
temperature rice (gee Pigure 38).
at 1-in, (25 mm) thickneas, the test on
th: specimen with w/c = 0.60 had ru be
teiminated before the 6-hr teat period
had elapsed in order to nrevent datzge
to the cell. In most rune the current
incrvase during the test period was
proportional to a decrease in resist-
ance. One of the teat slices [w/c =
0.40, 7.5 in. (13 mm)) was left in the
cell after the 6-hr period and allowed
to cool. Pigure 39 indicates that
although most of the drop Ir resistance

Bven

is due to the ruinperature jncrease, the
hysteresais Indicates that the reaistivity
of the specimen had been irreversibly
lowered, most likely by :he increase in
chloride ion concentration Juring the
test period,

4.6.4

Correla-iona with FHWNA 90-Day
Ponding Data '
In order tu obtain more quantitative
results, various parameters were used to
afford a measure of Iimpermeability,
These ate:
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300
F 2" Slices — Finished Top Surface Code

60.0 vdc 3385

3355
3390
3380
3375
3395
3406
3365

O+ >xpROD>DOO

Current, Milliomps

Time, hr

Type
w/C=60
w/C=50D
wW/C=.40
lowa - Proper
lowa - tmproper -1.7"
Latex
Polymer Impregnoted
int. Sealed - Unheated

3401-H int. Seoled - Hecled

mm=in, x 25.4

FIGURE 35. CURRENT VS. TIME FOR 2-IN. TH!ICK CORE SLICES TESTED IN APPLIED

VOLTAGE CELL.
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Type
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w/C =50
w/C = 40
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FIGURE 36. CURRENT VS, TIME FOR I-IN. THICK CORE SLICES

TESTED IN AFPLIED VOLTAGE CELL.



1200 ~
172" Slices - Sawed Faces
60.0 Ydc

nd Test

Code Type

3390 W/C:40
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FIGURE 37. CURRENT VS&. TiIME FOR 1/2 -IN. THICK CORE SLIiCES
TESTED iN ArFPLIED VOLTAGE CELL.
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FIGURE 38. TEMPERATURE RISE IN APPLIED VOLTAGE CELL FOR CORE SLICES
OF VARYING THICKNESS.
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FIGURE 39, RELATIONSHIP BETWEEN RESISTANCE AND TEMPERATURE
FOR 1/2-INCH THICK CORE SLICE TESTED IN APPLIED VOLTAGE CELL,

69



1. Cl~ solution loss: drop from 1. Cherge passed: coulombs of

initial 1.8 percenc chloride charge transferred during the
{3.0% NaCl) concantration, test period - integral of

2. El:li’= rise in chloride con- current vs., time curve.
centration in the right hand Thess parameters are presented in
(positive pole) side of the Table 14 for all specimens tested in the
cell. cell, Those sllcee where thickness is

2 in. (51 mm) represent Section 2
TABLE 14

APPLIED VOLTAGE CELL RESULTS

- c1”
1 Positive
v Solutior Loss Half Cell Charge Passed
Type Thickness ) {8 _{coulambs)
w/c = 0.60 2 in. 0.45 BL 4,430
w/e = 0,60 1in. 0,78 0.44 22,580
w/c = 0.50 2 1in, 0.27 0.0l 2,560
w/c = 0.50 1in, 0.58 0,21 6,620
w/e = 0,40 2 in. 0.10 0,007 1,210
w/c = 0.40 1in, 0.27 0.22 2,960
wic = D.40 /2 in, 0.37 0.40 2
Iowa Overlay 2in. 0.08 0,002 1,170
Later-Full Depth 2 in. 0.1l 0.002 876
Latex-Full Depth 1 in. 0.32 0.002 1,631
Latex-Full Depth 1/2 in. 0.42 0.30 5,911
Polymer Impregnated 2 in. 0.0l NA 35
Polymer Impregnated 1in. 0 NA 9
Polymer Impregnated /2 in, .03 0.04 401
Int, Seal-Full Depth
=Unheated 2 in, D.38 0.03 4,720
Iut. Seal-Full Depth
—Unheated 1 in. 0,58 0.27 8,830
Int. Seal-Full Degpth 2 in.
Surface-Heated ineluding surface 0.15 NA 1,330
Int, Seal-Full Depth
=Fully Heated 2 in, 0.0s NA 280
Latex-Overlay 1.3 in,
including surface 0.19 HA 1,510
Latex-Overlay 1,0 in. - 1/8 in,
ramoved from surface 0.256 0.02 2,4%
Latex-Overlay 2in, -
includes base course 0.11 HA 1.979
Palymer Concrete
Overlay 0.4 in overlay only NA RA 0
Polymer Concrete Overlay + 1 in,
Overlay base couree NA NA 0

177 mm = [n, X £5.4

2/ Test terminated at 135 minutes due to rapld temperature rise

NA = not anhalyzed
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(Figure 34A) and do not include the
tinished surface.
were performed between the charge pasaed
and the Cl~ solution loss data sets

for tha slices and the total chloride
data set for the FHWA S0-day results,
These relationships are shown in Figures
79-80 {Appendix 3), respectively.
mary statiatics (Table 35, Nos. 7 and 8;
ahow lower correlation coefficients than
5 tand~
ard errors are higher, about 40 percent
of the mean value. Theee data indicate
that the cell test would yield a rougher
estimate of the long-term permeability
tban the slab test, which may be attri-
huted te the Jdifference in specimen size,

Correlation analyses

those cbtained in the slab tests.

4.6.5 Effects of Surface Finishling
The data in Table 15 mre presented

8o &8 to afford a guantitative evaluation
of the effect of the finiahed surface on
the test resulta. As mentionnd pre-
viously, results are comparahble for con-
ventiona! concretes of w/c a 6.6 ang

0.5, but are significantly different for
w/c = 0.4, latey mpdified, and surface
heated internally sealed concretes, The
different results for the I[owa concrete

Bpecimens are most likely attributable
to the thickness differential. Por the
w/Cc = 0.4 and the latex modified con-
cretes, hovever, the thickness differ-
ential s small compared with the dif-
ference in charge passed. This indicates
the prasence of a more impermea-le sur-
This
corraborates observations on latex Eield
jobe where latex particles are sometimes
seen to concentrate at the curface. The
surface denzification of the w/c = 0.4
concrete could be attributable to the
paste-rich surface layer.

face layer in these concretes,

Of course,
there would also be paste-rich surface
layers in the w/c = 0,6 and w/c = (.5
specimens; these pastes would
be of high permeability due to their
high water=-cement ratios.

however,

4.6.5 Effects of Heat Treatwent on
Internally Sesled Specimens

The very large difference between
the surface and sawed internally sealed
specimens prompted Curther investigation,
Some of the partially heated {surface
heated) internally sealed core slicas
were placed in an oven at 1509 (SEOC)

for 2 hr, Upon cooling, microscopic

TABLE 15

COMPARISON OF FINI1SHED AND 3AWED SURFACES

2-in

. Slices

Charge Pazsed

(ecu lambs)

Incl. 2/ Thickness
8lice Type Surface Sawed i} ] Differential
3385 w/e = 0.60 4,573 4,430 -3.1 +1.1
31355 w/¢c = 0.50 2,371 2,556 +7.8 -0.6
l3ec w/c = 0.40 1,543 1,214 -21.3 +1.8
3195 Latex 611 B76 +42.9 ~7.2
3365 Int. Sealed-

Full Depth-Unheated 4,31C 4,720 +9.5 -0.5
3401H Int. Sealed~-

Full Depth-Heated 1,333 2,284 +71.3 ~6.7
3380 Iowa - Proper 1,17 1,249 +15.86 -11.5
I7 me = In, X 25.4
2/ 0.25 in. {6 mm) of material removed from surface by diamond saw



exanmination indicated scme shrinkage of
the wax beads, but no extensive melting.
The slices were, therefore, returned to
the oven and heated to 210% (99°C) for
6§ hr. Subsequent exapination indicated
melting and migration of the wax had
caken place, The surfaces of the slices
were abraded o:. fine sandpaper prior to
test, The slices were then tested in
the cell at 0.0 Vdc for 6 hr. Results
are prescented in Table 16. The surface
heated 2-in, {51 mm} slice was i.cluded
for comparison. It is seen “hat reheat-
ing dramatically lcwers the permeability.
In addition, there is no increase in
permeahil ity with decreasing thickness,
as was seen for other mateclals, Tais
may reflect a mare complete sealivrg in
the thinner slices, A piccorial repr=~-
gentation of the etfects of various
types of heating is shown in Figure 40.
The difference between Slices #1 and #2
indicatea a more complete melting in the
surface layer, which was verified by
microscopic examinaticon, At a depth of
2 in. (51 mm) or more, however, there is
still some melting :aking piace, as
Slice $2 shows lower perrmeability than
the unheated core.

TABLE 16

INTERNALLLY SEALED SPECIMENS - REHERTED

c1”
, Solution Charge

Th1CRnef§ LOSS Passed

Specimen tin.} L)) {coulombs)
1401K-4

(not 2.1 0.15 1,330
r2heated)
3401H-5=-2 1.9 0.05 280
{reheated)
3401H-5-1 1.G G 250
{reheated)
3401-1i-1/2 0.56 0.02 160
{reheated)

1/ m = in. X 25.4
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Work was also dane on testing 8lice
¢1 at various depth increments, that is,
slicing off approximately 1/8-in. (3 mm)
layers and retesting each time. TResvlts,
showr. in Figure .1, indica*e an increace
in elope at about 0.2 in. (5 mm}. This
cor.esponds with microsgopic examinatiens
at each ievel, which revealed that melt-
irg was complete only to about 1/4-in.
{6 mm) below th2 surface. Below this
level wax beads were darkened and par-~
tiaily melted, hut camplete migration of
the beads into the surrounding paste was
not evident, 1t should b: emphasized
that the applied voltage cell, when used
for this purpoee, (i.e., in determining
depth of complete heating), is no more
accurate than simple microscopic exami-
nation, and is Ear more time-consuming
and expensive, One drawback to reliance
golely ¢on microscopic examination ie
that, due to an cxcess of wax above that
being necessary to £ill the caplllaries
belng present, the presence of unmigrated
materiti ray reflect the inability of
the wex to migrate into already filled
capillary sp:ce. Thus, detecticor of
inmelted beads in the interior conCrete
may not necessarily mean that complete
Eiliing of gapillardies has not been
achieved. At the surface scme of the
excess wax may be driven out due te the
high temperatures empioyed, in the range
ov 300°F 150%C). It should also ba
noted that thic depth of relatively cam-
plete nelting, 0,2 in, (5 mm), in the
surface¢ heated slab is much less than
the depth of melting indlicated by the
resistivity technigue [see Appendix 5).
Apparantly, the resistivity technique is
measuring the total overlay depth, anJ
not thke depth of melting.,

Becauge Of the difficulties
encouritered in the interpretation of
results when testing internally sealed
concrete in the applied voltage cell,
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additional research is desirable to
establish the optimum nethed for apgply-
ing the rapid test procedure to inter-
nally sealed concrete,

4.t.7 Effect of Thickness

The relationships berween charge

pasaed and thicknesa of the ccre apeci-
mens are piotted in Fig, 42. The various
types of concrete are seen Lo separate
out very nicely. For the very permeable
concretes (w/c = 0,6) only 2-in. {51 mm}
thick slices can be tested under the
voltage chosen, thinner slicea leading

to excessive heating., For highly
impermeable concretea {such as PC and
PIC) negligible charge is passed even

for thin (approximately (.5 in, (13 mm))
glices, Obviocusly, both charge passed
and thickness wust be known in order to
effectively use the test data.

4,.6.3 Reproduc.ibility of the Method
To evaluate the reproducibility of
tke test, six 4-in, (102 n&) cores were
taken from alabs 3386 (w/c = 0.60) and
3396 (latex full depth),
sent very high and very low permeability
(51 mm) thick
were taken off the top of each core,

These repre-

conrcrates. Slicea 2-in.

placed in limewater for l4 days, and
then stored in plastic sample bags until
ready to test.

Results are giver. in Table 17. The
d=2ta show the coefficient o«f variation
to range fram 6 to 7 percent. Most of
the test variance is likely due to dif-
ferences in muisture content, aggregate
distribution, and cother specimen-to-
specimen variations,

4.7 Conclusions Derived from Lahoratory
Evaluations

4.7.1 Application of a potential in the
range of 60-80 vdc to a 3 percent
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TABLE 17

REPLICATE SPECIMENS

Charge Passed (coulombs)

Specimen w/c = 0,60 Latex Modified
1 4,517 339
2 9,721 569
3 4,669 522
4 3,994 572
s 4,444 540
6 4,340 631
Mean 4,458 562
Std. Dev, 267 38.8
cC.V. - & 6.0 6.9

sodium chloride sclution can
accelerate the ingress of chlo-
ride ions into concrete slak and
core test specimens.

In highly permeable concretes,
significant quantitiee of
chloride ion (greater than 0.02%)
can be detected at the 1 ia.

(25 mm) deptl level after € hrs
of test at BO Vdc.

The total amount of elegctrical
charge passed during the test
shows a high degree of correlation
with the total amount of chloride
ion which penetrates a companicn
specimen during a conventional
g0-day ponding test,

The moisture content of the can-
crete has a large influence on
the test results. RAir-dry epeci-
mens will exhib*t less chlouide
penetration during the test period
than moist-cured specimens,

An equilibration procedure for
slab specimensa invelwving vacuum
saturatior with heated (llnnF

(60°C)) limewnter has been
developed in order to re-eatablish
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4 high moiature content in the
gpec.men prior to teat. Addi-
tional research is needed. how-

if this technique is to bs
succesafully applied to internaliy
sealed concrete.

High rates of heating may be en-
countered when utilizing the
tachnique for testing of small
{(4—in. (102 mm) diameter) cnre
specimens, For very permeable
specimens the test may have to
terninated before the atandard
6~hr period has elapsred, due to
excessive heating (>190°F (BBOC))
in the test cell.

The thickness of the core test

ever,

4.7.6

be

4.7.7
apcc wen has a large effect on

the test results, In order to
adequately rank a series of con-
cretes in terms of their chloride
permeabilities, all sBpecimens must
be teated at equal thickness. A
2-in. (51 mm) thick corc slice

has been found adequate for most
of the concretea tested to date.
Differences may be encountered
when comparing sawed and finished
gurfaces, especially for latex
modified and cement-rich
councretes.

5. PROTOTYPE INSTRUMENT DEVELOPMENT

3.1 Desirable Features

The aim of this phase of the project
was tu incorpeorate the components of the
applied voltage technique into a single
pcrtakle electronics package capable of
opurating off »f a field generator set.
Ir addition, a unit incorporating vacuum
pump, heater, stirrer, and temperature
ccnrroller was also felt to be desirable,
Finally, the d.ke used to contain the
3.0% NaCl solution and the electrode

screen was redesigned For ease of

operatfon. various fail-safe featurea
included over-temperature and over-
currgnt cut-outs, time run~out, and bat-
tery backup for data storage in case of
loga of line power, UDetailed require-

ments are given in Appendix &.

5.2 General Description

The field instrumentation consists
The firat
houses the electronics package (this can
2150 be used in the Laboratory), the

of three separate modules,

second allows for vavuum saturation prioz
to test, and the third is designed to
apply voltage to the salt solution uesed
as *he permeant, All insktrumentation
was designed witn portability in mind,
and the entire field set (along with
auxiliary gererator, tools, and chemi-
cals) can be trancported in a van-type
vehicle having a storage area of 9xéxd ¢:
{2,4x1.8x1.2 m). Cconfigurations of the
equipment. and functioning of the elec-
tronic circuitry are described in this
sect .on. The field test proceduce is

set forth in Appendix 2. Curzent price
{November 1980) of the complete systenm

is estimated at $1i,400.

5.3 Congtruction
5.3.1 =Rlectronicg Module

The complete electronics modula is
The module consista
of two NEMA-4 weatherpivaf enclosures

shown i» Figure 43,

mounted on a lightwelight pneumatic-tired
aluminum dolly. Overall dimensions are
49x29x24.5 in. (124x7Td4x62 cm). Total
weight is 166 lb (75 kg). The lower
enclosure hcuses the power supplies, A
cooling fan preventy overheating of the
unit. The upper snclosure houser all
electronice, operating controls, and the
raadouts (Figure 44).
and coulamb meters are

The elapsed time
LED'e constructed
for vipibility even in strong sunlight,

The digital panel meters, used for the



FIGURE 44, READOUT PANEL

78



current and voltage meters, have LED's
not visible in sunlight; thecefore, a
sunshiseld was constructad. A railn
ahield can be placed over the entire
panel {Figure 43}.

