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A study of making an asphaltic concrete conduct�1e was accomplished 

using cok� breeze mixed with asphalt and aggregate. Mixes containing 45% 
coke breeze, 7-11% asphalt and the remainder a standard aggregate were 

found to be appropriate for conductive layers for cathodic protection. 

It was found possible to determine corrosion rates electrochemically 

using linear polarization. This laboratory technique gave corrosion rates 

similar to value� obtained in other laboratories using other techniques. 

Testing in the laboratory and bridge decks of molybdneum-molybdneum 

oxide electrodes indicated these would be useful as embeddable reference 

electrodes in concrete. Silver-silver chloride electrodes were not found 

to be stable in this application. These electrochemical half-cells, Mo /MoO 

should prove to be useful for cathodic protection systems which require 

controlled potentials. 
Reinforced concrete cylinders were exposed to cathodic protection 

level currents for five years. Pullout strengths and concentrations of 
sodium, potassium and chl9ride ions were determined throughout this time 
period. These data indicate the cathodic protection currents reduce the 

bond strength of the steel �nd concrete after about 3.5 years, due to 

accumulation of sodium and 1iotassium at the interface between steel and 
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Executive Surrunary 

Several d ifferent studies were carried out in this project 

concerning different aspects of cathodic protection of reinforcing 

steel in concrete. Experiments with conductive overlays, cor-

rosion electrochemistry, reference electrodes, and effect of 

cathodic protection currents on pullout strength were conducted. 

Each of these are summarized below. 

Coke breeze was blended with asphaltic concrete in order 
• 

to make it electricaliy conductive. The electrically conductive 

asphaltic concrete overlays can be �sed to distribute cathodic 

protection currents on brid98 ��cks. Th2y must h&ve a �csi��ivity 

of 100 ohm - cm or less and a Hveen stability of 35 or greater. 

Mixes containing 45% coke breeze, 7-11% asphalt and the remainder 

a standard graded aggregate were found to meet these criteria. 

Therefore asphaltic concrete overlays can be used for a w ear ing 

course and current distribution layer. 

Electrochemical experiments were_ conducted on steel em-

bedded in concrete blocks. Linear polarization was used in con-

junction with the standard anodic and cathodic polarization 

curves. The corrosion rates of steel in blocks containing 

levels of salt from 0 to 1% by weight of concrete were found 

to be 0.024 to 6.5 mpy. 

An embeddable reference electrode is need ed for cathodic 

protection installations o� bridge decks. The moiybdneum-mol�bdneum 
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electrode wa s tested during this study. Thi s solid electrode 

was found to be stable with re spect to time but s o me di f f iculty 

was found in repr o duc ibility of elec trode to electrode. However, 

the se seem to of fer some promise a s  reference electrode s  for 

cathodic protection systems. 

The e f fect of catho d i c  pr otection level cur r ent s, 3 ma/ ft
2

,

on bon d  strength of rebar s was te sted over a five year period. 

The con centration o f  chlor ide, potas sium and s o d ium ions as � 

fu�ction of time and cylinder diamet�r were determi ned a s  a part

of thi s  study. 

The rebar pullout stren gth s of control and catho dically

protected c "y l inder did dif fer s igni ficantly for the f i r st 

three y�ars. Differences were found after 4 2  months antl at the

end of the te st the cat�odically protected cylinder s had a

mean pullout strength about 21.3% lower than the contr o l  cylinder s. 

There wa s sub stantial s catter in the data wh i ch leads to some 

concern on the c ertainty of the di ffe rence s were signi f i c ant. 

However, the c o nclusions reached in this study is that cathodic 

protection current s might cause a degr a dation of bond strength 

and this po s s ib i l ity should be studied in greater detail. 
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Introduction 

The corrosion of reinforcing steel in portland cement concrete 

bridgP decks (1,2) has become an increasing matter of concern. 

The rise in use of deicing salts has aggravated the problem since 

the chloride ion has been shown to be the primary cause of the 

corrosion of the steel. Various methods have been used to combat 

the deterioration of the decks. Epoxy coated rebars, galvanized 

rebars, overlays, membranes, inhibitors, polymer impregnation, 

and cathodic protection have been some of the methods used to slow 

or halt the deterioration. Each of these methods has advantages 
. 

and limitation. This.report is concerned with certain aspects 

of cathodic protection. 

Cathodic protection is a tried and proven meti1od for cu.erosion 

control. It has been used for close to 150 years to slow corrosion 

of metallic structures in the soil, f resh and sea water and in a 

variety of chemicals. However, it is only in the pa st 15-20 years 

that cathodic protection has been seriously considered for steel 

embedded in concrete (3 , 4, 5) . 

Protection of the reb�rs in bridge decks presents some 

problems in the application of cathodic protection. It is difficult 

to distribute the current to the rebars. Measurement of the 

corrosion rate of the steel in the concrete is difficult. There 

is a need for a stable rugged reference electrochemical half cell 

that can be embedded in the concrete. There is a question concerninq 

the potential damaginq effects of the current flow throuqh the 

portland cement concrete. These· certainly are not all the problems 



to be solved in the successful application of cathodic protection 

to bridge decks. However, they are the problems studied in this 

research project. 

All these experiments are somewhat unrelated and were con-

ducted as small sub projects. Each one is reported separately 

in the sections to follow. 

Conductive Layer Study 

D istribution of current across the surface of the bridge 

deck is a major problem of applying cathodic protection of steel 

in portland cement bridge decks. Portland cement concrete has a 

h . h 1 . 1 . . . 
1 0  4 10 9 h d d. th ig e ectrica resistivity, . - o m-cm, epen ing on e 

moisture content. The lowest re!=:jstivity cichieueai whe11 it is 

fully saturated with water, is so high that lateral distribution 

of current is seriously impeded. 

One approach to overcome this problem is t"o cover the surf ace 

of the bridge deck w ith a conductive layer. Contact with the 

conductive layer is made by means o� a strip or plate anode. 

The layer, if conductive enough, then distributes the current 

laterally and acts as a sheet anode separated from the reinforcing 

steel only by the clear cover of the concrete. 

The conductive overlay must support traffic d irectly or be 

covered in turn by a wearing course. In either method of usage, 

the layer must be stable in order to resist the vehicular weight. 

This study was done to evaluate the possib ilities of filling 



an asphatic concrete with a conductive material like coke-breeze 

to produce a conductive layer with sufficient stability. An 

earlier project had evaluated the possibility o f  using filled 

polymeric membrane materials (6). This study indicated that 

it was possible to make the polymer materials conductive but the 

conductive materials like carbon black or coke-breeze stiffened 

the polymer to such an extent that it was too brittle to function 

as a membrane. 

Electrochemistry and Corrosion Rate Study 
• 

Corrosion rates of steel in concrete have not been measured 

with any degree of accuracy. Several investigators have used 

"areas of rust" as a. means to describe the relative corros.1.VJ_ty 

of steel in concrete with varying chloride concentration. However, 

it is difficult, if not impossible, to use the standard weight loss 

methods that have been used widely. An electrochemical technique, 

linear polarization has been studied in this project. As a part 

of this portion of the project the electrochemistry of steel in 

the concrete was also inve�tigated. 

Reference Electrodes 

The potential range over which the steel can be cathodically 

protected when in concrete is relatively narrow ( : 40 0 mv). 

In order to ensure that protection is effective and not destructive, 

the rebar potential should be controlled. The rebar potential is 

measured by comparing the rebars to another electrode with a . 