5.3.2 Yacuum Saturation Module

The vacuum saturation module and

ageociated dike are shown 1n Figure 45A
and 8. A compact single-stage vacuum
pump (Sargent-~-Welch Model 8803) is
mounted onto a l/4-in, (6 mm) thick
anodized aluminum plate along with a
dial-type vacuum gage., Alsc included

are a thermocouple based temperature
controller (RFL Model 70A}, & 550 watt,
resistanca heater (Watlow $1-47-7-68), a
pyrometer (Simpson Model 2123), a mag-
netically coupled stirrer, and a fluid
~atry valve. The mounting plate ia
vaised sbove the main dike 2over by

7/8 in, 22 mm) 80 as to allow Eor air
ilow around the vacuum pump and tempmra-
ture controllar. The dike is constructed
trocoa 1/4-%34,. 16 mm) thick anodized alumi-
num plate haviny a Teflon coating, Wing
nu.s are provided to obtain a tight seal
between the 1ike and the vacuunrn satura-
The dike serves the cual
purpoae .f containing hoth the linewater

tion cover,

tolutici used in the satur.ition phase and
the chloride sclution used durirg the
actual rest period.

5.3.3 Screen Assembly

The screen assembly (Figuwe 46) is
fabricated from 4 mesh (4.75 mm) stain-
less steel fabric reinforced nlong its
outer edge with 1/8-in.
less steel rod.

(3.2 mm) stain-
The screen is bolted to
Teflon standoffs and site approximately

1/32-in. (0.8 r) off the conciete sur-
face during the test. The negative elec-
trode is a 1./%—-in. {13 mm) atainless

steel rod bolted to the s¢reen at cne
end and terminating in a female “banana"
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jackx at the other, A high limit thermo-
static switch (Fenwal 1R322-1) i housed
in a 5/B-in. (16 mm) diameter stainlass
steel well which extends inte thz chlo-
ride solution and terminates on the cover
in an amphenol-type connector,

5.3.4 Generator Set

A 3.5 KW, single cylinder, air-
ccoled, 4 cycle portable gas generator
(Kohler Model 3,5MME5) is used to power
all instrumentation (Figure 47). The
generator is supplied with a wheel kit
to permit osay traneport acroas the test
bridges. An auvxiliary 6-gal gas tank
(Echler A-238-712-6) allows the vacuum~
saturation unit to run unattended for at
least 14 hours,

Blectronie Circuitry
locations of Components

The electronic circuitry ias housed
in two weatherproof NEMA-4 enclosures,
In the lower enclosure

5.4
5.4.1

[Figure 48) are
located thr three power supplies (Power
One F24-12, HE24-7.2, BAR24-.6) delliver-
ing a maximum of 80 valts DC at &
A Ean (Rotronm MU2ALl) is used
to maintain the supplies within their
specified temperature limit (0-50°C).
The active circuitry iz mounted on

amperes,

two printed circuit boards packaged in
the sloped face of the upoer enclosure
mounted on the dolly (Figure 49). Both
boards are ninged to the back of the
front panel to allow ready access for
parte replacemernt and trouble shooting,
The Time and Coulomb Counter Board,
mounted against the Eront panel, houses
the Cryatal Clock, the Time Counter with
display, the precisicon Carrent Amplifier,
the Voltage Concrolled Osciliator (VCO),
the Coulomb Counter with display, the
Power-Up Reset Circuit, and the Current
Limit and Latch Circuit, The Multi-
plexer board, mount:d on stand-offs over



FIGURE 45A. VACUUM SATURATION MODULE

FIGURE 458. DIKE USED WITH SATURATION MODULE.

aa



FiGURE 46. SCREEN UNIT.

FIGURE 47 FIELD GENERATOR SET WITH AUXILIARY GAS TANK .
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FIGURE 48. POWER SUPPLY “IRCUITRY.

FIGURE 49. CONTROL. CIRCUITRY.
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the connter poard, contains the Printer
Multiplexer, the Start-Stop Circuit, the
Over Temperature Limlt Stop Circuit, the
Test Time Stop circult, the Baitery
Switching Circuit, and the Battery
Charging Circult,

5.4.2 System Description

The overall Block Diagram of khe
Model 158 Test Bet is shown in Figute 50,
Current flow through the current shunt
las amplified by an inatrumentation ampli-
fier. The amplifier outout ia scaled to
read current by a 4-1/2 digit DPM and
also drivea a precision integrator-
voltage controlled osclllator. The
oscillator eutput ia scaled to read
dlrectly in coulombe con a five digit
readout .

A cryatal based clock 1s used to
allow dieplay of elapsed test time,
selection of recurrent printout periods,
and teat time selection, At each print-
out intetval the Lnformation in %he
stcrage reglsters of the current, time
and coulomb displays are latched while
the printer is multiplexed through the
readouts. The printout cycle does not
interrupt the accumulation of new data,
Data may be printed out at any time by
uge of the manual printout switch,

5.4 3 Individual Circuit Desgription
5.4 3,1 Time and Coulamb Counter

5.4.3.1.1 Cryatal Based Clock:
The crystal based clock provides an
accurate one pulse per minute clock
pulae. It jis used to deflne thz total
test time and printout periods and ie
used to drive the Auto Print circult on
the Multiplexer board and the Test Time
Counter,

5.4.2.1.2 Current Zmplifier: The
current amplifier functione Aas a voltage
amplifier for the voltage developed
across the current shunt, With 5 ar 28

a3

flowing through the cutrent shunt the
output is 5 volts,

5.4.3.1.1 VO Integrator: The out-
put of the current ampliffier is flltered
by the inteqrator. The output of the
integrator ie connected to the voltage
to> Erequency converter, which ic adjusted
*o give a DC frequency conversion of
exactly 1K iz p«r ampere drawn by the
test cell and sanmple.

The frequency output of the voltage
to frequenty counter is directly related
to the current flow throught the current
shunt, FPor example, 5 amps of curcent
flow will generate a frequency of 5,000
cyclee per second. A current flow of
5 amps for one second is equal to §
coulambs.

5.4.3.1.4 Time Counter and Display:
The output of the time counter feeds lta
1 pulss per minute putput to cascaded
decade counters which drive the appro-
priate Test Time displays. The same
outputs are interfaced with 3 BCD thumb-
wheel ewitches on the £ront panel to
allow selection cof test time from 1 to
999 minutes, The "time"™ BCD outputs are
also intecrfaced through a connector to
tri-atate latches on ths Multiplaxe:
board,

5.4.3.1.5 Coulomb Counter and
Display: The pulse output of tpe cculomb

counter reprvsenta the direct coulamb
menz2ure of amp- sec., and i3 connected to
trigger five BCD counters, The ECD out-
put of these counters drives the appro-
priate coulomb display digites. The five
counter BCD outputs are also connected
to a board connectcor and interfaced with
Tri-Scate latches on the Multiplexer
board for printout purposes,

5.,4,2,1.6 Current Limit and Latch
Curcyit: The purpose of thia cilrcult is
ta limit the maximuem currect to a selec-
ted value in cth2 range of 0-7.2 anos, A
comparrter continuously compares the
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current through the current shunt with a
voltage set by the front panel current
limit-adjuast potentiometer. ¥hen current
exceeds the set point the front panel
Over Current LED is turnad on and the
stop ¢ircuic on the Multlplexer board is
ttlggered, thur stopping the test. The
clircutit can be reset by simultanecusly
pushing the Stop and R:s8et switches aon
the front panel.

5.4.3.1.7 Power Up Reset: The
power up reset circuit ia provided to
reset all counters to the 0 state when
power is flrst applied.
5.4.3.2 Multiplexer Board

5.4 1,2.1 The Printer Multiplexer
Clrcuit functions to sequentially scan
and print out the Time, Curtent, and
Couloms» displays, The multiplexer
cult is cnergized by either Manual push
hutton cosmand or automatically by the
printout gelect switch at 5, 10 or 30
minute intervala,

cir-

There are four tri-state dual 4 bit
latches at the cutput of the multiplexing
circuit. The input to these latches is
connected to the time and coulomb BCD
data lines. ‘'The cutput of the latches
is connected to the printer data input
lines. The current DeM tri-state BCD
data lines are alBo connected directly
to the printer deta input lines.

The printer data input lines are
inputted from tri-state logic which
allows multiple connection to the same
point. Gating of the tri-state data
sources permitf these aultiple
cennections.

Data Prinktout is accompliahed via &
miniatvet = T-column thermal printer (Datel
Model ['PP=-Q7).

At the sslected printout
timel/

, tima in minutee is printed on
the first line, curreat (in amperes) on
the second line and coulombs on the

I/7At t 1y Initiation of test the manval
print button must be deprassed tr
obtain readinge at zero elapecd time.
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third line. The paper automatically
advances one blank line between each set
of readings.

5.4.3.2.2 Stact-Stoy Circuit:
atart-stop circuit performs two func~
tione, It enables and c¢isables the
counters and simultaneol ¢ly operates the
80 volt power relay.

When tnrn Start push button am the
front panel is actuated, both the 80V
relay and all counting functicns at the
couhter board are enabled at thisc time,

Depresaing the Stop push button
ITeverses the above action to terminate
the counting and application of 8oV
powe” to the test cell., During a norunal
test cycle the test may be started and
stopped at any time by the front panel
Start and Stop push buttons. Also, dur-
ing a normal test cycle the Reset push
button ia inactive, That is, the stored
data cannot be erased unlesa both the

The

Stop #nd Reset button are actuated
together

A test cycle may be stopped by
actuating the S5top push button, having
test time run out, exceeding the over
current limit setting, haviny the salt
solution exceed 120°F (82 o
having the AC operated DC supply fall
below 11 volts.,

5.4,3.2.3 Over Tempeiature Limit
Stop Circuit: The Text Cell cover used
For the salt aolution phase of the test
contains a high limit normally cloaed
thermostat set at about 180°F (82°C). If
the salt solution exceeds 180%, (82%)
the thermostat contacta open. Thig
actien turns on thé Over Temperature LED
on the front paunel and stops the teat.
The test cannot be resatarted until the
over temperat.re condition is eliminared.

5.4.3.2.,4 Test Tima Stop Cirouit:
The test time ia settable from 1 to 999
minutes.

Whenh elapsed test time is egual
to the selected test time, the common
lihes of the BCD thumbwheel switches go



to 1; this pulls the reset line to 0 ang realistic heat sink and also allow the

atops the teat. evaluation of a number of variables
5.4.3.2.5 Battery Switching Cic- within & single slab.

guit: The Battery Switching Clrcule The variables which needed to be

energlzes a relay and transfers the studied in more detail were:

12 vdc supply for all counters over ta 1. Concrete cover

ihe battery backup system, The dicsplays 2. Anblent test temperature

are turned off to conserve battery power, 3. Geometry of reinforeing cages
The test is automatically stopped 4. Presence of chlaride in con-

when the un'!t goes to battery backup, Ccrete prier to test.

No further counting takes place, but the
data accumulated prior to the low voltage 6.1 Test Saecimens
conditlon is retained for up to 4U hours. Three test slabs were prepared.
These data may be displayed by pushing These wzre {-ft x 5-ft x 7=-in. {l.2 m x
the Read push button on the front panei. 1.5 m x= 17 on) clabs, each having one
5.4.3,2.6 Battery Charging Circuit; ®at of No. 4 (i3 mm) reinforcing bats
The Battery Charging Circuit ie operative (Grade 40} located 1 in. (25 mm) clear
whenever the test aet is connected to fron the bottom of the slab and spaced
115V AC and the power switch is on. The At 5-in. [127 mm) centers cunning the
batteries require 1%~hours to reach full S—ft (1.5 m) length of vhe slab and
charge initially, or if the unit has been 10-in., {254 mm} centers running the

stoered for more than four months, The width., The topmost reinforcing mat
battery is in use only when the internal vatied for each alab as given in
12V DC supply falls below about 11V. Table 18.

This generally will occur only when the TABLE 18

AC line voltage falls below 100V, REINFORCEMENT DETAILS

5.4,3.3 Further Circuit Details

The preceding sections have des-
cribed the operation of each separate TOPMOST MAT
¢ircuit without detailing the electronic

PROTOTYPE TEST SLALS

Aar Spacing

logic flow between subsection components. iin.ll/ Clezr Cover (in.)

Those requiring exact component-by- Slab Mat Top Bottom Nominal (actual)
¢omponent deadcriptions and electrical

: A 1 5 10 1 (1.125
schematice are advised to censult the 25 5 pi] 2 22.?51)
Operation Manual-Model 15B Chloride Per- 2B 5 10 2 (not tested)
meability Test Instrument availablie as a 3 3 1e 3 3.5
separate publication. B 1 € 14 2 (2.59)

2 5 5 2 (2.3:5)
3 5 10 2 (2.375)
6. LABORATORY TESTING OF PROTOTYPE 4 5 10 2 12.4375)
INSTRUMENT c 5 10 1 {1.25)
2 5 10 2 (not teated)
Before proceeding ta actumi fiead T7 mm = In. X 35.4

testing, it was desirable to test the
arade 40, No. 4 (13 mm) bars were

used in all the mats, The mats were

prototype on slibs intermedia’ between

the small specimens tested in the earlier

phases of the project and full-scale secured to the plywood bases of the

forms by securel iri m
bridge decks, This would allow a more tms by securely wiring them ta bar

Be&



chairs, Actual covers (measured on the
exposed bar used to make thy poaitive
slectrical connection) were greater then
originally planned. This was attributed
to placemant of the topmost bars on the
chairs rather than securing the bottom
bars to the chairs., As the objective of
this tesk was to simply obtain a range
of known covers the foirRs were left
intact and casting was done using the
somevhat greater cover#é. Photographs of
the reinforcement in each slab are shown
in Figure 51A-C.

Thermocouples were installed in sach
mat at the locations denoted by an "X"
in Figures 51A-C. Copper-Conitantan
thermocouples (Type T) were first cast
‘nto 1x1x7~in, {25x25x170 mm) mortar
bars, then these bars were wired at the
indicated location just prior to placing
the concrete in the alab. Thermocouples
were located 1/2, 1, 2, and 3 in, (13, 25,
51, and 76 mm) frum the concrete surface,

6.2 Concrete Mixtures

Batch aualysie of the concretes ueec
to pour each slab are given Ih Table 19.
Chloride~fres materials {less than 0.01%
by weight as C1 )} were used, except in
Slab C where chloride was intentionally
added to the mix. The concretes were
designed for a w/c ratio of 0.5, slump
of 3+1/2 in. (76 + 1) ma) and air con-
tent of &+18.

6.3 Casting and Conditioning of Slaba
Each 8lab was caet in two lifta. A
apud vibrator was used to congolidate

the concrete, Blahs were struck off
with a magnesiwm screed. Wouden trowels
were used to obtain a rough surface on
one of the alabs (Slab B} to evaluate

the ability of the silicone adhesive to
obtain a good seal. No further finishing
wa8 done on the slabs.

a7

The specimens were cured under moist
burlap for 24 houiss, then tranaferred
outside and set on concreta blocks.
ing wams continced for 14 days, then the
burlap was remaoved and the alabs allowed
to come to equilibrium with the natural
environment. Appzoximately 6 weeks
elapsed betweern the time the curing was
ended and the timge each slab was tested;
prior to test each slab was allowed to
ogquilibrate at least 2 daye in the
environment of intereat,

Cuz-

6.4 Effect of Cover .

Teats were conductrd on Slab A
uging the equipment and procedures des-
cribed in Section 5. Amblent tempera-
ture was maintained betwean 70-75°F
(21-24%¢)

Test results are shown in Table 20.
There iz a difference of approximately
20,000 coculomabs hetwesn the areas of
higheat and lowest cover. There is a
good correlation between solution loss,
total chloride, and charge paszsed, Chlo-
vide profiles are shown in Figure 52.
The high chlo. ide levels close to 1 ii.
(25 wmm) for the glab with 1-in., [25 mm)
cover indicate a concentration ©f chlo-
tide at the positively charged rebar.
For the deepet covers it is evident that
the chloride has not penetrated to the
steel during the test period,

The relaticrahlp between clear cover
and charge passed is shown in Figure 53,
The plot was uszed to cbtain the charge
passed at npominal covers of 1.0, 2.0,
and 3.0 in. The ratios of the charge
paseed at 1 and 3 in, (25 and 76 am) to
the charge passed at 2 in. (51 ) are
shown in Table 21A.

Coree were taken from this slab and
sliced to 1, 2, and 3-in. (25, Sl, and
76 mm} thickneas, They were then tested
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{C) REINFORCING MATS-SLAB C

FIGURE 5I. (CONT.) REINFORCING MATS FOR PROTOTYPE TESTING,
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Slab A
W/C=0.50
-
20 O i in. cover
g 2in. cover
A 3 in.cover

o

mm=In. x 28.4

05

Percert C 1~ by wt. of Concrete
-6 .

0 2 4 .6 8 L0 L2 L4
Sampling Depth, inches

FIGUFE 52. CHLORIDE PROFILES FOR VARIOUS
CLEAR COVERS.
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FIGURE §3. COVER VS.CHARGE PASSED.
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TABLE 19

CONCRETE MIXTURES

PROTOTYTE TEST SLABS

Mix Juantities {lb/cu xd!‘u

Cement Watar sand
A 432 211 1,31
B 423 212 1,316
c 423 212 1,306

1/ kg/m® = lbsya? X 9.594
2/ Added as CaCJ2 2
3/ am = in. X 2574

2/ slunpa/ Air
Gravel gl A{in.} Ry
1,968 Q 2.5 6.3
1,875 fi] 2.6 6.0
1,958 5.0 3.5 5.9

28,0 {408 aclution)

TABLE 2)

Cover 1/ Solution_Loss Total Intagral €.~ Charge Passed
{httual-lnchesn) IV C1 ) {arbityary Units) (coulombs)
1.125 0.49 -2/ 50,300
2.25 0.37 .56 3%,3480
31.50 ¢.30 0.48 30,008

17 mm = in. X 2%.4

2/ Sampled not tzken below l1-in.

in the “"applied voltage cell™ (Appen-
i® 1), Results sre shown in Table 21B.
Table 21A ahows reenlts ror the slab
tests. The effect of cover In the slab
tegt ia less savere than the effect of
thickness in the core tast. Also shown

TABLE 21A
SLAR A

EFFECT QF CLVER

Covctl/ Charge Pasandzl 3/

(in.) __'coulombe) "Ratio” (2"/ )
1 52,000 0.80
2 41,500 1.00
3 33,200 1.25
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(see chloride profile - Fligure 1)

{Figure 54) 1a the relationship between
slice thickness and charage pasged for
both the cores taken from Slab A, where

the cement content was 422 lb/y63
{250 kg/m®) and rounded siliceous

TABLE 2B
CORES PROM SLAB A

FEEFECT OF THICKNEES

Thickness Charge Passea® gatio’/
iin.) (coulomba) 27 )
1 6,200 0.49
3 3,050 1.60
3 1,R00 1.69

I/ m@ = in. R 24.4

2/ Tesken from Tigure 53

3/ Rario ol charge passed at 2 in.
451 mm) of cover to charge pasaed

at
indiceteadé caver.



6 W/C=0.50
\ O FHWA
® Slab A
mma {n, x 25,

Charga passed , Coulombs , Thousands

4

3

2

) | | j ] J
0 H.Q 1.5 2C 2.5 30

Slice Thickness, inches

FiGURE 54. COMPARISON OF CHARGE PASSED BETWEEN
TWO DIFFERENT CONCRETES HAVING EQUAL W/C RATIOS.
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ajgregate was used, versus cores taken
from the previocusly testad FAWA slabs,
whare tha cement content was 558 lb/yd3
(390 kq/nab and angular carborate
aggreqgate was u3ved., There is very good
agraement between ihe twe seta, indicnt-
ing that mlx factors other than w/c ratilo
have only a minor effect.

6.5 Effect of Reinforoing Cage Geometry

Test results on sectlons h.ving
varying rebar spacings sce shown in
Tabla 22, Chloride profilea (not nhown)
were egsentlially ldentical, Thoase
results indicata that rebar spacinas,. at
leant within the ranges =pcountered in
practice, have no sigrificant effect on
the Lteat.

6.6 Effect of ambient Temperaturs
The temparature distributions

reached after 18 houre of heating the
concrete surfacer to 140°F (60°C)

ace shown in Plgure 55. As would be
expected, the highest tamperatures are
reached on the slab atored at 100°P
!38°C:. The Adlfferences between the
three comditions ayn less at the 0,5%-in,
(13 rn) level and increase at greater
depths. A malfunctioning tharmocounls
preventsd obtaining readings at 2.0 in,
{51 mm} for the elab storer At 100°r
(3e%;.

Regults for teste conducted at the
three temperatucts levels are shown in
Tzble 23. As expected, charge pazasd
during the teat incresses with the

TABLE 22

TEST_RESUOLTS

EFFFCT CF BAR BPACING

Spacing - top Mat

Top steei Bottom Steel Solution Loss Total Integral €1~ Charge Paased
(inches) {inches) {t Cl ) (Arbitrary Unite} {coulonbs)

5 10 .17 0.5%6¢ 39,380

6 14 3.34 0.57 41,577

S 5 0.35 0,56 41,404
T/ mm = in., X 25.4

TABLE 23

TEST RESULTB

EFFECT OF TEMFERATURE

ARbient Temperature

3olution_Loss
“n (v 1)
40 06.232
72 0.37
100 -

1 9% = 5/9(% - 323

Total Integral C1- Charge Pagaed

{aArbitrary Unita) {coulombs}
0.44 29,292
0.56 39,380
0,46 42,000



Ambient Temperature

A 40°F (4°C)
140 o] T2°F (22'(.5)
(m] I00°F (38°C)

130 k- °c-§9- (°F-32)

mms |n. x 25.4

Temperature, °F

120 \0
o
100 |-
o) i ) 1 1 ]
¢ 0.5 1.0 15 20

Distance From Surfuce , inches

FIGURE 55, TEMPERATURE DISTRIBUTIONS iN CONCRETE
SLABS.
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increasing ambient texperature. Due to
the pratest heat so:tk of the test arsa,
howevar, the differances area not as great
as would be obtained If one scarted the
tegt on elabs at the ambient temperature.
Regults for all temperatures place the
concrate into the range of moderately
high permeabllity (30,000 to 50,000
coulorba) .

6.7 Tast of Chloride-Laden Slal:

A slab prepared with 5 ll:y'r63
(3 kg/nd) €17 and 1-in. (25 wm) of
concrete cover was subjectsd to che
appiied voltage tust. The tert wa:o car-
ried cut in an ocutdoor test plot, ambient
temperaturs ranged from 60°r (27°C) at
the start of tast to B7°F (3.9C) at the
termination. Total charge passed waa
52,300 coulomba, close to the value of
50,300 coulomba measured on a chloride-
free slab of equal clear cover indoors
at 72°r. Ro slgns of conzrete distreuns
were seen during the teat pericd. A
core taken through the atael at the con-
clusion of the teat showed only very
alight corroeion of the steel reinforc-
ing bar, th2 corrosion products being
contained within a 45° urc frem top-
center of the bar and exuding about 1 mm
into the adjacent concrete,

7. PLELL_TRIALS

Fleld trials using the Model 158
Chloride Permeabllity Instrument weree
conducted on two brilge decke in the
State of Wisconain during the summer of
1980. The major oblective of these
field triale was to evaluate the per-
farmance of the inuntrument under actual
field conditions, On both sites con-
struction was on-¢oing, thue providing
"worst case® copdlticns for ruggednece
testiny. L secondacy objective was to

interpret the teat resulta in order to
gain some information on the permesbil-
ity of the test asctiona. The fact that
some influences, such as variable overlay
depths, are still relatively unquantified
limited this objective. Frinally, cores
were obtalned from these two bridges plus
cne additiznal structure for rvaluation
in the labaratory using the acplied
voltage celi,

7.1 Bridge 1 - Conventional Concrets

Deck
7.1.1 Background

The first bridge chosen (Wisconsin
B-35~73) was a four-span, conventional
poured concrete dock on 70-in, (178 mm)
prestressed I-girdars The deck was
poured in July of 1979, and is part of a
newly constructed interstate highway
{I-43). No deicing salt has been
applied to this deok., Structural
detalls are given in Appendixz 6.

The deck was paured from sauth to
north abutments using crane and bucket
techniques,

The entire poir was com

pleted in ore day. Concrete mix propor-

tiona are shown in Table 24.

TABLE 24

BRIDGE CECF. CONCRETE

Quantity {1b/cn yd)i/

Cement (Type I) - 558
Sand - 1,200 (P.M. = 2,72;
Gravel -

1,800 (¥ t=in.%¥ maximunm
sine)

Water - 297 fu/c = 0,.45)
WRDA - 3.81 £1 cz/cwtd
ABA - 2,74 £1 oxfcety

YV ky/m? = 1b7yad X 0.594
i/ mm = in, X 25.4
¥ ml/kg = £l oz/cwt X 0.65



Slump and air contents were moni-
tored at frequent intervals du:ing the
poira. Sluap ranged from a low value of
1.5 in, {38 ==} to a high of 3.25-in,
{63 me), Alr contents ranged from an
initial low of 2.0 ro a high of 7.3%,
althcugh the remainder of the readings
ware much closer to apecifications (5.3
to 7.0%). Inspection of the job tickets
indicated that the initlal truckload
{10 cu yd - 7.6 n3) of concrete had
approzimately & gal {30.3 L) more water
than the reat of the loads, 7This lcad
corresponds to approximately the first
10 linear feet of concrete placed from
the south bridge abutment, The deck was
cured for 7 days upder wet burlap afrer
placement. It has been closed to the
public eince conatruction, apd no deicing
salt has been appli- 4.

7.1.2 Test Locations
The bridge plan shoving test loca-

tions is shown in Pigure 56. Field
resgts ware conducted on locations 1-4,

Cores 4 in. (102 mm) in diameter wera
 eaken approximately 1 £t (0.3 m) away
from the test areas and also at location
5. Becauae of high-speed construction
traffic (gravel truckas) all field teats
were conducted in the 10-ft (3 m)
ghoulder area,

7.1.3 runctioning of Eguipment

Ko major problems were encounteres
with the equipment The pyromster, how-
ever, used to monitor temperature during
the heat/souk period was Pound to read
1ow due to 4 heat-aink effect, For this
reascn, an auxillary thermocouple was
insaerted into the chamber throvgh the
fluld fililing valve and a portable
digital thermometer (Flike Model 2176A)
wai used to monitor the temperature of
the limewntar and saltwater golutions.
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The generator waes capable of running
for up to 14 hours off the 6-gal (22,7 L)
suxlliacry fuel tank. Thie required that
tha inveatigatore return to the test site
batween 1800 and 1900 hours to refill
the gasoline supply.

7.1.¢ Test Regults

Eesults of tha flald testing are
shown in Table 25. Valurs for chaige
paogsed and polutlon lose lie between
previous laboratory values for concrates
having w/c ratios of 0.4 to 0.5,
Although ambiant temperature appears to
have litt'le aignificant effect, the
effect cf elear cover ls subatantial
(see Figure 57). The field results
appear dore senditive then previais lab
tegts, The results &o shos that at all
covers the resulta for the councrete
bridge deck with stated «/c ratlo of
0.45 do fall between those for w/c ratios
of 0.4 to 0,5,

Analyses of "blank” chloride powder
samplea taken pricr to tegting at loca-
tione 1 and 3 indicated baeeline chlo-
ride contents of 0,055 and 0.078& C1°,
reapectively, This could explain the
erratic results for total integral ctlo-
ride obtalned by integretica of the chlo-
ride profiles (Fiqure 58}, and subtrazt-
ing the os:eline values from the result,
As thia deck had not baen salted, the
chlor lsle wvost likely wag dus to chleride
bearirg aggregat=s used in the concrete
mixture, Theae results indicate that
chlonide sampling after test is in-ppro-
priate where large amounts (> 0G.01%) of
chlaride are detected in the blank
samplea,

Results on cores taken from loca-
tions 1-5 are shown in Table 26.

Referance to Figurs 55 shows the
core test results (open trlangles) in
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TABLE 35
FI1ELD TESY RESULTS

Conventional Dack - Manitowoe Rapide, wWisconain

1/ Air Temp. Range

Total Integral

Cove:2/ 3/ Charge Pasaaed Bolution_Loss U
Location (im.) {°F] {coulombs) (s C17) Chlot ide

1 2-1/4 72-87 31,990 0.30 C.66

2 2-1/2 61-68 26,680 0.25% -

3 2-3/4 66-71 22,672 0.22 0.33

4 2-3/8 54-69 33,648 0.35 -

1/ Heasured approximately 5 in. (127 wm) cutside actual test area on transveras bar

2/ mm = in, X 25.4

3/ % = 5/9¢°p - 31
4,” Corrected for baseline values

comparison to previons data, With the
axception of locaticn 1}, all results are
close to those obtained on w/c = 0.50 in
pravious tests, This result for location
3 is much lower, checking the low field
test result at this location. In gen-
eral, the core test results when compared
with previcvs data would indicate an
effective w/c ratio equal to or slightly
greater than 0,50, The field results,

at covers close to 2.0 in., indicate an
effective w/c ratio somewhat leas than
0.50,

TABRLE 26
CORE _TEET RESULTS

Conventional Concrete Deck

S5lice Solution
. Charge
Thxckn;:a rassal Losg
Location (in.} {coulombs) 8 C1 )
1 1.98 3,402 0.35
2 1.43 3,160 0.32
3 1.498 1,372 0.21
4 1.96 2,93% 0.34
5 1.96 2,623 0.29

T/ mm = In. X 25.4

7.2 Bridge 2 - Dense Concrete Ove:rlay
7.2.1 Background

The second bridge (Wisconsin
B-41-62) was a threes-span conventional
poured concrete deck on 36-in, (914 mm)
prestressed I-girders, A denee concrete
overlay had recently been agplied to the
deck as part of a highway rehabilication
Program, encompassing approximately
15 mi. (24.1 km) of Eastbound I-94
between Millston and Warrens, Wieconsln.
The initial structure was completed in
1965. The overlay was placed in June of
1980. HNo deicing salt had bean applied
to the overlay; chloride contents had
not been determined on the original
deck, BStructural details are given in
Appendix 6,

7.2.2 Overley and Test Locationa

A dense ("Iowa Method") portland
cement concrete overlay was placed ovar
the criginal deck surface in June 1980,
Mix design is shown in Table 27,
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TABLE 27

DENSE OVERLAY CONCRETE

Quantity (1b/cu yd) o

Cement - 823

Sand - 1,172 (F.M. = 2_ 73}

Qravel =~ 1, 312 fl’!-in Yy luinul size)
Water -~ w/ec = 0.35)

auality Control Testing

Slump (45 min. intervals) - 3/ in.
/2 in., ¥4 in.