------------ ---- --
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known stable potential . The mo st desirable comparison i s  done with 

a reference electrode which i s  an electrochemical half cell . 

Mea surement of rebar potential on a bridge deck i s  a problem . 

Presently, the deck mu st be a t  lea s t  partially if not fully clo sed 

to traffic for the half cell survey a s . s pecifie d  by ASTM C-8 76 

u s ing copp er-copper sulfate (Cu/Cuso4) reference electrode s .  It

would be a major advantage to be able to in s t all refere nce electrodes 

in the bridge deck on a permanent ba s i s . Thi s would simplify the 

potential mea s urement s  �nd also would allow better control of 

the cathodic protection sy s t ems . An a t t empt to fabrica t e  solid 

referenc� electrodes, molybdenum-molybdenum oxide (Mo/Mo03) a nd 

silver/silv.er chloride (Ag/AgCl), wa s made in this s tudy . The 

usefulness of these electrodes 3s reported. 

Effect of Current Te s t s  

Several experiment al s tudie s have been done on the ef·fect 

of impre s s ed current on the bond strength between the rebar and 

concrete. Mo st of these studies have been conducted at the 

2 3 2 . 
current den sitie s of 10 -10 ma/ft over a relatively short 

period of time . 

Ca sad (7) studied the effect of impressed currents (currents 

grea te r than 150 ma/ft
2

) on the bond stre ngth between the rebar 

and concrete for about a two month period. He found a drastic 

reduction in the bond strength for the te s t  sp ecimens (subjecte d  

to impres s ed current) i n  compari s on t o  the control s p ecimen s 

(never received current) . 

Long Te_.r_m _______ _ 
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Studies by the National Bureau of Standards (8) on the 

concrete cyli nders subjected to a c urrent equivalent to 400 ma/ft
2 

(ba sed on the rebar area) for a period of one year indi.cated the 

same re s ult s as found by Casad (7). They found 80% reduction in 

bond strength after one year of the ·te st . They also observed 

that the coricrete surrounding the rebar ha s· been softened . Ba sed 

on thi s inve stigation, they concluded that the migration of sodium 

and pota sium ions were the main cause s for the softening of the 

concrete. 

Other investigator s (9 ) studied t"he effect of different 
. 

2 
levels of current (in the range s from 5 to .180 ma/ft ) on the 

bond strength betwee n the reba� and the concrete over a four year 

period. They found that the reduc:::ion ir. -the bor.C. str�!1gth T:12_s 

higher for higher lev�ls of current .  The reduction i n  bond 

strength also i ncreased with time. However, the reduction in 

borld stre ngth wa s small for the specimens subj�cted to 5 ma/ft
2

. 

The migration of sodium and potassium ion s occurs more slowly at the 

lower c urrent densities .  There fore , longer time {more than 4 

years ) may be required to build up suf fic ient sodium and potassium 

ions at the region s near the rebar to c ause a significant decrease 

in bond strength. 

Hausmann (10) state s that tests by the American Concrete 

Pre ssure Pipe Association i ndicate bond strength will not be 

signif i c antly affec te d as long a s  the polarization potential 

is maintained less negative tha n  -1.05 volts with respect to 

the saturated calomel electrode. This statement is related 
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pr ima r ily to the problem of hydrogen evolution which will occur 

at the cathode at about this potential (11). 

However, if  the bond failure is due to the ionic migration 

toward the r eb ar , damage could result at the lower currents if 

sufficient time was involv�d . This por t i on of the pr oject 

2 will discuss t h e  ef fect of low c u r rent (3 ma/ f t  , c u rrent in 

the range of cathodic protection applied to b r i dge decks) on 

the bond strength between rebar and concrete over a. five year 

period. In addit ion, t h e  e f f e ct of imp re ss ed �u�rsnt on the ionic 

mi gration of sodium, pot assium and chloride ions over a five 

year per i o d  will be discussed. 

Experimental Procedures 

Conductive Layer 

Asphalt ic con c r e t e  mixes cont a ining different amounts of 

coke-breeze and asphalt were prepared for both stability and 

resistivity tests. A standard asphalt cement obtained from ODOT 

was used in all mixes. A coke-breeze , like used in underground 

cathodic p rotection installations, was used to achieve the lowered 

resistivity. The types of coke-breeze used in the proj ect varied 

in terms of grada t ion characteristics. Three gradat ions of coke 

breeze were used; one mix with a well distributed gra d a t ion curve 

(SCP), and two mixes with a very uniform, fine part icle size 

gradation (Types A and B) . Graphs of both grada t i on curves £or 

the coke-breeze mixtures are shown in Figure 1. The (SCP) 

Study 
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coke-breeze mix had a uniformity coefficient of 10.4 while the 

finer, more uniform mix (Type B) had a uniformity coefficient 

of 1.83. 

A matrix of mixes was developed so that an orderly approa ch 

to the optimum mix could be reached. Various mixes of asphaltic · 

cement and coke-breeze was molded and then ·tested for stability 

and res istivity (Table 1). The molds were of the standard Hveem 

asphal t beam type (AASHTO Designation Tl 90-731) and for each 

element of the mix matrix , three beams were molded: (1) a beam 

to test for resistivity, (2) a beam to test resistivity, the 

Hveem st abil ity test and then another resisti�ity test, and (3) 

a control beam to be used if needed . The purpose of testing the 

second beam for resistivity after stability was to see if loading 

durin g stability testing affected the resistivity of the sample. 

The matrix of mix combinations, arrived at through discussion by 

the research team , are shown with the number o:f samples molded 

for each mix. For the particular matrix shown, the ( SCP) coke­

breeze was used. 

The resistivity tests were obtained using the same procedure 

described previously for filled polymer materials ( 6 ). 

Resistivity Measurements 

A diagram of the circuit and apparatus used to measure the 

conductivity is shown in Figure 2. Copper strips were held 

against the ends of the sample with a clamp. A DC voltage was 
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applied to these strips to introduce current into the sa�ple. 

The DC c u r r e n t  wa s measured by using a voltmete r to determine 

the voltage drop ac r oss a decade resistance box in se ries with 

the current flow. The volt age d r o p  through t h e  s ample was measured 

be twe e n  two platinum tipped probes. The probes were mou n ted at 

a known distance apart in a polyethylene spa c er which was placed 

o n  the top surfa ce of the sample. The r esistivity was then 

c a l cula ted as shown b e l ow: 

R . 
t

' . V A 
esis ivity = I D 

where V = voltage drop measured between 
probes 

I = c urr ent f l owing in c i rcuit fro� 
powe r supp ly . 

A = c ross sectional ar e a presen�ed 
to current flow 

D = distance be tween probes 

and Corrosion Rate Study 

Specimen Preparation 

Three re in f orcing bars � i n c h  in diameter by 6 inches long 

were c o ated with an epoxy re s in so that 6.9 in.
2 

of the area 

was l eft bare . The applied coating was a mixture of 5 parts 

epoxy resin 828 and four parts of F-5 as the curing agent with 

1.5 weight pe rcent of Cab-o-Sil as thickener. The partiall y  

coat e d  reba rs were washc--.' with acetone and symmetrically cast, 

3 inches apart, in 6 x 12 inch concrete cylinders a s  shown in 

Figure 3. Several concrete cylind e r s were made, each cont aining 

sodium chloride ranging from 0 to 1 percent (based on c onc r ete 

Electrochemistr 
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we i gh t ) . T h e  c o n c re t e  in e a ch c y l i n d e r  wa s 1n i x e d  a c c ord i ng t o  

th e Ok l ahoma D e partme n t  o f  Transp o r tation ( ODOT ) m i x  d e sign a s  

sh own i n  Table 2 .  

S o d ium c h l o ride ( N a C l )  was d i s s o l v e d  in wat e r  an d a d d e d  

to t h e  mi x. The sp e c imen s · we r e  then s t o re d i n  the wa t e r  c ab i n e t  

f o r  28 days t o  cure . 

A f t e r  28 days o f  c u r i n g  the sp e c imens we r e  pla c e d  in 

l a b o r a t o r y  dry c o n d i tion f o r  about a mon t h  an d t h en the ano di c  

a n d  c a thod i c  po l a r i z a t ion c u r v e s c omb i n e d  w i th l i n e a r po l a r i z a t i o n  

we re obta i n e d  t o  mo n i tor the c o rro sion ra t e . T h e  lin ear p olar i z a­

t io n  t est s we r e  c arri e d  out g a l v a n o s t a t i c a l l y  on e ac h  sp e c i me n. 

The appl i e d  c u r r e n t  in c reme n t s  were 0 .05 to 2 . 4  µ A , de p e n d i ng 

on the s � l t  con t e n t . The a n n <l i c  a n d  c a th o d i c  p o l ar i z ation t e st s  

we r e  c arr i e d  o u t  p o t e n t i o s t a t i c a l l y  with ± 50  mv i n creme n t s  p e r  

thr e e  minut e s. A Cu /Cuso 4 e l e c t r o d e  s e r v e d  a s  t h e  r e f e r e n c e  

e l e c tro d e .  T h e  Cu /Cuso4 wa s pla c e d  a g a inst t h e  co n c re t e  c y l i n d e r  

with p o t assium c h l o r i d e  we t t e d  spo n g e  a s  a c o n t ac t  point. 

In t h e  abo v e  t e sts a po t e n t i o sta t mo de l P E C - l B  manu f a c tur e d  

b y  Floy d  B e ll A s s o c iat e s , I nc . , wa s use d . In a d d it i o n , t h e  

c orr o sion r a t e s  we r e  mon i t o r e d  a n d  comp a r e d  with t h o s e  ob t a in e d  

from a comme rc i a l  c o r r o s i on r a t e  me a s u r eme n t  i n s trume n t  ( P e t ro l i t e  

mo d e l  M·- 1 0 1 3 ) .  

Re f e r e n c e  E l e c t r o de s  

T h e  s i l v e r / s i l ve r  ch l o r i d e  ( Ag /AgC l ) ele c t r o d e s  were prepar e d  

from r e a g e n t  g r a d e  s ilve r  c h l o r i d e  an d six t e e n  g a u g e  f i n e  si l v e r  

w i r e , 1 mm i n  d i ame t e r . Two p r e p a ra t i o n  me t h o ds we r e  u s e d ; me l t  
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c astin g  and d i p p i ng . Mo l t en s i l ver c h lor ide wa s poured a r ound 

t h e  wire in the me l t  c ast ing me thod . The t emp e r a t u r e  o f  the 

mol te n  s i l ve r  c h l or i de h a s an e f f e c t  o n  the u l t ima t e  performan c e  

o f  the e le c t r o de . Best r esu l ts w e r e  ob t a i n e d  w i th the me l t  

temp e r a ture on l y  s l ightl y above the me l ting point . The e l e c t rodes 

we re about 1 . 2 ce nt ime t e rs in d i ame te r and 1 . 2  to 1 . 8 cm l ong . 

S i l v e r / s i lv e r  c h l o r i de e le c t rodes we re a l so made by d ip p i n g  

s i lve r  w i re i n to mol ten s i l ve r  c h l or i de . The w i r e  was d i pp e d  

severa l times into t h e  sil ve r chlor i de to bu i ld u p  the e le c t rode 

lik e mak ing c a n d l e  by d ipp ing . D i pp ing was done i n  d i f fe rent 

. 

t e mp e r a tu r e s of s i l ve r  c h l or ide r a nging f r om the me l ting po i n t 

( 2 3 0 °  C )  to 5 40 °  C .  

The molybdenum-molyb denmn ox i de (Mo /Moo 3 )  e l e c t r o d e s we r e  

made by ox idation of mo lybdenum me t a l  i n  mo l ten pot as s ium nit r i te 

a t  380 to 400 °  C .  Two p r o c e dur e s we r e  use d . Tne r o d s  we r e  made 

of an anode i n  an e l e c trochem i c a l  ce l l  wh i le in the p o t a s s i um 

nit r a te i n  one me thod a n d  were expose d on l y  to the p o t a s s i um 

n itr a t e  i n  the othe r . 

Both t h e  Ag /AgC l and Mo /Mo o
3 

e l e c tro des we r e  s o l de r e d  to 

in s u l a t e  the c o pp e r  w i r e . The j o in t s were se a l e d  w i th e p o xy 

o r  s i l i c o ne - s e a l  c ompound . 

Me th o d s 

The p o t e n t i a l  of these e l e c t rode s wa s c omp a r e d  to standa r d  

r e f e r e n c e  e l e ctro de s in NaC l s o l u t i o n s , s a tu r a t e d  c a l c i um h y d r ox i d e  

so lut icins con t a ining var i ou s  l eve l s  o f  N a C l  and i n  por t l and c ement 

Measuring 
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c o n c r e t e . The c o n c r e t e  c o n t a i n e d  c h l o r i d e i o n  c o nc e n t r a t i o n  

u p  to 0 . 5  p e r c e n t  by we i g h t  o f  t h e  t o t a l c o n c r e t e  m i x . At 

l a t e r  d a t e s , the Mo /Mo o
3 

e l e c t r o d e s we r e  a l s o t e s t e d  i n  t h e  

l ab o r a t o r y  dry a n d  wa t e r  s a t u r a t e d  c o n c r e t e s c o n t a i n i n g  C l  

c o n c e n t r a t i o n  h i gh e �  t h a n  0 . 5 % .  T h e  r e f e r e n c e  e l e c t r o d e s u s e d  

w e r e  s a t u r a t e d  c a l ome l e l e c tr o d e  f o r  me a s u r eme n t s i n  aqu e o u s  

s o l u t i o n s a n d  Cu / Cu s o
4 

e l e c t r o d e  f o r  me a s ur eme n t s i n  c o n c r e t e . 

Long T e rm Curr e n t 

T h e  c o n c r e t e  f o r  t h e  t e s t  b l o c k s  wa s m i x e d  a n d  c a s t 

f o l l ow i n g  the p r o c e du r e s p r e s c r ib e d  i n  t h e  A S TM C - 2 3 4 f o r  t h e  

r e b a r  pu l l  o u t  s t r e n gth t e s t  w i th o n e  mo d i f i c a t i o n . Th e c o n c r e te 

te s t  b l o c k s w e r e  c a s t  a s  c y l i n d e r s 1 5  c e n t ime t e r s ( 6  i n c h e s )  

in d i ame t e r  by 1 5  c e n t ime t e r s ( 6  i n c h e s )  l o n g . A numbe r s ix 

s t e e l r e b a r  wa s emb e d d e d  i n  the ax i s  o f  e a c h  c y l i n d e r  a s  shown 

in F i gu r e  4 .  