Adlr (45 min, intervela) = 5,54, S.8%,
5.6%

i kg/md = 1b/ya? x g.5%
%/ ma = in. X 25.4

Slump and air content tests taken

during the I-hour pour indicate good
uniformity. The concrete was mined in a
“Concrete-Mcbile.” The overlay was
placed to a plan depth of 2,375 in.
{60 mm)}. Transverge grooves 0,125-1n,
(3 sm} wide, 0.0625-in, (2 w) deep and
spaced 0.75 in, (19 om) apart were made
in the fiesh concrete in order to pro-
vide improved skid resistance,

The overlay was approximately 2
monthd old at time of testing. Bridge
deckh plan ard test locaticone are shown
in Plgure 60. Complete tests were car-
ried out on iocations 1 to 4, On loca-
tion 5 a core only wae obtained for
later lab testing. Heavy construction
traffic reatricted our teating for the
mOst part to the 5-ft-6-in. (1.7 m)
shoulder lane,

7.2.3 Test Results

Teet resulta are shown In Table 28.
Results rarge from a high of 17,690
coulombs at location 1 to a low of 9,250
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coulombs at location 2. Solution loss
velues correlate well with chargs passed,
Chloride profilea far locations 1 through
4 are showh in Plgure 8L, They are
closer than would be expected Eram the
ditfference in charge paased and soluticn
lcas between four locations. The higheat
total integral chloride wvalus (location
4) is 50% greater than the loweat (loca-
tion 2), but the highes: charge papmsed
value (location 1) {s almost double the
lowest {location 2). Additlonally, the
highest total chloride (location ) is
hot associated with the highest charge
prased (location }), The loweat chloride
velues, however, are associated with the
loweat charge paBeed [location 2).
rent va time curves are shown in
Figure 2. The cause of the high cur-
rents agpoclated with location 1 could
not be readily ascertained. Mazimum air
temperature was somevhat higher for this
location, but cover for location 1 was
greater than any of the other locaticns
Additionally (see Table 29), a core taken
1 fr (305 mr; from the test section
showed an rwerlay thicknees of 2.%2 in.
{64 mm), greater than th.: of the othes
It is perhaps possible
that immedlately inaide the actual test
urea the overlay thickneas was less;
this could not be verifled because no
additional coring was zllowed Erom thia
deck,

Cores taken from this deck were
then tested in the appllied voltege call,
Core slices were cut &t the sobstrate/
overlay interface, Test results are
shown in Table 30. Plgure 59 (page i0l}
ahowg the test results in compariscn with
previcus testa in the cell. Locaticvns

Cur=-

test sectlions,
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TABLE 2§

FIELD TEST RUISULTS

Danse Concrete Overlay - Lincoln, Wisconsln

CGv-rff Alr Teap. Range

Location [in.) e {coulomba) (el
1 4=1/2 65-88 17,690 0.2%
P 4-1/8 47-7% 9,350 0.10
3 3-1/8 73-82 13,390 0.24
4 i-1/4 67-73 12,190 0.17

Averags 4-3/1é 13,130 ¢.20

0.27
v.a2
0.27
0.13

D.27

Charge Passed BSolution_Loss Total Integral
Chloride

1/ %easured approximately 5 in. (127 ma) outside actual tert srea on

transverse test bar
4 s = in, X 28.4

3/ % = 5/91°F - 32)

TABLE 29

ovaRLAY TEICKNESSY - 1nches?/

Location  Maxisua Minisum Average
1 2.75 a.43 2.512
2 2.04 1.51 1.748
3 1.75 1.50 1.80
4 2.56 2.125 2.30
5 1.90 2.40 2.57

Y7 Neasured on cores taken approximately
1 £t (305 Em) from teat area
2/ wm = ip, X 35.4

are denoted by numctals inside the open
circlua on che plot. All reaults lia
above the line denoting & w/c ratio of
0.40. Locations 2 end 5 sppear to
suggest a +/c ratio close to 0.4%,

These results indicate highor per-
meabilities than previcusly encountered
with dense overlay materials prepared in
the lab {closed circles), and alsoc con-
flict with tha field test resulte., The
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TABLE 30
CORE TBST RESULTS

Dense Concrete Overlay

Slice Solution
Thicknees ghnrge Loss
. i wBsed -
Locat ion {in,} (coulombs) (3 Cl }
1 i.98 1,846 0.07
2 1.4% 2,846 0.17
3 1.48 2,015 0.06
4 1.98 1,480 NA
5 1,97 1,588 0.11

7= In. X 25.4

field teats, however, included approxi-
mately 2 in. (51 ma) of aubstrata mate-
rial in the test sections, The tests
done on slabs preparad by FHWA had only
1 in. {45 am) of substrate concrete
beneath the 2=in., (5. Bam) overlay.
Therefcre, the total concrete thickness
between the surface soiution and the
steel wae approximately 1 In. (25 mm)
greater in the field tests than in the
lab teats. The field test results are
thus overly optimiatic if cne makes a
direct comparison without congidaring



the difference in cover., Obvicusly,
much more work will have to be dons in
the future sc that a data base encompass-
ing varicua overlay and substrate thick-
neages can be compiled.

In summury, the core (cell test)
reliable than the field
this deck, Thess
resulte indicate that this concrete is
comparabls to an ordinavy high quality
concrete (w/c = 0.40 - 0.4%5) and not to
a low p:roeabllity, Yow w/c ratio {less
than 0.35) dernse mixtore,

resul_s are moca
tast results for

7.3 Bridge ) - Polymsr-Concrete Dverlay

Oon the third structure, cores for
avaluation via the laboratory apnlied
voltage cell were obtained. No fleld
testing was done,

7.3.1 Inatallatioa of Overlay
Trhe overlay was inatalled on Bouth
Fork Ash Creek Bridge {No. 491A} in
Independence, Oregon., The bridge rcsiway
waz 8l1-ft (24.7 m) long by 28-ft {l1l.6f m}
wide,. The deck ccndition waza good with
no delaminations detected. Chloride con-
tent was below 0,002% by weight of con-
crete., The deck was sandblasted prior
to polymer-concrete application in crder
to remove dirt, oll and surface®Phitance.
The mcnomer chosen was a thermoset-

ting, medium viacoaity vinyl eater resin
(Derakane 411-C-50, Dow Chemical Corp.).
Sther chemical constituenta added to the
mix are glven in Table 31A, showing the
anount added to each layer of the overlay
system, The aggregate used was Wedron
El-8 weohed and d:1ed 2and, having the
gradation given ir Table 31B.

Just prior to applicsation of the
first resin coat, the ifnitiator (MEE) was
added. The resin v 3 then poured onto
two, 20-ft long (6.1 m) sectiona of two
lanes. The resin was bruelied across the
surfuve, resulting in an application rate
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TABLE 31x
RESI)! FORMULMTION
FOLYMER CORCRETE OVFRLAY

Layer
1 -4
$ of Mon.aer
Chemical Component by Weight
surfynol 40QQ 1.0 0.0
Silane AlT4 1.3 1.0
Cobalt Naphthenate 0.1¢ 0,15
(12% robalt)
Dimethyl Anlline 0.05 0.05
Methyl Bthyl Ketone Peroxide 1.0 1.0

TASLX 318
SAND GRADATIONR

FOLYMER COECRETE OVERLAY

Sleve gise A Passing
8 (2.36 mm) 96
12 (1.70 mm) 66
16 (1,18 mm) 1%
20 {85Q um) 6
1% (600 pm) 2,5
2 2
of 2.0 ib/yd” (1.1 kg/m"). Aggregate

was then spread over the reesin st a rate
of 15 1b/yd? (8.2 ka/m?) and compacted
with a larger pneumatic roller. The
first layer was allowed tc cure for 2
houra, unbonded ag,regate was removed,
and the second laver was then cect.

Reein loadirg on this and aubseguent
layers was 3.5 1b/yd2 (1.9 kq/mz); aggre-
gate loading was the same ag for the
iirst laver. A %wo hour cure was allowed
betwsen the second and third, and the
third and fourth layera. Three hours
after placing the fourth layer the lane
wad ceopened to traffic. The remaining
sectione of the deck were completed the
next day.

7.3.2 Teat Results
Four cores were extracted from the
deck and shipped to PCA/CTL for teating

in he applied voltage cell. Total corm



slice thickness, oOvarlay thickress, and
sharge passed are shown in Table 32, It
is easily sean that all cores exhibited
sero chargea passed during the test perlod
of 6 hours. Resistonce measured across
the cell was greater'than 106 ohsé in

all ceses, contirming the dielectric
naturs of the overlay.

TABLE 32

FOLYMER-CONCRETE CORZES

¥BST RBOULTS
- v Charge
Thickness I nchas Passed
Cores Total Blice Overlay {coulomba)

1 1.92 .82 0
2 1.97 C.80 0
3 1.% 0.80 0
4 1.38 0,92 0

Y == = In. ¥ 25.4

7.4 Safety Conslderaticns

The possibility always exiats Lhat
exterrial metallic bridge merbers, such
as handraila, guardralls, steel beams,
and electrical cordult may be elaectri-
cally connmcted vith the reinfereing
mats in the deck slab., 1f the return
path to the teat arsa were sufficiently
conductive, perscnnel might achleve a
lethal ahock by touching an exposed
2atalllic surface., To check this poaai-
bility, voltage drops between an aluminum
handrall %nd the concrete surface were
deternined during an actual test. The
curb aream wes wett+d prlor to test.
Except for areas lese than 8 in, (200 mm)
from the test dike, the voltage drop
between the ralling and the dack wag
leme than 1 volt, Assuming that the pin
connection and test cell are covered, a
potentlally hazardous situation would
arise only if the test area were lmmedl-
ately adjaceat to the exposed metallic
member, such aa &t a curb line. In this
case, nornecnductive footwear should be
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-in a nylon meah bag,

worn and personnel should stay ¢lear of
the cell during application of the 80.0
volte.

8. OTHER TECHNIOUES
Although the major aim of this project
was to develop the applied voltage
technique, a limited amount of effort
was devoted to evaluation of other
~andidate techniques. Thame ilncliuded
water-vapor transmission (WVT), air
permeability, and Four-pin resistvity,
Brief sumparics of the testing and
results follow,. The fcur=pin resis-
tivity method s described in more
detall in Appendix %,

8.1 Water vapor Trunsaission [WVT)
Cor. 8'ioe specimens, 2x4 irn.

[S1x1N? 2m}, were prepared in a manner
similar to that used for the apniied
voltage cell test, the periphery being
coated with epoxy and the specimen then
vacuum saturated overnight, The test
acparatrs wae identical to the applied
voltage cell (minue :he mesh screens ard
electrical connectors;, with the excep—
tion that the left side reservoir ware
fitted with a 4 mm I.D. caplillary sight
tube approximat2ly 35-in. long., A mm
scale was affived to the tube. vrior
test, the left side of the cell waa
filled with tap water and intc the right
side was placed sppioximately 60 gm of
"drierite® desiccant (CaBo ) contained
The entire appara-
tus (with the exception of the sight
tube) was then planed in a water dath
maintained st 80 + 0,2% (27 + 0.:°0).
The apparatus was allowed to eguilibrate
for 2 hours, then capillacy reudinga were
taken a= hourly intervalo., Resulcs on
glices where 1/4 in. (6 mm) of material
waa removed from the surface are pre- ‘
sented In Figurea 63 and 64 £ full-

to
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depth materials and Figure 65 for over-
laya. 1In ordear to quantify the results,
the drop ln the level of water Ln the
capillary wvas corverted to - perseability
cosfficient by the following Porwula:

3.2::_'1‘

where K = permeabllity coefficient

{g/cm-0)

nass of water per unit
capil.ary lenoth (g/cx)

rate of capillary drop
(cm/8)

lenath of specinen (cm)
area of specimen (I’:lz}

Permeabllity coefflclents arc given in
Table 33}, The materiale appear to lins
Up generally in tha expected order of

permeabilities. The esgentially ecual

TABLE 33

WATER VAPOR TRANSMISSION R¥SULTS

Permea ilige

Coefficient
Slab_ Description tgm/s-cm X 10"/}
3355 w/e = C,60 19,9
3155% w/c = 0.50 .87
3390 w/c = 0.40 6.65
3400 Int, Sexrl - 3.81
Unhes ed
34018 TIntk, Seal - 3.27
Hested
3395 Latex - Pull 0.30
bepth
3380 Iowa - Propec 0.3%
33715 Iowa ~ Improper 0.21
3370 Latex Oveclay 9,16
3360 Int, Sea: =~ 0.5
Overlay=-Unheated
19-93 Pp.1.C, - Pull 1]
Depth

permeabilities of the 0.5 and 0.4 water~
cement ratio concretes were confirmed by
later FHWA 9%0-dav chloride ponding tests,
The technique, however, failed to dietin-
gulsh between hieated pand unheated inter-
naily sealed concrates, and showed

anomaious resulta when applied to

properly and lmproperly consolidated
"lowa" concreted, Turthermore, some
specimens éxhihited an anomalous riae in
capiliary ¢olumn height Auring the test
period. As workers at the X:nsas Depart-
ment of Transporistlon (32} were develop—
ing more refined techniquea for WVT tent-
ing, it was declided to terminate thie
phase of the investigations at oCA and
devnte principal emphasis to development
of the applied voltage technique.

8.2 Alr Parmeablility

Two sets of 2xé=-in. (51x102 mm)
slices (ona set with two sawed facea and
one set with one finirhed face) were
dried in a forced-draft oven at 140°F
(60°C) for 24 days. At this point
weicht losas vas lees than 0.5 gm per
18-hour period, The specimens were then
individually wrapped in Baran and
aluminum foil, sealed in "2iplok® bags
contalinling a small amount of drierite,
and shipped to & commercial laboratory
for air permeability teating.

The specimens were teated at 32 psig
(220 WFa} ucing dried air. They were
sealed intc a test chamber by appiica-
tion of external praasure to a rubber
bcot gurrounding the periphery of the
gpecimen, In thin manner air flow was
restrieted to the longitudinal direction.
Readings were taken on flow meters unti)
a steady-state was achieved, PFor these
gpezimens this equilibration time was
ybout 15 minutes. The permeabllity (in
mitlidarcys; was then calculated Proa
the following erpressicn:

2,.0,.p, L
Alp,

k = X 103 iy

“1’2)

where k = pesmeabillty, miilidareve
(m")

N = gat viacosity, centipolige
{Pasg}

17 Tore Laboratorles, inc., Dallas, Texas.
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volume flow rate, ce/a lI!/'E}

inlet pressure, atmoa (Pa)
outlet pressure, atmne (Fa)
flow length, cm (m)

teat specimen area, cn’

(m?)

Unfortunateiy, it was not pogsible to
obtain further details ©on the apecific

equipment or

test procedures used to

perform the alr permgability teating.

Resulta

are presanted in Tabnle 4.

Although resclts for conventlonal con-

crete are reasonable, there are discre-
pencies Io: the Aata on the modified
concrete ayatems. Yor example, latex
concrete shows lower air permeability
than heated internally sealed concrate.
It ls posslble that, if the capillary
epaces in internally sealed concrete are
only partially filled with melted wax,
then relatively high air perneabilities
could be maintained, while water (or
chlaride sclutinn) permsability would
decrease Jdue to a hydrophoblc effec:.

TABLE 34

AIR PERMEABILITY RESULTS

Slice Tvpe Alr Permeability AverFe

1385 - 1A w/> = 0,80 0.12 0.14
- 1B 0.15

3353 = 1A w/c = 0,50 0,10 0.11
- 1B « 0,12

3390 = 1n w/e = 0.40 0.03 0.06
- 1m 0.99%

3400 =~ IM Int. Seal, Full Depth .05 0.06
- 1B 0.36

3101H - lA Tnt. Seal. Full Cepth-hHeated 0.01 0.01
- 1R 0,01

339% « 1A L&tz = Pull Depth <0.01 <g,01
~ 1k <0.01

3180 - 1A Iowa -~ Proper 0.04 0.04
- 1A 0.0}

3375 = 1a Iowa - Improper 0,04 0.06
T 0.07

3370 - 1A Latex Overlay 0.04
- 1P <0.01

3366 - 1A Int. Seal, Ove:lay 0.01
- 1E <0.01

18-63 = 1A P.I.C. - Full Depth <0.01
- 1B 0.03

3410 -1 P.C. Overlay + Pase Course <0.¢1 <0,01

2 in. total thickneas
i - 2 P.C, Overlay Only <0.01 <0.01

B

youmx

C.5 Ir. thickness
WOTE: A = 8llce includes top finished surface

0.25 in. cut off finished anrface
1,01 x 103
X 12.4
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Onheated internally sealed concrete has
an air permeability esssntially the same
a8 conventional concrete with w/c = 0,40}
a hlgher value is expected, In addition,
the suplication appears to de poor in
some cafes {see results for S5lices
3370-1A and 1B, 15-%3 1A and 1B).

It is possible that some of these
ancmalies can be traced to the drying
given to the alicesa prior to test. Drv-
ing is & neceasity prior to air permea-
bllity testing. The literatuce review
showed that molsture ¢ontent can have a
strong influence on results. In view of
the sumswhat questionable results, the
lack of precise information on teat
aquipment and procedures, and the diffi-
culty of adapting such a test to a fleld
situation, further developmental work on
thia technique was halted,

8.3 Depth of Impermeability - Resgis-
tivity Technique

A mathod previously used (42) for
determining depth of polymer l=mpregna-
tion ueing a four-pin resiativi:y tech-
nique wac applied to same of the FAWA
alabs, Thia work wams carried out by
Professor Carl Locke of the Oniversity
of Oklahaoma and a student meulgtant, A
description of the tests and analysis of
tle data is included as Appendix E.

The general conclusion derived from
tiese tests waA that the technique was
nat pufficiently wengltive to determine
the difference in resistivity occurring
1t the overlay/bage course lnterfaces
for the matsrfiala used In this study.
Mditlonally, we have seen that surface-
heated Internally sealed concrete hagé no
sharp line of demarcation separating
heated and unheated levels, but rather
contairs a contiruum of material heated
to varlous degrees, which reflects the
temperature aradient established in the
slab at the time of heat treatment.
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Thus, there n unique "depth of
imparseability” for thie caae,

9. SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

9.1 Suemary and Conclusicons
9.1.1 General

& portable instrunent haz bean
devaloped for measaring chlozide per-
meability of various types of corcrete
poth in-sltu and in the laboratory, The
instrument relies on the accelerated
migration of pegatively charge chloride
icne toward a positive electrode undec
the influence of an applied voltage
field, In the field mode the topmoat
reinforcing mat is uased a5 the positive
electrode; in the laboratcry a apecially
degigned teast cell is used to hold a
3.75-in. (55 mw) diameter core teat
specimen. Both modea utilize a 2,08
sodium chloride soluticn as the permeant.