T h e  c o n c r e t e  i n  e a c h  c y l i n d e r  wa s m i x e d  a c c o r d in g to the 

Ok l ahoma D ep a r tme n t  o f  T r a n s p o r t a t i o n  mix de s i g n  a s  s h own i n  

Tab le 2 .  So d i um c h l o r i d e  ( NaCl ) wa s added t o  e a c h  c y l i n d e r  in 

an amo unt to g ive a c o n c e n t r a t i o n  o f  a b q u t  0 . 1 % b a s e d  on we i gh t  
. 

o f  c o n c r e t e . T h e  s p e c ime n s we r e  s t r i p p e d  fr om t h e �r mo l d s  a day 

a f te r  c a s t i n g  a n d  w e r e  c u r e d  for 2 8  day s i n  1 0 0 %  humi d i ty 

a tmo s p he r e  obt a in e d  by s to r i n g  t h e  c y l i n de r s  in a c l o s e d  c ab i n e t  

i n  wh i c h  wa t e r  c o n t a i ne r s  we r e  p l a c e d . 

Com . .:rct�! c,·lin<l�s:a,; ····-· --·-- - � -· ----
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One hundr e d  and s i xty c y l i n de r s  we r e  pour ed in e igh t batche s .  

Eighty o f  the s e  we r e  unde r impre s se d  c a tho d i c  current s .  The 

rema in ing e igh ty we r e  u s e d  as c ont rols ( ne v e r  rece ived current ) 

E i ghty cylinder s under impr e s sed cu r r ent and e i g hty a s  cont rol s  

were allowed f o u r  from each ( t e s t  a n d  control ) t o  b e  t e s t ed 

e ach three mon t h s over a f 1ve y e ar p erio d . 

At the end o f  the te s t s , it wa s d i s c ove r e d  r e i n f o r c i n g  s t e e l 

with d i f f erent de forma t io n  p a t t e r n s had b e e n  u s e d . Exam i nat i on 

o f  the dat a ,  howeve r , did not reve al any s ign i f i c an �  d i f f e r e nc e s  

i n  the pu l l o u t  s trength due to the rebar type . 

Curr e n t  App arat u s  

Th e cu r r e n t  t e s t . cy l inder s we r e  placed i n  wo o d e n  t r ay s  

equally spa c e d  ap a r t . C o k e - b r e e z e  wa s poured ar oun d the cy l inde r s  

t o  prov i d e  a cu rrent path . H i �h s i l icon i ron b u t t on - s h ape d a n o a e s 

we r e  u s e d  to c ont a c t the coke - b r e e z e . F o r t y  cylinde r s  we r e  

p l a c ed in e a c h  o f  two box e s a n d  f o u r  anode s w e r e  pla c e d  i n  e ac h  

c o r n e r  o f  e ach box . F i g u r e  5 i s  a d i a gram o f  t h e  p l a c eme n t  of 

anode s a n d  c y l i n d e r s . F igure 6 i s  a pho togr aph o f  the c y l i nde r s  

i n  place i n  t h e  t r ay s . E a c h  tray wa s enclos e d  in a t igh tly 

seale d box in wh i c h  cont aine r s w i th wa ter we r e  pla c e d  to ach i e ve 

a hum id a tmo s p h e r e . 

The e i ghty c o nt rol c y l inde r s  we r e  place d in a box o f  the 

same siz e as the box cont ain ing the cylinde r s  unde r imp r e s s e d  

current s .  Wa t e r  con t a ine r s we re also place d i n  this b o x  to 

prov ide humid atmosphere . 
. 

2 
The c u r r e n t  t e s t  app a r a t u s  wa s s e t  up to d e l ive r 3 ma / ft 

c u r r e n t  den s ity to e a c h  r e b a r . Som� d i f f i c u l ty w a s e n c o un t e r e d  

· i n a c h i e v i n g  a n  e v e n  d i s t r ib u t i o n  o f  c u r r e n t  to e a c h  c y l i n d e r . 

The c o k e - b r e e z e  wa s r e p a c k e d  and t h e  va r i a b l e  r e s i s t a n c e  c on n e c t e d  
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t o  e a c h  r e b a r  wa s ch a n g e d in o r d e r  to a c c omp l i s h th i s . T h e  

p o t e n t i a l  o f  ste e l  wa s me a s u r e d  to be s u r e  that i t  wa s be low 

- 1 . 0  vo l t  w i th re spe c t  to Cu / Cuso4 . Th i s  wa s d o n e  to avo i d  

hydrogen ge n e ra t i o n  a t  t h e  catho d e  wh i ch wi l l  cert a i n l y  de stroy 

the bon d be twe e n  r e b a r  and co ncre t e � 

F igure · 7 i l l u s t r a t e s the c ircu itry u s � d  f o r  contro l and 

mea s u r emen t of the curr e n t  to each c y l i nder . The cy l in de r s  

we r e  a l l  w i r e d  i n  p ara l l e l . The c u r ren t f l ow to e a c h  r e b a r  

wa s mon itored by me a n s  o f  the vo l t a g e  drop a c ro s s  a pre c i s io n  

10 0 ohm r e sisto r  i n  s e r i e s  w i th reb a r : The c u r ren t to each rebar 

wa s c h e ck e d  an d read j u s ted pe r io d ic a l ly t o . a  pre s e t  l eve l b y  

vary i ng t h e  se r i e s r e s i s t a nce . •  A 1 0 0  v o l t , 5 amp e r e  con s t a n t  

vo l t a g e  pave r s upp ly wn s u s e d  tc p r ov ide the n e c e s s a r y  c u r r e n t . 

Reb a r  Pu l l  o u t  Str e n gth Te s t  and Chemi c a l  Ana ly s i s  

The c y l i n de r s  we r e  remov e d  from the c u r r e n t appa r a t u s 

a t • th r e e  mo nth i n t e r v a J. s f o r  the f iv e  yea r p e r {o d  o f  the te s t . 

Four c y l inde r s  s ub je cted t o  c u r ren t f low and four a s  contro l 

w i th no c u r r e n t  f l ow were remov e d  f rom the t e st a pp a r atu s a t  

e a ch in t e r va l . The reb a r  pu l l  o ut- stre n g t h  te st u sin g A S TM C - 2 3 4  

wa s condu c t e d  on a l l  e i ght cyl inder s .  T h e  f orce r e q u i r e d  to pu l l  

the r e i n f orc ing b a r  f rom the c o n c r e te c y l inder wa s r e p o r t e d  a s  

t h e  pu l l - o u t  s t rengt h . I n  all cas e s  t h i s  o c c u r e d  whe n  the cy l i nder 

bro k e  a p a rt . A f t e r  the pu l l - out te s t , th e s p e cime n s w e r e  s p l i t 

open for vi su a l i n sp e c t ion o f  th e con cr ete and the r e b a r  in t h e  

r e g ion s s u r r o un d i n g  t h e  r o d s .  

•r_he c y l i nde r s  we r e  p o ure d i n  b a t c h e s due to the c ap a c ity o f  

the c em e n t  m ix e r  ava i l ab l e . The cy l i n de r s i n  e a c h  bat ch w e r e  

ev e n l y  d i v i. de d b e twe en c o n t r o l a n d  cur r e n t  expo s u r e  te s t  cab i n e t s .  
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Equ a l numb e r  o f  c y l i n de r s f rom e a c h  b a t.c h  we r e  t a k e n  f rom t h e  

c o n t r o l a n d  t e s t  c a b i n e t  a t  e a c h  t e s t  i n t e rv a l . T h i s p r o c e du r e  

was u s e d i n  o r de r to comp a r e  e f f e c t  of c u r r e n t l ev e l o n  cy l in de r s  

t a k e n  f rom t h e  s ame m i x  b a t c h . 