The fleld (in-situ)} teet I{s carctied
out over a two~day period, Althcugh the
applicaiticn of voltage laste only 6
hours, laboratory testing indicated that
extremely Ary concrete would produce
snomalous test resultg. FPor this reasen,
& vacuum/heat soak cycle utilizing lime-
water wae developed and & portable field
vacuum/heat chamber was consiructed,
Prior to actual tesc, the test area,

measuring approximately 121 in.2
(780 cnzl,is placed under vacuum for
1 hour and then ponded with llmesater
maintained at 140°¢ (60°C) for 1:
hours, The limewater is then remoyed
ard 80.0 vdc is applied to the calocide
solution feor a period ©of 6 hours, After
completion of the teat, the concrete may
be sampled for chloride conteat uaing
standard techniques.

Por the laboratory test, a similar
procedure is nsed although the soak
solution 12 not heated. In this caee,



60.0 vdc ia applied across the core
sperimen. The reproducibility of the
test was established for multiple speci-
mens taken Eram the same concrete glab,
It 18 Of the order of §-8 percent coeffj-
cient of varlation,

Data which can be generated include
total electrical charge fin coulombs),
loss of chloride from the tast solution,
and total chloride contained in the drill
sample (field test only). Correlations
have been established between these
parameters and FEWA %0-day ponding data,
For the field technique, a correlation
coefficient of 0.92 and standard srror
of 31% have beaen estabiished for the
relationahip between charge pasesed and
total chioride after 90-days of pording.
For the laboratory teest, a correlation
coefficient of 0.83 and staadard error
of 398 have been establiahed for the
cxme relationship, Pecause of the rela-
tively high standard errors, the test i
beat utilized to rank concretes in terms
of thair relative expected peimeability
rather than as = predictor of 90-day
ponding resulta,

?2.1.2 Effects cf Test Variablss

The most lmportant variable to be
considered ig that c¢f clear cover. Ir
the labcratory version, where core speci-
mens are utiliaed, a atandard thickness,
{51 mm} can be specified,
When cores taken froe overlays ars to be
tested, the core can be sectioned so aa
to include only the overlay material,
Test results can then be compared t5 re-
sulte obtalned on specimens of the same

usually 2 1n,

thickness from a variety of concrete.
The laboratory procedure shows obvious
advantages over the field teat because
effects of cover and temperature can be
el iminated,

For the field teat the only complete
set of data cencompaasing zl} conccate
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types are for alabsg having 2 in, (51 mm)
Limited 1laboratory
testing on & single concrete type over a
range of ocvers from 1-3 in, (25-75 mm},
indicates that chairge passed may vaiy
+20 percent from the values obtained at
2=-in, (51 mm) cover, It 13 not yet known
vhether this can be universally applied.
Additionally, no means are yet available
for ant. vzing field test results where
overlay ind substrate thicknessea vary
from those ~htained on laboratory

of clear cover,

speciners.

Ambient temperature has been found
to be important over the range of
40-100°? (4-38°C} but had 1ittle apparent
influence under the smaller Alurnal fluc-
tuations eacountered during actual field
testing. In order to make ihe teBt
applicable to a wide variety of environ-
ments and concretes, however  more data
will need to be developed on thic aspect
of the testing.

Uitz variables, such as reinforce-
ment cage geometry, concrete mix design
factors, and chlorids content of concrete
prior to test have been found to exert
ouly minor influences on the test
resuits,

9.1.3 Ease of Operation

The entire field test can be con-
ducted by one person plus an assistant,
Ho spocialized knowledge ocher than
instruction and traininy in the use of
the equlpment {8 needed. Obtaining
cores for the laboratory tast presents
no problems not ordinarily sncountered
in corirg highway structures, Running
the fle’.d test in-situ, howaver, requires
that, the section being testad be closed
to traffic for at least i0 nours contin-
Additionally, the
test chambar and auxiliary generator
must e left in operation at the test
site overnight,

uoualy for each test.



9.1.4 B8alety Considerations

As with all electrizal devices
operating off line voltage, caution muat
be exercised. Persunnel should keep
clear o7 the test c211, pin connection,
and lead wire terminations while the 80
volts is being applied, If the test
area is close enough to exposed metallic
gurfacea (such as handralls, steel beams,
etc,) that one could stand imaediately
adjacent to the cell and simultaneouly
touch the guatdrail, nonconductive foot-
wear should be worn, As standard practice
personnel should keep clear of the call
and an area about 1 ydz (0.8 nz) Byr-
rounding it,

9.2 Recommsndations for Fyture Resaarch
9.2.1 Improvement of Current Techniques
The instrumentatlion for these mea-
suraments is atraightforward and does
not need additional refinement at this
stage. What is needed ip the development
of a more complete body of data concern-
ing the effects of concrete type, clear
cover, overlay depth, and .emperature on
the teat rcaulta, Also, more work needs
to be done in establishing a routine for
obtaining and verifying the existence of
e uniform moisture content iln the test
specimen. S5cme work is needed to attempt
to reduce the time needed to carry out
the field test, A research progranm
designed to meet these objectives could
take the following form:

Laboratory Test
1. Obtain core specimens from a variety

of concrete materiale, similar to
those prepared by FHWA for the ure-
sent study. nNbtala known moieture
contents by a veriety cf vacuun
gaturation routines and run 6 hour,
50.0 Vdc teats on all apecimens.
Thede results, coupled with a know-
ledge of the saturation molsture
content of each material, could be
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used to determine the optimum con-
ditiloning to be used for laboratory
tests, This wculd remove some of
the uncevtainities present in the
current procedure, where one does
not know whether different types of
concrete are belng brought to the
same percentage saturation during
the conditioning phase,

Field Test
1. Prepare concrete slabs similar to
those used in the present study.
Investigate effects of ambient
temperature on test results for a
wide variety uf concretes. Inves-
tigate a number of cowbinations of
overlay depth/substrate covers in
orde: to encompass 2 wider range of
possible field conditions.
Establish the minimum concrete mois-
ture content above which resatara-
tion of the slab im not necessary
prior to test.l’ This would aig-
nificantly reduce field test time
and make the procedure more appli-
cable to work on bridges alredy
open to traffic,

If possible, develop correction
factors to use in bringing field
teat results to standard conditions,

9.2.2 Bagic Research

Applications of the applied voltage
techniques and Interpretation of the
results are oceriously hampered by the
lack of understanding of the mechanism
of lon flow through concrete, Tha pre-
sent g8tudy, being gcal-oriented, did not
allow in-depth investigation of many

basic materials variables which can

I/ ATthough eafisfactory techniques for
deé. -mination of (n-situ moisture con-
tent do not now exiat, instrumentation
ie currently under develop.ient under
contract to FAWA which may lend itself
to auch research,



Influence the test., Effecta of ceament
composition and hydration state, aggre-
gate characteristice. mix design, matura-
tion, and temperature need to be more
fully understocd. FPolarization effects,
which apparently are manifested in a
decreaalng rate of cucrent fLiow, are not
well-defined., A better understanding of
the entire proceas will put the test on
a mors rational basia and most likely
allow further imprcvemente in procedure
and an i{ncrease in test efficiency.
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APPENT'IX 1
APPLIED VOLTAGE TRST - CORE IPSCIMERS

The teat conaists of a number of
steps, starting from obtaining a speci-
men ané ending with interpretation of
data,
procedurss necessary to complets each
gtep are described so that the user may
run this test utilizing "off the ghe'f"
components, v
tc machine the acrvlic applied volitage
cell as this is a custom component,

The materiale, ecuipment, and

It is necessary, however,

Step 1 - Obtainling Specimen
Equipment
1. Core Drilling Rig.
2. 4-in, (107 mm)} diameter (3.7%
in. (95 mm} I,D,) diamond
dressed core bit,

Procedure

Obtain core from atructure in
conventional manner. Place core in
plastic bag and return to laboratory.
Core should be of a sufficient length so
that a 2-in. (51 mm) slice can be taken
off the surface in the next step,.

Step 2 ~ 5izinq of Specimens
Equipment
1, Movable bed dianond saw
(Highlanéd Tarr Model 2453 or
equivrelent).
2, Specimen clamping holder
(Optional),

1/ The electronic unit [RLC Instruments
Model 158) used for field testing
{Appendix 2) may also be used in the
laboratory test., In this case "Tesat
Volts® is get at 0.0 vdc, and a short
Jumper wire is inserted into the over
temperature senscr conrector, All
other functions remain the same as
when the unit ig used for field
teating,

&/ IEf the gcore bit has a 4.00-in,

(102 mm) I.D,, the dimensions of the
applied voltage cell (Step 4 and
Flgure 70) should be adjusted
accordingly.
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Procedure

1,

Step

Place core in saw and align
face of core parallel to saw
blade, 3et bed 80 A to
obtaln a aliee 2 in, (51 mm)
in lengkth, Zut specimen at
8low speed so a3 to obtain &
clean cut,

Remove any burra on belt
sander,

) - Preparation of Specimen

Haterials

1.

3.
Equipment

Rapid setting epoxy. (CIBA
6010 Rasin/XD-225 hardener a:
1:1 by weight is reccmmended).
De-aerated water [Boiled
water).

Vacuum pump oil,

Yacuum Saturction Setup - See

Figure £6.

1.1 500 ml separating funnel.

1.2 1,200 ml 2tainless steel
beaker,

1. 250 mm I.D, vacuum desic-
cator with sleeve tvpe
atopoock,

1,4 Laboratory vacuum pump
{Sargent Welch "Duc-Se=l™
Model 1405-6 or
equivalent).

1.5 U=tube vacuum manometer
0=-260 mm Ag (=346 kPa)
{(Sargent Welch Model
E=39745 or equivalent)y,

1.6 Vacuum hose, clamps,

rubber stopper, gqlass
tubing, stopeocks,
support atann.
Bpoxy coating =quipment.
balance, papes cups, wooden

Gram

spatulas, disposable glue
brushes, small support studs,



FIGURE 8€. VACUUM SATURATION APPARATUS.
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Procedure
1.

5.

6'

Vighrously boll tapwater » a
large {2 i) florence flask.
Cap tightly a shoit while
after removing fron ho:tplate
and allow to ccol overnight,
Allow specimen to surface dry
in air for 1 hogr. Thoroughiy
#2ix S yrams of epoxy resin
with 3 grams of hardener and
brush onto aldes of specimen
{Placing speciwen on a small
atud while applying coating
will help)}. Allow r~cating to

cure 3 hours at lab tempersture,

Check coating for tack-free
surface, Place specimen in

500 nl m.s. baaker, and place
beaker into vacuun Gasiccator.
8ozl Aaslccator and iurn cn
vacuum pump, Vacuum saould
seduce to lees than 1 mm Hg
{1330 xPe) within a few
minutes. Run pump for 3 hours,
PFill 500 ml separatory funnel
with de-aerated woter. With
pump etill running open atop-
cock znd drain sufficient wrter
intoc stainless pteec. beaker to
cover gpecinmen (do not allow
air to enter dealccator through
stopcock) .

Clese stopcoch and aliow pump
to run for ar sdditionsl boor,
Close deaiccator alesve, tur:
off pump, allow alr tm
re-ant~r deslccator, .
Drain ei! from vacvur pump and
replace with frash oil,

Allow epacimen =0 ecak under
water for 17-19 hours
(overnight),

Step 4 -~ Testing of Speclmen

Mstariale
1.

Silaetic Rubber {Mow Corning
3112 RTV +0.5% vatalyst PV,

Equipment

ProcedJure
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2.

i.

1.

2.

3.

8.
9.

Note:

1.

.08 by welght sodium chloride
(Reagent grade) solution.

0.3¥ sodium hydroxide (pellaete
~ Reagent groade!
Paper disce - 3-in. diameter.

sotucicn,

Applied Voltage Cell 7
(Figures €7 and 68),

d=1/2 Algir DV - 200.00 my
full scale (Fluke Model B6J0A
or equivalent),

3-1/2 digit DVM -~ 68 _a v fuil
soale (Fluke Model &D20A or
equivalent}.

100 »v shunt renlstor - 10 amp
rati g (SE 50~140-024-MTAA),
D.C. constant voltage power
eupply. 0-80 vdc 0-6 A
{Sorenson Model BO-6 or
squivalent) .

No, 14 {(l.6 mm) two conductnor
insulated 600 V cable,
Miscellaneous electrical
coaponents. hookup wire,
banana jacke.

Long stem plastic funnsl.
Thermocouple wire and readout
device (Optional).

An electrical block diagram of
the squipment (s shown in
Figure 8%, All wirea carryling
tke current which passes
through the cell should be
No, 14 (1.6 mm) high voltage
cable, Wirea leading to the
metarsa can be standard elec.
trical hookup wira.

Remove specimen from water,
blot off oxcess water,
tranafer to sealsd can.

Mix 20 grama of RTV rubbe-
with 0.1 gram of Catalyst F,
Plice paper diac over one cell
ecreen; trowel RTV rubber over
screen bordera adiacent to



Reproduced from
best available copy

FIGURE 638, SPECIMEN READY FOR TEST.
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33 Digit VM

100V F. S. ouwneee  No. (4 Wire
———  Hookup Wire
Power Suppiy 44 Oiglt DVM
0-80V dc
200mv F.S.
0-6A 100 mv Shunt
C*) G'J\ - ¢ T 1 ¢ 9
L\

Y

To 3.0% Na'.l

FIGURE 69.

To O3N NaOH

ELECTRICAL BLOCK DIAGRAM.




7.

Note:

Rote?

9.

ig.

piastic cell. Carefully remove

Step 5 - Interpretation of Resulte

papet diszec, 1
Pregg spaciken onto screen;

remove ercess RTV rubber which

flows out of specimern/cell

boundary. Cover exposed face
of specimen with an impermeable
material such as solid rubb::
sheeting., Flice a rubber
stopper inte ecll vent hole te
restrict moisture movement.
Allow 10 minutes far rubber to
onre,

Repeat Steps 3-4 on second

half of cell., Allow rubber to
cure 10 minutes,

Fill left hand (~) side of

call with 3.0% NaCl ueing a 2.
long-stem funnel, Pill right
hand {+) slde of cell with

0.3IN KaOH.

Attach lead wires to cell
banana posts., Turn on power
supply, set to 60.0 V, and
record initial current reading.
If a 4-1/2 digit DVM is usped
in conjunction with the 100 mv
shunt, the digplay can be read
directly in milliamps, dlsre-
garding the decimal peint
{L.e., 0.01 mv equals

1 miliiamp}.

Rgad current every 30 minutes,
Monltor temperature inside of
cell if desired® (thermocouple
can be run through 1/8-in,

(3 mm) venthole in top of
cell),

If temperature exceeds 190%
{BSOCi, discontinue temt in
order to avoid Jamage to cell.
Terminate test sfter

Hote:

Rote:

6 hours
has elapse?,

Remove specimen, Rinse cell
thoroughly In cunning watac;

strip out and discard realdual
RTV rubber sest,
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Construct a plot of current (in
amperes) vE, time [in seconds).
Draw a smooth curve through

the data, and integrate the
area underneath the curve in
order to vbtain tte ampere-
gseconda, or coulcmba, of

charge passed during the

6~hour test period,

While _onmsentional integraticon
techniques guch as planimetry
or paper weighing can be used,
programmable hand-held calcula-
tors are now available which
can be used to numerically
integrate the plota,

Refer t3 Table 3% for evaluat-
ing the teat resulta, Thege
parameters were developed from
data on 2,75-in. (95 mm) diame-
ter x 2-in, {51 mm} long core
elices taken from laboratory
slabs prepared from various
typres Of concretes. They have
ghown good correlations with
90-day chloride ponding

results on companion slabs

cast from the same concrete
mixes,

‘*he effeets of such variables
ag aggregate type and size,
cement content and composition,
density, and other Factors

have not been evaluated, We
recommend thet persons using
tl# s procedure prepare a set

of concreted from local mate-
rials and use these to estab—
lish their own correlation
between charge pac3ed and

known chioride permeability

tor their own particular mate-
rials., The values given in
rable 1 may be used ag egti-
mates until more data has been
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TABLE 35

APPLIED VOLTAGE TEST

Interpretation of Results

Tvpe of Concrete

Chloride Charge Passed
Permeability ‘coulombs)
High 4,000
Moderate 2,000-4,000
Low 1.000-2,000
Very Low 100-1,u00
Negligible 100

daveloped by a number of
agencies on a wider range of
concretes,

Notes on Cell Ceonstruction - Figure 70
Attachment of Lead Wire to Screen
Solder one end of the nylclad lead

wire to the outer edge of the brass shim

vhich holds th~ screen. The nylclad
insulation shculd be removed prior to
goldering by burning off with a propane
torch and then removing the charred
residue with wire wool,

2.

1.