I n  o r d e r  t o  obt a i n  t h e  c o n c e n t r a t i o n  p r o f i l e s  f o r  s o d i um , 

p o t a s s ium a n d  ch l o r ide ion s a s  a funct ion o f  d i s t a n c e  f rom 

r e b a r , t h e  s amp l e s of c o n c r e t e  we r e obta i n e d  at th r ee s e c t i o n s 

o f  e a c h c o n c r e t e  c y l i n d e r s : a d j a c e n t  to r e b a r ; 3 . 7 5 cm ( 1 . 5  

i n c he s ) f a r  f r om r e b a r ; and a t  th e c o n c r e t e  s u r f a c e . The 

samp l e s  were o b t a i n e d by h amme r d r i l l i n g  i n t o  t h e  c on c r e t e 

wi thout u s e  o f  w a t e r . The s amp l e s  from the c o n c r e t e  s u r f a c e  

w e r e  taken by d r i l l i n g  i n to the s e c t i on s o n  t h e  c o n c r e t e  

s u r f a c e . Th e s amp l e s  f r om the r e g i o n  n e a r  t h e  reb a r  w e r e  

the s e c t ion a d j a c e n t  to the r e b a r  a n d  f i n a l l y t h e  s amp l e s  

f rom the m i d s e c t i o n  we r e  ob t a i ne d  b y  dr i l l i n g  f i r s t  t h r o u g h 

the c o n c r e t e s u r f a c e  to r e a c h  the m i d s e c t io n  a n d  the 

s amp l e s  w e r e  c o l l e c t e d  f rom the r e . 

T e n  to f i f t e e n  c o n c r e t e  s amp l e s  w e r e  o b t a i n e d  at e a c h  

l o c a t i o n  f o r  e a c h  c y l inder . Th e s e povJd e r e d  s amp l e s  we r e  

ob t a i n e d  a t  each l o c a t ion f o r  e a c h  c y l i n d e r  and we r e  c omb ined 

f or the a n a l y s e s .  E a c h  comb i n e d  s amp l �  wa s d iv i d e d  i n to t e n  

por t ion s  f o r the c a t i o r:  d e t e r m i n a t i o n s and f i v e  p o r t i o n s we r e  

t a k e n  o f  e a c h  f o r  t h e  c h l o r i d e  an a l y s e s . T h e  c h emi c a l  a n a l y s e s 

f o r  de t e rmi n i n g  po t a s s ium a n d  s o d ium i o n s i n  c o n c r e t e  we r e  

ma de by d i s s o lv in g  th e c o n c r e te powd e r  w i t h  a c i d and then 

the s o l u t ion wa s a n a l y z e d u s i n g  a t om i c  ab s o r p t i o n  a s  d e s c r ib e d  

b y  P e r k i n  E l m e r  ( 1 2 ) . 

The c h l o r ide c o n t e n t  o f  c o n c r e t e  � t  the .re g i o n s me n t i o n e d  

;:, hrm o  ,., ;.) "' rl "" +- "" rm i n r� r'l  1 1 <::: i n n t- h r-' mo d i f :i c� r1 B e r ma n  m e t h o d  ( 1 3 ) . 

t.J.kcn drilli::1s thr01..:c_;:1 c8ncrcte pi-2ces \... .. 

J.J :t 
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HE S UL T S  

Co nduc t ive 

G r a da t i o n  c u r v e s are s hown c omp a r i n g t h e  a g g reg a t e  withou t 

cok e -bre e z e  a n d  the ag g r e g a t e  mix with 1 5 %  c o k e - br e e z e a d d e d , 

c o mp a r e d  to th e l im i t s  o f  t h e  Type C m i x  i n  t h e  s p e c i f i c a t i o n s 

(Figure 8 )  . I t  i s  t o  be no t e d  that with 1 5 %  cok e - b r ee 6 e  a dd ed , 

the mix s t i l l  f a l l s  w i th i n s p e c i f i c a t i o n  l im i t s . Al s o , a 

typ i c a l d a t a  s h e e t , s h ow i n g  a g g r e g a t e  a n d  c o k e - b r e e z e  ca l culation s , 

illu s t r a t e s how v a r iou s  p e r c e n t a g e s wer e  a r r i v e d a t  i n  c a l c u l a t i n g  

m ix e s ( Tab l e 3 ) . The c o k e - b r e e z e  r e p l a c ed a g g r e g a t e  and th e 

amoun t s o f  r o c k , s c r e e n i n g s and s a n d  no rma l l y a dde d t o  a c h i e v e  

a T y p e  C mix we r e  c h a n g e d . In this p a r ticu l a r  d a t a  s h e e t , 2 5 %  

c o k e - b r e e z e  wa s u s e d . 

To p r e s e n t  the . s t ab i l i ty and re s i s t iv i ty d a t a , p l o t s 

w e r e  made o n  th e s ame graph f o r  con s t a n t  p e r c e n t age s o f  a s pha l t  
f 

but va r yin g the p erce n t a g e  o f  c o k e - b r e e z e . T h e  Typ e C 

sp e c i f i c a t i o n s  e s t ab l i s h a min i mum Hveem S t ab i l i ty Numb e r  o f  

3 5 ,  a n d  th i s  l imit i s  a l s o s h own o n  e a c h  graph ( F i g u r e s 9 ,  

1 0 , 1 1 , a n d  12 ) . I t  sh ou ld b e  n o t e d t h a t  5 %  a sp h a l t  wa s n o t  

enough f o r  th e 25 , 3 5 , 4 5  a n d  5 5 %  c o k e - b r e e z e  m i x tu r e s wh i l e  

13% a s pha l t p r o v e d  t o o  h i g h  f o r  the 1 5 ,  2 5 , 3 5 %  c o k e - b r e e z e  

mixtur e s . J t  i s not po s s i b l e  t o  c o l l e c t v e r y  mu c h  d a t a  f o r  

th e s e  m i x e s . 

Ex t ra c t i o n  t e s t s  we r e  p e r f o rme d o n  two c o n t r o l  b e a m s  

o f  the 2 5 %  6oke -bre e z e  mix . G r a d a t ion cu rve s we r e  p l o t t e d  

���--�--=Layer Study 
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f o r  t h e  a g g r e g a t e , i n c l u d i n g  t h e  2 5 %  c o k e - b r e e z e , be f o r e  

mix i n g  a n d  t h e n  a f t e r s t a b i l i t y  t e s t s  a n d  e x t r a c t i o n . Thi s 

wa s don e  to c omp a r e  t h e  two c u rv e s a n d  e s t ab l i s h i f  a n y  c ok e ­

br e e z e  b r e akdown wa s o c c u r i ng d u r i n g  l o ad i n g  i n  the s tab i l i ty 

t e s t . One o f  t h e s e  p l o t� is s h own and it i nd i c a t e s very l i t t l e , 

i f  a n y , b r e a kdown ( F igure 1 3 ) . The s l i gh t di f f e r e n c e  i s  

p r o ba b l y  a t t r i b u t a b l e  to the ex t rac t i on t e s t  va r i ab i l i ty .