Attachment of Screen to Cell

The screen is bonded to the cell by
uaing a high guality waterproof adhesive
(Scotch "super-strength adhesive" or
equivalent)., Scour both the screen shin
and the cell lip with medium sandpaper
prior to applying adhesive in order to
sbtain good metal to plastic bond. Apply
a coating of adhesive to both cell and
screen, run lead wire through 1/16-in.
(1.5 mn} hole inside of cell, then gently
pesh screen into place on cell lip. Wipe
exceBs adhesive off face gide of screecr

shim and place a weight vn screen until
adhesive has fully cured (24 hours).
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Yigh water-cement ratjos
{20.6)

Mcderate water-cement ratic
(0-.4-0.5)

Low witer-cement ratios
"Iowa" densc ccncrete

Latex modified concrete
Internally sealed concrete

Polymer impregnated concrete
Polymer concrete

3. Attachment of Lead Witre to Banana

Plug

Solder a 12-10~1/4 ring terminal
onto the bare end of the lead wire,
keeping excess wire length to a mini-

mum, Run the threaded end of the banaha
plug through the eyelet of the ring ter-
minal, then tnread banana plug into the

1/4=28 threaded hole in the side of t.e
cell, tighten securely. Then £fill the
1/6-in. (1.5 mm) hole with clear silicone
rubber caulk (Dow Torning Mo. 732 or
aquivalenc).

4. Materiala Quantities and Cogt
Sar.e materials may
in the small guartities
congtruct a EBingle call.

not be available
nucessary tu

in these cases
been quoted.
probably need to
be pLe-cut by the cuppliers, and the
buyer will need to pay cutting charges
unless he has arother use for the tull
stock width,

packsge quantities have
Lucite shee: stock will
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Two units req'd.

3"
] 4 | ad
=== | 0 |
*_____.__Tb || P Glue Join screen
l ! " L~
-Solder h =5 unit to cell
—£ 4y
No. 12-10- " ril:"é4 /3 ul i 4 N%f%-o mesh mhd . 25
Terminal nylclad /7/7 HH Brass mm =in. x 25.4
17§ »
T 3 ¥
_l_.“ i ----- ELIILY i » 3" 6"
I8 T —_——— = B+t / 4|l
Ll T 1 /
At ! /4
L
I ! .- +T 7 ’
-y e/
7 . Mesh soldered
— between shims
&
| — A ——— 33 LIST OF WATERIALS - PER CELL {¥wo unite)
MATERIAL SIZE AMOUNT cosT
___________ Luclte Shast 2In thisk 12in.x6in. .
:— 1 * Copper Mesh Ne. 20 {_iin_0t. $19.
i 4" ‘i‘ : 1 2°[ | Bress Shim 0.02 in. thick 6"x 60 rail $10.
q 8 | | Leodwire- Copper | No.i4 solid-nylcled | 12 in. 5. Sapol
: o O/ } 1 Banana Plug Giont Yain. maie plug| 2 $2
L. Iy L Terminal 12-10-Y4 2 £ 6, pig- of 50 |
Solder 0. 14 wire otol [$6).

to brass shim

FIGURE 70. APPLIED VOLTAGE CELL (CONSTRUCTION DRAWING)-



APPENDIX 2
FIBLD TEST PROCEDURE

1. Introduction 5.
The field test procedure can be
convenlently broken down into four sepa-
rate atages, pluu clean up.
1. Location of reinforcing ateel
anhd bonding of test dike and
heating 6,
2. Vacuum saturation of test area
3., Applied voltage test
4. Chloride sampling (optional). 7.
Bach test takes two full working
days; by use of two dlkes four tests can
be comrlieted Ln one working week, The
aperator should note that stage 2
requires overnight oparations; however,
the unit may be left unattended during
this period. Although the entire test
can, in theory, b conducted by one
person, an asaigtant is advisable to help
in transporting some of the heavier test
equipment and to expodlts gome of the
tasks.

TABLE 3§
Field Equipment List o
No. Eguipment
1. Model 158 Electronic Dnit %
.1 Raln Cover
.2 Light shield
.1 Pin Connector - For Reinforcing
Steel Pin
2, Vacuum Unit
.1 Limewater Reservoir
.2 Vacuum 01l (Duc=Seal), Funnel
.3 Micro-Stopper {Sargent-welch
8~73460)
.4 Silicone Grease
3. 8creen Unit 18,
i. Dikes ()
.1 Prlastic Pipe Ends (4) and
Capa (3)
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.1 Dow Cornimg No. 732 3ilicone
Caulk (5 tubea}

«) Caulking Gun

Generator

.1 6 gal Auxiliary Tank

.2 5 gal safzty Jan

.3 S gte 0il & Piller & Purnel

.4 011 Pan

.5 Filtera &t PreCleaner

Chemicala

.1 2 gal 3.0% NaCl

«2 2-1/2 gal Limewater

Teols

.1 Rotary Impact Hammer Kit (Boach
Model 11203k or Bquivalent)}

.2 Carbide Drill Bits (1.5 in. dina.
and 1.375-1in, dia.)

.3 Electric Hand Dclll and 1/ 6-in.
pita

.4 Assorted Jand tocls (hammers,
cregcent wrench, 7/8in. open
end wrench, pliers, screw-
drivers, chisels)

.5 Electrical gxtension Box (l00-ft
minimum)

.6 Dull Knife, Spatulasg, Wire Wool

.7 Small & Large Steel Rules

.8 1Q0-f% Steel Tape

Cover Meter — "R Meter"

Electronics

- James

Miscellaneous Supplies

.1 Paint Pails

.2 50 ml Plastic Syringe, 2,000 ml
Plastic Graduated “ylinder

.3 Large 5pongas, Rubber Gloves,
Scrab pad

.4 sSample Contalner for concrete
powder chloride samplea

.5 Plastic Bottles for chloride
golution samples

.6 Plastic Bags

Yacuum Cleaner (Sears Kenmore or

equivalent) and Disposal Bags




2. Equipment
The aajor components of the Hodel
158 Chloride Permeablility Test Set have
been desccibed in Section 5 of this
ceport. In addition tu these ccomponents,
auxiliary equipment and suppliec are
needed to carry out & Eull field test,
A complete listing of all ns=cesasary
suppliea 18 given in Table 36, Witila
scme of thege may be obvious {auch as
hand t>ola), the user is advised to rom-
pile a checklist prior to ftield operu-
tiong in order co snsure a successful
trip. Some of these aupplies may be
difficult to obtain in isoclated areas.
The guantitiens listed are sufficient to
perfora 1 week of testing (4 tests).

3. Qperations

3.1 Location of Reinforcing fteel and

Bunding of Test Dike

The oblective of this phase is to
locate the area of the topuwmost, steel mat
co b used as the positive test elec-
trode, The steel can be locatad using a
magnetic device termed & *cover meter®
(James Electronice "DP-Meter" or equiva-
lant}). Although, at least one of the
topmost bars (upually the transverse
steel in a bridge deck) must be located,
it ia preferable to locatelf all eteel
within the approximataly 10.75x10.75-1in,
(273x273 mm) test area, Once this la
done the grid is delineated in pencil on
the deck surface and the Zike placed

I7 In cases where thick overlaye (2-in,
{51 mm} or more) have been applied to
the deck total clear cover may exceed
d=in, (102 mm). Mout cover neters are
not eufficiently accurata to locate
steel at such a depth. In this case,
one pay heed to drill test holes {or
cores) 1nto the deck in order to
locate a single topmost bar, The
locations of the nther bars can then
be mapped <ut uaing the reintorcing
details on the deck plans,
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avnnetrlclllylf ovel the *uynit ceil",
with one uppermcat bar running through
the center of the test ares (see

Piguce 71}, A 1,5=in, {JB ma) diameker
hole is then drjilled to the center steel
bar 5 in, (127 mm) from the cuter surfacs
of the dike, Concrete powder oatracted
from this hole should be retained as a
chloride "blank" for the test. A 1/8-in.
{3 mm) hole is then drilled 1lnio the
steel ard a knurled 1/8=in. {3 mm) diame-
ter stainless steal pin ig driven inte
this hole, The length of the pin should
be such that 2-in, (51 mm) protrudas
above the surface of the concrets,

fand, cement, waste concrete, and
other debris should be broomed off the
test area, The test area should not be
located in apote where oil, paint, or
other gubstances have coated or gp2ne-
trated the concrete.

A 1/4~in. (6 xm) bead of Silicons
Caulk (Dow Corning 732 or equivalent) is
then applied to the lower surface of the
dike. The dike jg then pressed onto
the test area, Anctha:i bead of sillcone
is then placed arcund the periphery of
the dike and smoothed into place using a
wooden apatula.

A 3-in. (75 mm} I.D. X 4=in.

{100 mm) long length of schedule 40 PVC
pipe ia then bonded Over the stalnleas
steel pin to the deck surtace A pipe
cap having a 3/16-in. (8 mm) jroove cut
into 1ts gurface to allow for the pin
leadwirs is then placed on the pipe,

All caulking is allowed to cure for
3-4 houre prior to the next phase of
operations. If a second diks 1B avail-
able it can also be bonded at this time.

1/ In Some rases, transverse bara Ate
placed skew to the longitudinal steel.
In these cases, place the dike perpen-
dicular to the transverse steel,

2/ In cases where the concrete surliace
has been grooved 0 improve skid
resietance, it may be necesaary to
also fill the grooves with caulk prior
to bonding the dike,
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3.2 Vacuum Saturation and Heating of
Tept Area

AMter 4 hours have elapsed (3 hours
if the weather is warm and dry), the
vacuum saturation cover s placed on top
the dike and the wing nuts are tlghtensd,
The tluld valve 18 cloged and the vacuun
puma turned on (the powsr being aupplied
by the portable gas generator). The pump
is allowed toe run for 1 hour; a vacuum
of Erom -28 to -30 in. of Bg (0-6.8 kPa)
should be attained., The ! L reservoir
1o then attached to the fluid intake pipe
and filled toc the mark with limewatorlf
solution. The solution ils then slowly
1st into the¢ chamber, The reservolr is
then filled a eecond tim: and the process
is repeatad, The vacuum pump i& allowed
to run for an sdditional 1 hour.

The vacuum is then turned off and
the fluld entry valve is opened. The
stirrer and heater are then turned on,
The heater dial setting chould inltially
be set to 75 unite and adiustad vpwards
or downwards so that the pyrometer regls-
ters 140°F (60°C]. Only a emall adjust-
ment (1-2 units) is usually necessary.

Tf the applied voltage test ia
scheduled to begin at 0800 hours the
following day, the 6-gal auriliary tank
ahould be connected to the gas generatov
no earlier than 1800 hours the first day.

3.3 Applied Voltage Test

The following morning the stirrer
and heater are turned off and the vacuum
top removed frum the dike. Moot of the
hot limewater iz removed using a large
ayringe (commonly termed a "turkey

baster®) and the remaining water removed
The dike ig then
cavered with a sheet of lucite to prevent

with a large eponga,

further evaporation of moisture,

1/ o prepare Limewater sciution dissclve
17.5 gm Ca{OH)> in 2.5 gal (9.46 1)
of cold watar,
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The 2 L graduate is filled with
1500 ml of 3,08 Nall solution.L/ The
solution is tranaferred to the dike and
the acresr cover is affixed, The Model
158 instrument leads are connected to the
appropriate binding posts on the screen
cover, The stalnlees steel pin connector
[+) lead la attached to the pin, The
Model 158 instrument iz put into opera-
tion using the following sequence.

1. Connect the AC Power Cable

{yellow cable) to the portable

generator,

2. Start the generator and al'ow a
few minutes warm up,

3. Turn Tast Sot Power switch on,
Simultaneously prese STOP and
RESET. All displays should be
on and read geroes,

4. Turn Tesat Volt switch on and
Test Volt Belect switch to 80
volts. TEST VOILTS display
should read 80.0. Adjust volt-
age if naceasary,.

5. Check printer by pushing Masnual
Print. Printer should print
cut (1} time, (2) current, and
{3) Coulombs, and mdvance the
Paper tne space,

€. Set teat limits.

a, Set Test Time (usually 360
minutes) using thumbwheel
ewicches,

b, Set Maximum Test Current
(usually 7,500 amperes) by
hclding the Current Read
Switch depresged and turning

1/ To prepare solution dissolve 0.48 1b
(218 gm) of Reagent Grade NaCl in
15.52 1b (7,04 k9) of distilled water.
Transfar to & 2-gal (7.5 1) heavy-
walled plastic jug.

2/ 1% 18 a good prectice to again run the
generator off the 6-gal auxiliary
tank, as the 2-gal on-hoard tank will
allow only & hours of continuous
operation. Therefore, fill the tank
prior to starting the applied voltage
test,



the Cuceent Adjust po..

Lock pot,

Bat tha Auto Prlnt switch
the deaired print out incer.
val {usually 30 winutes).
Start the teat by momentarliy
pushing the START awitch. The
current DPM will immediately
diwplay test current and tae
Coulcampd display will show
coulcombs at a rate Jdependent on
the current.
will display time at one count
per minute,

Ro further manipulations other than
amall voltage adjustments are necessary.
The instrument will apply voltage aic
print out test data for the test tirme
selacted (iln mosi casee )60 minutea).

It is good practice, however, to maln=
tain a separate hard copy of the data in
a f£ield notebook.

The teat will self-abert if any one
{or more) of the following conditione is
enciantered,

1. Test sclution exceeds 180°F
(82°C). Over-temperature L3D
on front panel will light.

Test current limit exceeded,
fOver-current LED on front panel
will light,

Line voltage drops below 100
volts for an extended (greater
than 0.2 maec) time period.
Microsecond translent voltage
fluctuations will not interfere
with the test,

Teet time i3 exceeded (normal
condition at end of test).
Tire-out LED will ligkt,

Once the condition has been reme—
died, the teat ims put back into oparation
by depreeeing RESET, then START. The
teat will contivue from the point in
time at which !t terminated.”

7.

The time counter

3.
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puring the 6 ou- test period a
rumba; of other tmake can be performed,
The vacuuk oil in the vacuum pusp muet
ba changed.
one test,

If one is running more than
the vaguum saturation/heating
roitine can be initiated on the next
tust ared, Other teat areas can be
located and the ateel mapped out.

When the teast periold la over the
unit ip turned off and the screen cover
removed from the dike. A 200 ml sample
of the tcat svlution i{s placed into the
sample bottle. The romaining chloiide
solution is rewmoved and disposed of. The
dike wall ir then flushad with approxi-
mately 5C0 ml of fresh uaEer. The &lke
is removed and the test area is allowed
to dry prior to chloride sampling.

4. Chloride Sampling {Optional)

Chloride samples are taken in dup-
licate directly above the centrally
located *-andverce steel bar (see
Pigure 71). They are taken 1 in. (76 mm)
in from each of the walls of the test
chamber. Samples are taken with a
1-3/B-in. {35 mm) diameter carbide hit.
A rotary impact hasmmer (Rosch Model
11203) is used to Arill tha zample
holes. The procedure used follows that
preacribed by PHWA (S0), with the excep-
tion that sampies are taken at /i-in.
{6 mm} increments ug tc 1 in,, and a
final 1y 2-in. {13 wm) increment for a
total of 5 samples per drlll hole.

Powder samples are transferred to
plastic sample containers and returned

1/ While the test cloch will run as
befare, the >finter will he out-of-
phase with the test clock If the clock
stnpped at any other voint in time than
at an exact multiple of 5, 10, or 30
minutes (whichever was chosen for the
printer intervai). To get the printer
back In phere one can let the test rTup
until the c¢lock does reach an exact
multiple of the chosen test time, then
momentarily disconnect the line sord.
When the te:rt is restarted the printer
will now ag.in be in-phase with thre
test clock.




to tha laboratory o analysis of total
(acid eoluble) chloride content., @A
3-gram sample is dried to congtant weight
at 221°F (105°C) and chloride contant is
determined via Gran Plox Titration (50).
Chloride {as % by wevight of sample)
iz plotied versus the mean sampling depth
for each interval (i.e, for O~-1/4-1In.
{0-6 mm) mean depth is 1/8 in. (3 mm)) .
A free hand plot is then drawn through
the data polnts, some extrapolation
beling necesgsary between 0 and 1/8-in,
{(3~-3 mm} and between the final point and
the baseline. The plot can then be pun-
erlically integrated, assigning a value
of 1 unit for each 0.2 in, (5 mm) on the
X-axis of the plot (aee Pigure 72), The
value of the chloride caontent is then
recorded at each of theae unite, The
total integral chloride content is then
evaluated using Simpson'as Rule (52):

x

n

ftmdx Y g, v oar v 28 4 aky 4 21,
b
[a]

oo zfn_z + 4fn_1 + £n1 {12)

vhere

(13)

n = number of intervals = 2, 4,
6, B...

in this cage h = 1 and n = 8 80 the total
uncorrecte? integral chlcride content
(I'} apprarimately becoxas:s

x' = 10,105 + 4c0.128) + 2(0.138) +

§(0.138) + 2(0.085) + $(C.082) +
2(0.030) + 4(0,010) + 0.008B)

I' = Q.644

The total inteqral chloride content is
then corrected for the baeeline value
(0.008 X 8 = 0.064).

I » 0.644 - 0,064 = 0,58
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5. Cleanup

The dike can he removed from the
deck by undercutting tha silicone seal
with a dull knife and then pryling the
dike off the deck with a heavy gage
screwdriver blade. The residual saili-
cone 12 removed from the dike using a
sharp laboratory spatula blade (heavy
glovea should be worn during this opera-
tion). The Lime coutingl/ can be removeld
from the dixe and the heater coils using
steel wool.

All. equipment (Cike screen, grad-
uated cylinderc, syringe, ete.) coming
intoc contact with the chloride test solu-
tion should be washed in clean water and
dried prlor to the next cest,

T7ATter & rnumber cf uses, a permanent
digcoloration will he noted in the
interior dike wall which contacts the
test solution. Thie does not impair
the functionlng of the dike,
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APPENDIX 3
CORRELATION AMALYSIS

Correlation analyies between varicus
data peta were performed utilizing the
techniques of linear regression analysais,
A "atatfatics pacuage'l/ for the Hewlett
Packa:d Model 3825B Calculator was used
for calculation and plotting. The
following statistics were utilized:

1. gCorrelation Coefficient (R) -
An estimave of the association batween
the independent variable (X} and the
deperdent veriable (¥). Ita square
represertz the ratio of the variance dre
to regression to the total variunce,
When R egquals unity all variance cen be
accounted for by the regression and cor-
relation is "perfect®.

2. 8tanda:d Error of Estimate
{(8.E,) - A peapure of the scatter i the
observed pointe in the vartical (¥)
direction, 1If populations are normally
distributed, thea 95 percent of the
population will lia within + 5.E. of the
true reqression line.

3. Percent Standard B.ror (8 S§.E.)
- The atandard error of eatimate Jdivided
by the mean ¥ value, This affords a
guantitative estimate of the error to be
expected in applying the computed regres-
sion line in crder to eatimate a Y valus
from a given ¥ value,

4., P Statietic (F) -~ Ratio of the
variance due to regresslon to the resi-
dual (error) varlance. If P exceeds the
tabulated value for the appropriate
degreas of freedom, the probability that
the difference between the two variancee
is due to chance ls less than the speci-
fied significance level f(usually 90, 95,
or $9%) and the regreassien is "signifi-
at that level. Thias only inplies
that the linear relationship batween X

1/ General Btatiatias, Vol. 1, Program
No. 10, HP Part No. 09825-15001.

cant”
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and ¥ {8 npot due to chance alone and does
not indicate any causative or associa-
tive relationship.

S. 55 percent Confidence Limits
{(35% C.L,) = Theawe limita defina Lhe X-Y
reglon within which 95 percenc <f the
cbaervations are expected to lle. The
limits are asymptotic to the linear
regres lon line, the closest limits
occurring at the centroidal polnt (mean
value of X and ¥}, and the scatter

increasing a8 one nears the extremitles,
These are shown on Figuree 73 th:oough 80
as two dashed curved lines on =ach aide
of the linear regresaion line.
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FIGURE 78. RELATIONSHIP BETWEEN CHARGE PASSED FOR RE=-SATURATED
AND MOIST STORED SLABS.
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“ABLE 37

CORAELATIOR ANALYSES - SUMMARY STATISTICS

5.8, Signifi-
Relationship Parameters LA cance
Xva ¥ X va ¥ R Sample 4 8.E, F Level

1. As=Rec'd vs, Total Integral Cl~ vs, 0.86 0.276 +34.6 20.2 @5,5%
FHWA - 90 daya Total Integral Cl1-

2. Ag-Rec'd vs, Charqge Passed-coul. va. 0.92 0.217 *+31.,1 46.2 99. 9%
FHWA - 90 days Total Integral <1-

3, Aa-Rec'd vs, Cl™ at 0-3/8 In, va, 0.66 0.123 +41.8 5.4 0%
FHWA - 90 days Cl~ at 0-3/8 in,

4. As-Rec'd va, Cl™ at ¥/ 8-5/6 in. va, 9,90 0.049 +39.6 29.9  99.%%
FHMA - 30 days Cl™ at ¥/8-5/8 in.

5. Ad-Rec'd ve, Cl- at 5/87/8 in. vs, 0,88 3,038 +57.4 15,8 99,58
PAWA - 90 daya Cl- at 5/B-7/8 in.

§. Ra-Fat'd vse, Charge Passzd-coul, ve. 0.9 3,860 - +15.8 102.0 99. %1
Moist Charge Pamged-coul, coul .

7. Cell Test vs, Charge Pagsaed-ccul, vs. 0.83 9,294 +38.9 17.7 99,58
FHWA - 90 days Total Integral Cl7

8, Cell Test vs, S8olution Loas - & vs, 0.82 0,299 +39.6 16,9 99.5%
FHWA - 90 days Total Integral Cl=

mm = in. X 25.4
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Slah

337
3188
3193
3368
313197
3353
3373
336
33628
3408
iz

3384
33154
1339
3364
1354
1379
3269
335
339
3404
09

I/ ma = 1in. X 25.4

—Type

0.6

0.8

0.4
I18-Pull
LTX=Full

Iowa
LTX-Over
I6-Full
15-0Over

PFIiC

BPC

0.6
0.5
0.4
18~-rull
LTX=-Full
Iowa
LTX-0Over
IS-rull
TE-Over
PIC
PC

0.112
0.19
0.179
0,220
0.136
0.159
3.191
¢.072
0,052

0.442
0,371
0,503
0.39%0
0.30)
0,361
0,223
0.052
0.0°3
0.%.38
f.058

TABLE 18

DATA USED FCR CORREBLATION ANALYSES

Rapid Test

Dept’: ~ Inches

YB5/8 588 US-Y¥S Y1y

Chloride — wt. % of Sample

b ¥

0.232
0.112
0.050
0.273
0.022
0.022
0.038
0.009
0.008

0.181
0.021
0.013
¢.181
0.009
0.009
0.008
0.012
0.0080

0.070
¢.010
0.010
0.022
6.008
0.008
0.008
o0.002
0.008

S0~Day Ponding Test ol

0.015
0.008
0,008
0.011
0.008
0.008
0.008
0.008
0.008

Chloride = Wi, § of Sample

0.293
0,201
0.172
0.242
0.044
0.054
¢.068
0.013
0.017
0.043
D0.022

0.179
0.097
0.083
0.133
0.025
0.011
0.013
0.008
0.012
0.009
0.011

0.107
0.0¢36
0.025%
0.057
0.019
0,008
0.009

0.038
0.013
0.012
0.018
0.01}
0.007
0.007
0.007
0.011
0.n0%
0.009

2/ Bach result is the average of three geparyte Bamples
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Total
Inteqgral Chargs
Chloride (coulombs)
0.77 32,570
0.47 22,500
0,37 20,410
0.93 36,070
0,27 8,670
9,31 15,270
0.37 16, 950
0.14 5,770
0.09 3,020
- 0
- 0
1.76
1.10
1.21
1.28
0,64
0.57
0.49
.13
0.19
0.337
0.161



APFENDIX 4
PERMEABILITY MEASURING INSTRUMENT
DETAILED REQUIREMENTS

The following iz a listing of

requirements for a chloride permeability

measuring instrument.

These specifica-

tione were submitted ae guidelines and
were revised somewhat during the final
fnatrument design.

1.

9.

1i.

Size Reguirements:
mum dimensions are 24-in. long x
12~in. high x 14-in. wide (0.6xD.3x
0.35 m}.
Weight:
lesa,
Temperature Range for Opersticnm:
40° to 140°P (5° ro 60°%C).
Bumidity Range for Operation:
to §5% relative humidity.
Ruggedaess: Must be capable or
absorbing the -ormal handling

Suogested maxi-

S0 pounda (22.7 kg} ox

40%

expected during wrancporiation to
and from a typleal highway con-
structimn site,

Portability: This instrument will
be a portable device, Supporting
handl=s will be located for safe
handling by one person but with pro-
vision for handling by two persons.
Secur ity: The instrument case

shall be designed so that hazardous
components or ByBtems are not
resdily accessible to personnel.
Luration of Measurement: Typical
measurement time ia Bix (6) Lours,
Instrument Confiquration: ThinA
instrument shall consist cof a mea-
surement and control module, and a
separate conditioning element.

These two units tc be interconnected
by removable :able(s).

Control Panel: The instrument con-
trels shall be Located so as to pre-

vent damage during ncrmal handling,
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11.

11,

13.

14.

15,

16.

17.

1g,

19.

20.

21,

A hinged panel cover may be lncluded
to provide a smooth case surface.
Power Regquiraments: 115 V AC + 10%,
50 or 60 Hz, single phase. Battery
power backup i¢ suggested to pre-
cluda data loes in the event of AC
power failure.

Voltage Output: DC voltage must be
adjustable to 60 + 0.5 and BQ +

0.5 Vv DC.

Current Capacity: DC current ocutput
ahall be sufticient to cperate one
{1} sensing element having approxi-
mately one (1) sguare foot of sens-
ing area.

The curcent requirement
is estimated to be in the range of
0 to § amperes at B0 V DC.
External Power Requirements:

Externali AC power requirements are:
115 Vv AC + 10%, 50 or 60 ¥z, single
phase, with a minimum power output
ol 1,000 watts,

Circuit Protection: Fuse protection
shall be provided at the AC line
input to the instrument,

Voltage Readout: A meter shal! be
provided for indiwation of DC
voltage.

Current Readoui: A meter shall be
provided for indication of rurrent
output to the nearest 0.001 ampere.
Fower On Light: A light shall be
provided to indicate that power is
applied to the sensing element,
Readout Interval Control: The
interval between data printouts
shall be zelected oy rotary switch
or equivalent.

Printer deta should

be presented in digital form,

Data Readout:

"Alpha®" numeric printeut of data
and headings on removable hard copy
is pre wrred,

Data Presentation Interval: Data
readoutc interval selection shall ln-

clude 5, 10, and 30 ninute periods.




22,

13,

Data Printout: Rlapced time, DC
cur:.ent, and the “ritegrated time-
cu.rent value (ccailombs) shall be
provided,

Maturials Measurnment Capability:
‘fthis inetrument 3hall be capable of
chioride permeatility meaaurementa
on conventional! portland cement con-
crete, latex modified concrete,
polymer impregnated concrete, inter-
nally sealed concrete, and polymer
concrete,
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APPENDI X
APPLIC/ITION OF &k POUR-PIN
RESISTIVITY METHSOL POR DETERMINATION
OF DEPYE OF IMIERMEABILITY

1. Introduction
A four-slectrode-rasiativity tech-

nigue hae baen utilized successfully as
a nondestructive means to deteraine the
penetration depth of partlally impreg-
nated polymer concrete (42), The valid-
ity of this technigue 18 based on the
fact that diffzcent types of material in
a composite may poseess diatinct electrie
cal realativities and the reslativity la
characterigtic of the type of material
under well-defined conditions, 1f the
resietlvity at all locations in a compo—
site can be accurateiy measured, it may
well indicate the presence and location
of certa.s type of material. The four-
electroce~reaistivity method provides a
way to detect the reslativity gt differ-
ent locations in a composite, and with
proper data trsatment, a way to determine
the location of the interface between
two types of materisl jondeatructively.
Concrete overlays consiskhing of portland
cement conhcrete and overlying material
may have resistivities so different that
the location of the interface, or the
thickness of the overlay, can be deter-
mined by this technique. The principle
of thia technique and the result of the
measurement will be presented in the
tollowing aection,

2, The Principle of Pour-gElestrode-

Reniativity Method

The four-electrode-reaiativity
technique used in this work is a modifi-
catlon of the Wenner-4-pin-surface resis-
tivity test (54) whica has been used for
measurement of moil resistivity. This
technique ilavolves measurement cf the
reslatance to the passage of an electrlc
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current through the selec:tad medium,
equally spaced (n a
of the slab being

The current (I)

Four elsctrodea are
line on the surface
tested (Figure 81).
passing through the material between
¢loctrodes | and 2, and the potential
drop (AV) between alectrodeu 3 and { are
recorded. The average remiptivity (p)
can then be calculated with the following
egquation:

hel
L}

27 a A% 7 (14}

= resistivity (ohm-cm)

= electrode spacing (cm)
potential drop (volts)
= current (amperes)

The effective depth of the measurement
below the surface is eqQual to the elec-
trode spacing., This approach ic based

on the agsgumption that equipctential
hemispheres with radii a are established
around electrodes 1 and 2. Every polint
on the eurface of the hemisphere has the
aame potential. The spacing between the
electrodes can be varied and thus the
data obtained will reflect the changes

in resiativity as a function of the depth
from the surface. The measurement at
each spacing will be an average value of
regiAtivity of all the material from the
One method of data
treatment , an intcgral method, developed
by Moore (55), provides an indication of
the thickness of different layera. 1In
this method, the cumulative resistivity
is plotted against apacing and a straight
line ia obtained f[or earh kind of mate-
rial. If there are two different types
af wmaterial in & slab, two atraight lines
will be obtained and the intercept will
indicate the location of the interface

or the thicknaes of the overlay.

zurface to depth a,
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3. Enxperimental

The apparatus used for measurement
in this study is shown in Pigure 8§2.
Four miniature copper/copper sulfate
electrodes manufactured from felt-tip
pen bodies were used in this measuremert.
The sponge rods inside the plastic pen
shells were soaked with saturated copper
sulfate golution and copper wires were
ingerted into the sponge rods., Elec-
trodes constructed in this way permit s0
glow a movement of the copper sulfate
sulution that the electrodes can be
placed at a spacing less th&an one centi-
meter while mailntaining good electrical
contact., The current is supplied by a
(Hewl att pPackard 6116A)
to the outside electrodes. The current
flowing through the electrodes is mea-
sured by an electrometer {Reithley Model
602) and, with the help of a ewitch, the
potential drop between electrodes 3 and
4 iz also measured by the same electro-

DC-power SOULC®

meter, The electrode spacing was varied
from 7 c¢m to 1 cm and the resistance data
for various spacings were recorded.

The tested slabs are described
All the tisted slabks had the
dimensions 12x23-1,/2x6 in. (305X597x
152 mm). Among the elabs listed below,
those which are described as "wet®™ had
been exposed to meisture for a month
before being tested. The other :labs
were afr-dry. Twvo of these "wet"
(#3372 and $3382) had been frozen and
were aliowed to thaw in plastic bags two

below,

slabs

days be ore thev were tested. 5Some of
the slabs were reinforced with steel ard
a few of these reinforced slabs had ther-
mocouples in them, The locations cof the
reinforcing steel and thermocouples are
described in Section 4.1 {page 36}.

Full Depth Materials:

#3356 base concrete (mir-dry)

$3358: base coucrete with steel {wet)
$3402: internally concrete (air-dry)
$3396: latex concrete (air-dry)

Overlays:

$3413: polymer concrete overlay with
ateel (air-dry)

#3412: pelymer concrete overlay with
ateel and thecmocouple (wet)

$3363: unmelted internally-sealed
overlay witi steel (air-dry}

#33J62H: partially melted internally-
sealed overlay with steel
and thermocouple {air=-dry}

#34038: Internally-sealed concrete,
partially melted {alr-dry)

#3341 dense concrete overlay
{ailr-dry)

#3382 dense concrete overlay witn
steel and thermcocouple
(air-dry}

#33B81: denge concrete overlay with
steel (aireirv)

$3273: latex overlay with steel
(air=-dry)

$3372: latex overlay with steel and
thermocouple (wat)

4. Results
4,1 Treatment of Data

Changesa in resistivity as a function
of deptn from the surface (i.e. spacing)
for thirteen slabs are shown in Figures
83 through 92,
Lty ve spacing plots which are used for

The cumulative resisciv-
determination of overlay thirkness are

also presented, 1In the procaess of calcu-
lating cumulative resistivity, the

tlon can begin with either end, as

suLma-
long
as the starting resistivity is higher
than the reaistivity at the other end.