F u r t h e r  Te s t  Re s u l t s  

U sing s ome o f  the r e s u l t s  o f t h e  ( S CP )  c o k e - b r e e z e  

m i x t u r e s ,  c e r t a i n  c o mb i n a t i o n s o f  m i x e s w e r e  e l i m i n a t e d  a s  

unwo rk a b l e and sma l l e r  m i x  matr i c e s  we r e  s e t  u p  t o  ana l y z e  

the f i n e r  c o k e - b r e e z e  p r o duc t s . Two , v e ry s im i l a r , f i n e  

c ok e -b r e e z e  m ix e �  we r e  u s e d . Th ey we r e  l a b e l e a  typ e s  A a n d  

B ,  a n d  the g r a d a t i o n  f o r  t y p e  B i s  s hown i n  F i gure 1 .  

A f t e r  m i x i n g  v a r i o u s  s amp l e s , i t  wa s ob s e rve d t h a t  b o t h  

ty p e s ( A  a n d  B )  w e r e  u nwo r k ab l e . Th ey f o rme d v e r y  v i s c o u s  

typ e b e am s  w i th v i r tua l l y n o  s t a b i l i ty . An e x t rac tion t e s t 

wa s p e r f o rme d o n  o n e  s amp l e  w i th 2 5 % c o k e - br e e z e  added ,  and 

the g r a d a t i o n  p l o t t e d  aga i n s t  t h e  2 5 %  ( S CP ) c o k e - b r e e z e  m i x . 

The d i f f e r e n c e s a re v e ry notab l e  and v a r y  a s  muc h  a s  2 0 %  

p a s s ing in the a r e a  o f  t h e  No . 4 0  s i e v e  ( F i g u r e  13 ) . 

U s i n g  r e s i s t iv i ty dat a , it wa s a l s o  d e t e r m i n e d  t h a t  

s t ab i l i t y  d i d  n o t  a l t e r  th e r e s i s t i v i ty d a t a  o n  the s amp l e s 

m i x e d  w i th t h e  ( S C P ) c ok e - bre e z e  o r  t h e  s amp l e s  mo i ded w i t h 

the f i n e  c o k e - br e e z e  typ e s ( A  a n d  B )  .
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a n d  C o r ro s i o n  R a t e  

B o t h  a n o d i c  a n d  c a t h o d i c  po l ar i z a t i on c u r v e s f o r  s t e e l 

in c o n c r e t e  c o n t a i n ing 0 to 1 p e r c e n t N a C l  a r e  s hown in 

F ig u r e  14 . The resu l t s  show that the a n o d i c  a n d  c a thod i c 

c u r r e n t  de n s i t i e s i n c r e a s e d  w i t h  a n  i nc r e a s e  i n  s a l t  c o n c e n t r a �  

t ion .  T h e  i n c r e a s e  i n  t h e  c u r r e n t  d en s i t i e s a r e ind i c a t ive 

of mo r e  s e v e r e  c o r r o s i o n . The i n c r e a s e s i n  t h e  c u r r e n t  

d en s i ty we r e  mo r e d r ama t i c  f o r  s a l t  c o n c e n t r a t i o n s a b o v e  0 . 1% .  

Th e s e p o l a r i z a t i o n  c u r v e s we r e  a l so u se d  to ob t ain t h e  T a f e l  

s lop e s f o r  u s e  i n  the l in e ar p o l a r i za t i o n  a s  a c o r r o s ion r a t e 

mea sur ing me t ho d . Typ i c a l  l in e a r  polariz a t ion c u r v e s o b t a i n e d  

in th i s s tudy a r e  s h own i n  F i g u re 1 5 . Not a l l  the d a t a  we r e  

as l inear a s  s h o wn in th i s  figur e . S6me h a d  mo r e  c u r v ct t u r e . 

Howe v e r  an a t temp t  wa s made to o b t a in the ave r a g e  s l o p e s f r om 

t h e s e  curve s .  T h e s e  s l o p e s and the Ta f e l  s l o p e s d e t e rm i n e d  

�rem t h e  po l a r i z a t i o n c u r v e s we r e  u s e d  to c a �c u l a t e  t h e  c o r r o s i o n  

r a t e s . 

T ab l e  4 c o n t a in s the c a l c u l a t e d  c o r r o s io n r a t e s b a s e d  

o n  the s e  d a t a . I n  a dd i t i o n , t h e  c o r r o s i o n  r a t e s d e t e rm i n e d  

b y  t h e  PAI R  m e t e r  manu f a c tu r e d  by Pe t ro l it e  Co rpor a t ion a r e  

a l so g iven i n  th i s  t ab l e . As can b e  s e e n , th e c o r r o s i o n  r a t e  

i nc r e a s e d w i th i n c r e a s e  i n  t h e  s a l t  c o n c e n t r a t i o n . The 

c o r r o s i o n  r a t e s d e t e rm i n e d  by the Comme rc i a l i n s t r u me n t  

( PAI R me t e r ) u s ing t h r e e  e l e c t r o d e  p rob e s a r e  muc h  l owe r 

than tho s e  ob t a i n e d  f rom the l i n e a r  pol ariz a t io n  me t hod . 

Electrochemistry Study 
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Howe ve r , the re l a t ive i n c r e a s e  i n  c o r ro s i o n  r a t e s w i th s a l t  

c o n c e n t r a t ion wa s the s ame a s  tho s e  sh own b y  l i n e a r  po l a r i z a t i o n  

me tho d . 

Re f e r e n c e  E l e c t r o d e s 

S i l ve r / S i l v e r  Ch l o t i d e  ( Ag /Ag C l ) The d a t a  p r e s e n t e d  h e r e  a r e  

f o r  a b a t c h  o f  1 1  mo l d e d  Ag / AgC l e l e c t rode s te s t e d  i n  s o l u t i o n s .  

I t  wa s n e c e s s a r y  to r e j e c t  tour o f  the s e  e l e c tr o de s , due to 

l a r g e  p o te n t i a l  d e v i a t ion s f rom the av e r a g e . 

Tab l e  5 c o n ta i n s the ave r a g e  po t en t i a l  mea s u r e d  over 

a to t a l  o f  1 0 8  d a y s . The d a t a  t a k e n  i n  s a l t  s o l u t i o n s  p e r t a i n  

t o  t h e  f i r s t  3 0  day s a f t e r  p r e p a r a t i o n . T h e  me a s u r eme n t s 

in the C a 1 0H )
2 

s o l ut i on s we re t a k e n  f o r  the p e r ip d  o f  3 0  to 

6 8  day s a f t e r  they were ma de . �he e l e c trode s were t h e n  s t o r ed 

i n  s a tu r a t e d  C a ( OH ) 2 a� d me a su r e d  i n  the C a ( OH ) 2 c o n t a i n i n g  

c h l o r i d e  i o n . The s e  d a t a  c a n  b e  c omp a r e d  to the va l u e s g iv e n  

in Tab l e  6 ,  wh i c h  we r e  c a l c u l a t e d  f r om th e  e l e c t r o d e  po t en t i a l 

o f  Ag /AgC l i n  0 . 1  N KC l g iven a s  0 . 2 8 8 8  v in th e l i t e r a tu r e  

( 1 4 ) . The N e r n s t  equa t ion wa s u s e d  to c o r r e c t  the p o t en t i a l  

f o r  c h l o r ide i o n  a c t iv i ty . The p o t en t i a l  v a l u e s we r e  a f f e c t e d  

b y  hydroxy l i o n  wh i c h  i s  no t p r e d i c t e d f rom t h e  N e r n s t  equa t i o n . 

The s e  s ame e l e c t rode s we r e  then c a� t  i n  6 x 1 2  i n c h  
. 

c on c r e t e  c y l inde r s .  E a ch c o n c r e t e c y l inder had o n e  s t e e l 

rebar about � i n c h  i n  � i ame t e r  a n d  1 0  i n c h e s l on g . The 

c h l o r i d e  c o n t e n t  i n  the c y l i n de r s  wa s 0 . 1 , 0 . 2  and 0 . 5 % .  
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The values obtain ed at 4 0  days a f t e r  the e l e c t r o d e s we r e  

p l a c e d  i n t o  t h e c o n c re t e  a r e  tabulated i n  Table 7 .  Howeve r , 

the po tentials o f  t h e s e  e l e c tr o d e s d i d  no t r ema i n  s t ab l e  

and s t e a dy after  7 0  day s i n  c onc r e te . 

Molybdenum /Molybdenum Ox i d e , Mo /Moo 3 The oxide f o rme d o n  

t h e  mo l y b de num e l e c t r o de s  w a s  r emov e d  w i t h  a f i l e  and a n a l y z e d 

by x- ray d i f f r a c t i o n . These d a t a  ind i c a te d  t h a t  the t emp e r a tu r e 

o f  t h e  mo l te n  p o t a s s i um n i tr a t e  a f f e c t e d  the type
.
of o x i de 

formed o n  the mo lydenum . When the t e mp e r a tu r �  wa s b e twe e n  the 

me l t ing point ( 3 3 3 ° C  and 4 0 0 ° C ) , the ox ide formed wa s the 

t r i o x i de , Moo 3 . When the temp e r atu r e  o f  KN0
3 

wa s r a i s e d  

above 4 0 0 ° C ,  the KNo
3 

d e c ompo s e d  a n d  the o x i d e  fo rme d wa s the 

d iox ide (Moo2 ) .  The poten t i a l and s t a b i. J . i t y o f  the s e  e l e c t r o de s 

a r e  dependent upon the ox i d e  f o rme d . 

The p o t e n t i a l s of t h e  e l e c t r o d e s we r e  mea sured wh i l e  

i�ne r s e d  i n  s o d i um h y d ro x i d e  ( N a O H ) s o lut i o n s ranging i n  

c o n c e n t r a t ion up to 4 0  p e r c e n t  by we i g h t . F i g u r e 1 6  i l l u s t r a t e s 

th i s  va r i a tio n o f  p o t e n t i a l  w i t h  r e sp e c t  to N a O H  c o n c e n t r a t i o n . 

Th e s e  d a t a  a gre e w i th those repo r t e d  by E v e r y  a n d  B a n k s ( 1 5 ) . 

The p o t e n t i a l s  o f  the e l e c t rode s a s  a f u n c t i o n  o f  time 

a r e  shown in F i g u r e  1 7 . The se d a t a  we r e  ob t a i n e d  w i t h  t h e  

e l e c trode s immer sed i n  s a t u r a t e d  Ca ( OH J 2 comp a r e d  to a 

s a t u r a t e d  c a l ome l c e l l . F i g u r e  1 8  conta i n s  s im i l a r data 

for tho se e l e ctrode s a s  a func t i o n  o f  s a l t  c o n c e n t r a t i o n . 

The a g r e eme n t  b e tw e e n  e l e c t ro d e s i s  goo d . T h e s e  e l e c t r o de �  
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w e r e  p lac e d i n  c o n c r e t e  cy l i n de r s  c o n t a i n i n g  va r i o u s 

c o n c e n t r a t i o n s o f  c h l o r i d e  i o n c o n t e n t . F i g u r e  1 9  i l l u s t r a t e s 

t h e  pot e n t i a l o f  t h e  Mo /Moo 3 e l e c t r o d e s c omp a r e d  to a Cu / Cu s o 4 
a s  a f un c tio n o f  c h l o r i d e  i o n  c o n t e n t . I n  a d d i t i o n , the 

po t e n t i a l of t h e  s t e e l  rebar c omp ar e d  to t h e  Cu / Cu so 4 i s  g iven . 

F i gu r e  20  . i l l u s t r a t e s the r e b a r  p o t e n t i a l · comp a r e d  t o  Cu / Cuso 4 
and to Mo /Moo

3
. The s e  d a t a  we r e  t a k e n  dur i n g  the 2 8  day s t h e  

c y l in de r s we r e  c u r i n g  i n  th e wa t e r  c ab i n e t . 

F i gure 2 1  i s  a p l o t  o f  th e e l e c t r o d e  p o t e n t i a l s c omp a r e d  

to Cu / Cuso4 a s  a f un c t i on o f  t ime . T h e  e l e c trode po t e n t i a l 

b e g i n s t o  sh i f t a t  about the s ame t ime t h e  ciure pe r io d i s  

ove r . The s e  e l e c t r o d e s h ad b �e n  ma de by bo th me t h o d s  l i s te d , 

w i t h  a n d  w i t h o u t  e l e c t ro l y s i s . The r e  wa s n o  d i s c e r n i b J e 

d i f f e r e n c e  b e twe e n  the o n e s mad e  w i th e l e c t ro l y s i s  a n d  tho s e 

made w i thout . 

The p o t e n t i a l  o f  the e l e c t r o d e s s h own i n ' F i g u r e  2 0  wa s 

mon i t o r e d  a f t e r 8 mon th s  f o r  b a t c h  1 a n d  6 mo nth s f o r  b a t c h  2 .  

I n  add i t i o n , a th i r d  l o t  o f  e l e c trb d e s h a d  b e e n  i n  c y l i n de r s  

f o r  f o u r  mo n th s . Tab l e  8 c on t a i n s  the ave r a g e  p o t e n t i a l  o f  a l l  

t h e s e  e l e c tro de s ( 2 1  to t a l ) .  The e f f e c t  o f  c h l o r id e i o n  o n  the 

poten t i a l  of the e l e c tr o d e s in c o n c r e t e  conta i n ing 0 and 0 . 5 % 

c h l o r i d e a r e  w i th i n  the s t a n d a r d  dev i a t ion s wh i l e the potential  
o f  t h e  e l e c tr o d e s i n  c o n c r e t e  w i th 0 . 1  a n d  0 . 2  o n  c h l o r i de 

sh i f t e d  by about 3 0 - 4 0  mv . 

The pot� n t i a l  o f  Mo /Moo
2 

e l e c t r o d e s we r e  n o t  s t e ady 

w i th r e s p e c t  to t ime . 
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O t h e r  b a t c h e s o f  Mo / Moo 3 e l e c t r6 d e s we r e  manu f a c t u r e d  

l a t e r . The po te n t i al o f  t h e s e  e l e c t r o d e s wa s me a s u r e d  a f t e r  

t h e y  we r e  inune r s e d  i n  s a t ur a t e d  c a l c i u m  h y d r o x i d e , t h e n  t h e y  

we r e  emb e d d e d  i n  c o n c r e t e  w i t h  c h l o r i d e c o n c e n t r a t i o n  vary i n g  

f r om 0 to 2 . 1 % . The s e  c o n c r e t e  s an� l e s we r e  s o a k e d  in d i s t i l l � d 

wa t e r  a n d  the p o t e n t i a l  o f  t h e  e l e c t r o d e s ·  wa s me a s ur e d w i th 

t iw.e . Tab l e  9 g ive s the p o t e n t i a l s o f  t h e  e l e c t r o d e s i n  wa t e r -

s a t u r a t e d  c o n c r e t e  a s  a f un c t i o n o f  � h l o r i d e c o n c e n t r a t i o n . 