As an example, for this set of data,

spacing 1 2 3 4

teaistiviry 3x10% 1.1x20® 2x10® 7x10?
(ohm=cm)

spacing 5 6 7

resistivity 6x107 5x10°7 4x107

{ohm-cm)
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FIGURE 82. APPARATUS FOR RESISTIVITY MEASUREMENT.
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the summation starts from the end with
higher resiativity, which is the left
end, to yield the cumulative resistivity
data below.

spacing 1 2 3 ) 5
cumulative 3.00 4,10 4,39 4,37 4.432
resistivity (x10° ohm-zm)

gperting 6 7

cvmulative 4.48 4.52

The resistivity <data obtained from
the=e alab samples are generally irregu-
lar compared to previous datc (42).
Tlectrical interference was chserved
when the resistivity measurement was
carried out.
magricude of 1078107% Anperes was

A ground current in the

detecied even when the power supply was
disconnected. This might partly account
for the irregularity of the data. The
presence of steel rods and thermoccuples
in some of the slabs might also have
complicated the protlem. However, :he
resistivity daca still reveal some
information on thke juality of tested
slabs,

The magnitudes of the resistivity
data for these tested slabs are generally
reasonahle, A wet base coicraie slah
showed a resistivity ¢f the magnitude
101105 ohm-cm while a dry one showed an
average resistivity of 107--111a ohm=-cm,
These data are
comparable to that obtained at The Uni-
versity of Oklahoma, which showed an
average resistivity of 10* ohm-cm for wet
slabs ard lOQiOIO ohn-cm for relatively

dry slabs, depending on the extent of

as
shown in Figure 873,

dryirg.

4.2 Internally-Sealed Concrete and

Ovarlay

Figuie 84 shows the resistivities
(in logarithmlc ficale} of two internally-
gealed concrete slabs and twd internally-

sealed overlay slabs as a function of

spacing. It seems that the resistivity
aof a ihteinally-sealed conctete slab is
slightly lower than that of a laboratory
dried base concrete slab, as slab #3402
showed an averace resistivity lowar than
that of a base conctete slab and slab
#3363 showed an increase in resistivity
wlth increwsing spacing. The high resis-
tivities obtained from the partially
melted slabs (#3362H and #3403H)
cates goua szalings at least in the sur-

indi-

face layers.
In #lgure 85, the cumulative resis~
tivity ve spacing diagram indicates an
overlay thickness of 1.5 in, (38 mm) {an
overlay depth of 2 {51 mm) is listed
in Table 6). No effect un resistivity
due to the preserce of reintorcing rode
was obnerved as the location of the steel
rofs is 3 in. (76 mm) below the surfacge.
The location of the interface of slab
#2362H is difficult to tell, posaibly
because of the presence f steel rods and
(Figure 86).
resigtivity data are somewhat scatter=d
(Figure B7}
internally-sealed concrete slab,

in.

themocouples The cumulative
for the partially malted
$3403H.
Rowever, the approxinate location of the
interface seems to be somewnere around
1.7 in.
4.3

(43 mm) below the surface,
Latex Concrete and QOverlay
According to Figure 88, the resis-
tivity of a latex concrete slab is also

lower than that ©i a dry base concrete
slab.
overlay slab (#3372) was substantially
lower than that of the lanoratory dry
slab (#3396)., Thic suggests that the
latex overlay will absorb water readily.
It seems this could be a prcblem, 1t is
interesting that both latex overlay slahs
(#3372 and #3373) showed low resictivity
{51 mm} below
This seems to be an irndica-

The resistivily of the wet latex

at tne same location, 2 in.
the surface.
tion of the presence of steel rods, which

were 2,25 in. (57 mm} below the surface.



Siak #3356 - Base concrete (laboratory dry)—0O
4 3358 - Base concrete (wet) —— == —A
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FIGURE 83, RESISTIVITY PROFILES FOR BASE CONCRETE
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#3363 - Unmelted Interncily sealed concrete overlay {with steel) = O
#3362H — Portlally melted Internaily sealed overlgy — w=- — = =—— A
#340IH ~ Internclly sealed concrete, full depth, parrially melted — O
#3402 - Internally seajed concrete, fuil depth, unheated— —~ —— &
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FIGURE 84, RESISTIVITY PROFILES FOR INTERNALLY SEALED
CONCRETES.

155



€lab #3363-Unheated internn!ly secied overlay ( with steel)

Summation starts from right end {(o=6cm)

T Resistivity , (ohm-em) x 108

N

Spacing , {cm)

FIGURE 8%. RESISTIVITY SUMMATION FOR UNHEATED INTERNALLY
SEALED CONCRETE OVERLAY,
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Siab# 3362 H - Partially melted internally sealed overlay {with steel)

Summation starts from right end.

RS
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I |
@ 30 | |
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=
I |
P I
>
3 20 F I
] I
x I
N
15 F |
|
|
10 b |
I
|
5 I;glI i | 1 1
| 2 3 4 5 )

Spoacing , (cm)

FIGURE 86. RESISTIVITY SUMMATION FOR PARTIALLY
MELTED INTERNALLY SEALED CONCRETE OVERLAY,
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# 3403 H -~ Internc!ly secled concrete , fuli depth, partiaily melited

100

70

60 K

Z Resistivity {ohm-cm) x 10°
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FIGURE 87. RESISTIVITY SUMMATION FOR FULL-DEPTH
INTERNALLY SEALED CONCRETE - PARTIALLY MELTED
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#3396 - Full depth lotex concrele, cir-dry — O
:%373 Lutex overicy { with steol} gir-dry-0

372 - Lotex overlay (with stee!), wet ——~~-A

Resistivity, (ohm -cm} log scale
[+ )
' i

Spacing , (cm)

FIGURE 88. RESISTIVITY PROFILES FOR LATEX MODIFIED
CONCRETES.
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The effect of sateel rod on resjetivity
is pronounced in the dry slab and rela-
This fact
can be explained hy the difference in
resistivities hetween the steel rod and
the dry and wet overlay slabs,

tively weak in the wet clab,

The presence of steel rods and
thermocouples in #3372 might influence
the determination of the overlay depth,
The depth is estimated to be 1.45 in.
(37 mm) for slab $3372 and 1,56 in.

(40 mm) for slab $3373 (listed depth is
1.25 in. (32 mm) for each slabj, a8 shown
in Figurea B9 and 50.

4.4 Polymer Concrete Overlay

N dry polymer concrete overlay salab
(#3413} showed a very high resistivity
{»10'! ohm-cm) which could not be mea-
gured with our instrument #ith good
accuracy. However, resistivity data was
obtained for a wet polymer concrete
overlay alab (#3412). The resistivity
falls into the region of 10°10° ohm-cm,

which is substantially lower than a dry
slab iFigure 9%1). The very thin layer
of everlay, 0.5 in. {13 mm), and the
presence of thermocouples may be respon-
aiole for thne resistivity drop, The
depth of overlay is difficult to deter-
mine, possibly due to the same reasons
mentioned above.

Dense Corncrete Overlay

A dense concrete aleo showed a sub-
atanLial drop in rasistivity after expo-
suce t¢ moisture, indicating the Infil-
traticn of water {(Figure. 9%). It
appeara that after exposure toc moisture,
there is no significant difference
between the resistivity of the high
density portion and the base congrete
portion.,
mination could be made on the overlay
depth in this case.

NO teasonably accurate deter-

160

5. CLonclusions

Resistivity data ohtained from four-
electrode resistivity measurement provide
some information which may be helpfusl in
understanding the nature of the overlays
and slabs. The erperimental results
obtained had some inaccuracies which were
possibly due to the presence of te nforc-
ing steel, thermocouplea and electzical
interferen .

Based on the results obiained, it
seeins that this technique may be appli-
cables to measuring the depti of wax-head
overiays and partially melted wax-~bead
layers. Thia technigue may also Le
effective for depth: deterxination of
latex dverlays lf the effact of steel
can be better undestood. The depth of
pelymer c¢oncrete overlays apd dense con-
crete overiays probably cannot be mea-
sur>d by this methed as the polymer con-
crete overlay has too high a reaslastivity
and the resistivity difference between
dense concrete and ba:e concrete iB not
significantly large to show the
interface.

The major d:awbacks of the tecunique
are that there has to be an order of mag-
nitude difference (or more} between the
reslgtivities of the two layers under
determination if an intecface is to be
detected, and that this interface ahould
be relatively sharp, In addition, a
wery high resistivity material (such as
polymer concrete) will prevent any rea-
eonable current from peretrating the
overlay, mak.ng measurement impossible,
This last probiem could be overcome, how-
ever, by use of higher voltages and/or
more sensitive current measurement
techniques.



Slab # 3372 - Lotex overiay { with steel)
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FIGURE 89. RESISTIVITY SUMMATION FOR WET LATEX
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Slab 3 3373 ~ Latex overlay iwith steel), olr-dry
Summation storis from right erd
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FIGURE 90. RESISTIVITY SUMMATION FOR AIR-DRY LATEX
OVERLAY.
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Slab# 3412 - Polymer concrets overiay, wet
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Resistivity , {ohm-cm) log scale
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FIGURE 8. RESISTIVITY PROFILE FOR POLYMER CONCRETE

OVERLAY,
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# 3381 - Denze concrete overlay , air=-dry-0Q

H 3382 Dense concreic cvarlay , wet —— 4
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FIGURE 92. RESISTIVITY PROFILES FOR AIR-DRY AND WET
DENSE CONCRETE OVERLAYS,
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TABLE 3%
STRUCTURAL DETA:1§

BRIDGE NO. 1 i
HNAME: B-36-73 at Manitowoe Rapids,
Wiscongin, Northbound lanes ér
over Manitowon River
DPESCRIPTION:
Length: 504'-11,5" (133.4 m)
Width: 43'C" (13.1 m) total
1270 {3.66 m) driving lanes
10°«0* (3,05 m} outsida
shouldet
€'0" (1.83 m) inaide shoulder
Types Continuous T beam unit 49¢'

{152 m) lnng having four spans
124'-4.5" {37.9 m), l25'

{38.1 m), 125' (38.1 m),
124'~-4.5" (37.9 m)

Congrete Deck Slab:

500'~-0.5" (152.4 m} lorg
42'=16" (13.06 m) wide
4,000 pai (27.6 MPa) concrete

Slab Reinforcement:
Reinforcement

Grade 61

Top Mat:

No. 4 (13 mm) transverse {20
skew) at 6,5" (165 mm) certers

No., 4 (13 mm! longitudinal at
12.0™ (305 mm) centers

Bottom Mat:

No. 4 (13 mm) tranaverses {20°
skew} at §.5" (165 mm) centers
No, 4 {13 ’mm) longitudinas at
6,0" (152 mm) centers
Slab Thickness:

7.5 (191 mm)

Plan Cover: 2.0" (51 mm)

Grade: Approaches +1,99% and -2.20%
Main span 1,400 (427 m) ver-
tical curvature arch

SALT FXPOSURZ: None
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TABLE 4.)
ATRUCTURE Li.TA. L

ERIDGE MO, o

RAME -

B-41-62 at Lingcin, Witzonain,
Eastbound lanes over CidY R.R.
Track

189'-7" (57.8 n)
420"
22'0"
12'-0*
6'0"

V12.89 m) wotal
(6.7 m) diriving lane
{3.7 m) pagainy lanpe

(1.83 m} skhceuldec

Continuoue I beam unit 186.5'
(56.8 m} long having thrae
epanat

62' {18.5 m)

£2.5" (19,1 m)

61" {(18.9% m)

TEEG:

Conc:-ete Deck Slabt

188.7' (57.5 m) long
41.5%" {1&.6 m) wide
Grade Ah Concrete

Slah Heintorcement: Grade 20

Rzinforcement

TOE_Mat:

Mo. & (19 mm} transverse at 7,5"
{191 mm; centers

Ho. 5 (16 mm) longitudinal a% 13"
{330 mn) centers

Bottom Mat:

No, 6 119 mm) tranaverze at 7.5"
{191 mm} centers

No. 5 (1€ mm) lorgitudinal at
5.59" {165 mm\ centers

6.5"

Slat Thickress: (165 mm)

Plan Cover: 2.0" (51 mm)

Grade;: +0.75% E, Lo W.



APPENDIX 7

TAELE 41
SLAB IDENTIFICATION AND STORAGE CONDITIONS

Storage
Frozen- 1/ )
Moiet . As Received Alr
Description {73°r-1004_RR) %’ (0°F) (739F-50% RH)
w/c = 0,60 33848 3387 3396
w/ec = 0,50 3357 3358 3356
w/c = (.40 33§82 3393 3391
Latex Modified-Fuil Depth 3388 3397 3396
Internally-Sealed-Full Depth-Heated 33678 - 3366H, 403H
Inte:nally-Sealed-Full Depth=-Unheatad - 3368 3365, 3402
Polvmer Impregnated Concrete 3408 3407 3406
Latex Modified=-Overlay 3372 3373 3371
Internally-Sealed-Ove:zlay-Heated 33624 - -
Internally-Sealed-Ovnrlay-Unheatad - 3363 1361
Iovw3 Overlay 1382 3383 3asl
Polymer Concrete Overloy 3412 3413 3411

17 Hipecimens were sealed in heavy plastic bags prior to freezing
2/ % = s/9{% - 12)

1.3, JOVERMMFNT PRINTING OFRICE : 1981 0-34)-428/1344
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research

FEDERALLY COORDINATTD PROGRAM (FCP) OF HIGHWAY
RESEARCH AND DEVELOPMENT

The Offices of Research and Development (R&D) of

the Federal Highway Administration (FHWA) are

responsible 1., 4 broad progrem of staff and contract

ard development and & Federal-aid

progrem, conducted by or through the State highway
trausportation sgencies, that includes the Highway
Planning end Research (HP&R) program and the
National Cooperative Highwey Research Program
{NCHRP) managed by the Transportatian Research
Board. The FCP is a carefully selected graup nf proj-
ects that uses research and development resourres 1o
obtain timely solutions to urgent nstional highway
engireering problems.”

The diagonal double stripe an the cover of this report
represents a highway snd is colorcoded to identify
the FCP category that the report falis under. A red
siripe is used for cmtegory 1, dark blue for category 2,
light blue for category 3, brown for caiegory 4, gray
for categnry 5, green for categories 6 and 7, and an
orange siripe identifies category 0.

1.

[

FCP Category Pescriptions

Improved Highway Design and Operation
for Safety

Safety R&D uaddresses problems associated with
the responsibilities of the FHWA under the
Highway Safety Act and includes iavestigation af
appropriate design stundards, roadside harc.sare,
signing, and physical and siizntific dusq 100 the
formulation of improved safety reguiations.

Reduction of Traffic Cong~atic,,,
Improved Operational Efficiency

Traffic R&D is concerned with increasing the
operational efficiency of exisung highwaye by
ndvancing technoiogy. by imnroving designs for
existing a3 well as new facilities. and bv balancing
the demand-capacity relationship through traific
manage.nent fechniques such ws bus and carpaot
preferential treatment, motorist informatian, and
rercuting of traffic.

Prori

Eavironmental Consideratiens in Highway
Design. Location, Construction, and Opera-
tion .
Environmental R&D is directed toward iMentify-

ing and evaluating highway elements that affec

* The complete srven-volume official statement of the FCP s avuilable frem
the National Techmusl Infarmation Sarvice, Springfield. Ya. 20061, Single
copaes nf (he intraduetery volume xre wvsilable w ahnut charga from Program
Analysis (HRD-3) Offices of Neecurch ant Devriopment, Federa! Highvay
Admuniziration, Washmgan, D C. 20590

-

. lmproved Technology

. Improved Technology {or

the quality of the human environment. The goals
are reduciion of adverse highwey . 1 wraffic
impacts, and protection and enhancoment of the
environment,

Improved Materials Utilization and
Durability

Materigls R&D is concerned with expanding the
knowledge and technology of materials properties,
using available natural materials, improving struc-
tural foundation wmaterials, recycling highway
materials, converting industrial wastes into usefui
highway products, developing extender or
substitute materials for those in short supply, and
developing more rapid and reliable testing
procedures. The goals are lower highway con-
struction costs and extended maintenance-free
cperation.

Improved Design to Reduce Costs, Extend
Life Expectancy, and Insure Structural
Safety

Structural R&D is concernsd with furthening the
latesy rechrological advences in structurel and
hydraulic designs, fabrication processes, and
construction techniques to provide safe, efficient
highways at reasonahle costs,

for Nighway

Construction

This category is concerned with the research,
vevelcoment, and implementation of highway
constructicn techaology to increase productivity,
reduce energy consumption, conserve dwindling
resources, and reduce cosis while improving the
quality and niethods of ronstruciion.

Highway
Maintenance

This category addresses problems in prescrving
the Nation's highways and iacludes activities in
physical maintenance, wraffic services, manage.
ment, and equipment. The gosl is to marimize
opetetional tfficiency and safety to the traveling
public while canserving resources.

. Dther New Studies

This categary, not inciuded in the seven-volume
official statement of the FCP, is coneerned with
HP&R and NCHRP studies not specifically related
to FCP projects. These studies involve R&D
support of other FHWA program office research.