I t  i s  i n t e r e s t ing t o  note th a t the e l e c t rode po t e n t i a l s we r e  

i n  the r a n g e  o f  - 5 5 0  to - 6 0 0  mv v s  Cu / Cu s o 4 f o r  t h e  c o n c r e t e  

c o n t a i n i n g  l o w  c h l o r i de c o n c e n t r a t i o n  u p  to 0 . 6 % .  Howeve r , 

t h e  potent i a l s o f  t h e s e  e l e c t ro de s we r e  mo r e  n e g a t ive a t  

t h e  h i gh e r  c h l o r ide c c n c s n t r a t i o n , bu£ they r ema i n e d  con s ta n t  

w i th t ime . 

T h e  potent i a l s o f  some o f  the Mo /Moo 3 e l e c t r o d e s wh i c h  

h a d  b e e n  i n  t h e  l ab o r a t o r y  d r y  c o n c r e te for f rve y e a r s w e r e  

me a su r e d w i th an e x t e rn a l C u / Cu s o
4 

e l e c t r o d e . The p o t e n t i a l  

o f  th e s e e l e c t ro d e s a s  a fun c t i o n o f  d i s t a n c e  f r om t h e  Cu / Cu S O � 

wa s a l s o de t e rm i n e d . T h e n  t h e  s ame c o n c r e t e  s amp l e  wa s s o a k e d  

i n  d i s t i l l e d wa t e r  f o r  two week s a n d  t h e  po t e n t i a l o f  the s e  

e l e c t r o d e s a s  a f un c t i on o f  d i s t an c e  f rom Cu / Cu s o 4  wa s 

me a su r e d  a g a i n  a s  shown in Tab l e s  1 0  and 1 1 . T h e  r e s u l t s  

i nd i c a te d  that a n  i n c re a s e  i n  t h e  d i s t a n c e  b e twe e n Mo / Mo 0
3 

emb e d d e d  i n  d r y  c o n c r e t e and a n  e x t e r n a l  Cu / Cu s o
4 

ma k e s a 

drama t i c  d i f f e r e n c e i n  p o t e n t i a l . The po t e n t i a l o f  the s e  

e l e c t r o d e s b e c ame mo r e po s i t ive whe n  t h e  d i s t an c e b e twe e n  
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C u / Cu s o 4 a n d  Mo /Moo
3 

i n c r e a s e d . Howeve r , t h e  p o t e n t i a l  o f  

the e l e c t r o d e s i n  t h e  s ame c o n c r e t e  s amp l e  when soaked in 

d i s t i l l e d  wa t e r  f o r  two we ek s s h i f t e d  towa r d  a mo r e  n e ga t iv e  

va lue ( - 5 5 0  t o  - 6 0 0  mv v s  Cu / Cuso
4

) and an i n c r e a s e  in t h e  

dis tan � e b e twe e n  Cu / Cu s o 4 and t h e  Mo /Mo o
3 

ele c t rode s had no 

e f f e c t  on th eir p o t e n t i a l s . 

I n  a dd i t i o n , some Mo /Moo
3 

e l e c t r o d e s we r e  a l so u s e d  in 

a b r i dg e  d e c k  on S tate H i ghway 5 1  about 5 . 6  m i l e s  e a s t  o f  

th e P a y n e  C o u n t y  l i n e . The p o t e n t i a l  o f  t h e s e  e l e c t r o d e s wa s 

mo n i to r e d  mo n th l y . The p o t en t i a l  o f  t h e  e l e c t r o de s wa s in 

t h e  r a n g e  o f  - 1 7 4  t o  - 3 7 0 mv v s  a n  e x t e r n a l  Cu / Cu s o
4 

e l e c t r o d e  

n i n e  t o  t e n  mo n t h s a f t e r  t h e  i n s t a l l a t i o�. T h e  d i s t a n c e  

b e tw e e n  Cu / Cuso
4 

and Mo /Moo 3 e l e c t r o d e s a f f e c te d  t h e  p o t e n t i a l  

as f o u n d  t o  b e  t h e  c a s e  i n  t h e  l ab o r a to r y  exp e r j me n t s .  Howe v e r ,  

t h e  p o t en t i a l s we r e  f a i r l y  s t ab l e  w i th t ime whe n  th e Cu / Cu s o
4 

wa s p l a c e d  i n  t h e  s ame po s i t i o n  a s  the p r e v i o u e  me a s u r e me n t s .  

E f f e c t  o f  Lo n g  T e rm C u r r e n t  Te s t s  

T h e  data o n  p u l l - o �t s t r e n g t h  are p r e s e n t e d  i n  t a bu l a r  

form and a s  p l o t s  o f  p u l � - o u t  s t r e n g th a s  a f un c t i o n  o f  t ime . 

T ab l e s  1 - 5 c o n t a i n  t h e  p u l l - o u t  s t r e n g th d a t a  for e a c h  c y l ind e r  

g r o u p e d  in t h e  te s t  year . T h e  b a t c h  i'rnmb e r  f o r  e a c h  s e t  i s  a l s o  

i d e n t i f i e d . T h e  ave r a g e  o f  al l cy l i n de r s  s amp l e d i n  o n e  y e a r , 

s t a n d a r d  dev i a t i o n , s t a n da r d  e r r o r  o f  the me an , and f r a c t i o n a l  

s ta n d a r d  dev i a t i o n  o f  each y e a r ' s  s amp l e s  a r e  l i s te d  f o r  t h e  

c o n t r o l c y l i nd e r s  a n d  th e c y l i n d e r s  u n d e r  c a tho d i c  p r o t e c t i o n . 

Tab l e  6 l i s t s  t h e  me an pu l l - o u t  s t r e n g t h  f o r  e a c h  s e t  o f  

c y l inde r s  l i s t e d  b y  b a t c h  numbe r . T ab l e  7 l i s t s  t h e  s ame d a t a  

o r g a n i z e d by s e t  numbe r . 

The y ear l y  ave r ag e  d�ta a r c  shown in T ab l e  2 0  and F igur e 2 2 . 

The d a t a  p r e s e n t e d  i n  th i s  mann e r  a r e s ub s t an t i a l ly smo o t h e d  
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a n d  i n d i c a t e  th e r e  a r e d i f f e r en c e s . i J 1  t h e  p u l l - ou l  s t r e n g t h s 

tha t may be s i g n i f i cant . A s  an e x amp l e  i n  T a b l e  5 ,  the s t a n d a r d  

e r r o r  o f  t h e  m e a n  f o r  t h e  c y l inde r s  ex�o s e d  t o  c a tho d i c  p r o t e c t i on 

c u r r e n t s  i s  7 8 9  p s i a . The r e  i s  a 6 8 . 3 % ce r t a i nty the tr u e  

v a l u e  i s  1 5 , 6 4 7  ( th e  mean v a l u e ) ± 7 8 9  p s i a  a n d  a 9 5 . 5 %  ce rta i n t y  

the true val u e  i s  1 5 , 6 4 7  ± 1 5 78 p s i a . S in c e  the mean f o �  the 

contro l samp l e  i s  1 9 , 8 7 3  p s i  with a . s tan d a r d  e rror of the me an 

of 8 1 0  p s i, . there i s  a high d e g r e e  of c e rta�nty ( be t t e r  than 

9 4 . 5 % )  the me a n s  a r e  s i gn i f i cant l y  d i f f e r ent . 

When t h e  v a l u e s o f  pul l - out s t r e ri g t h  f o r  a l l  c yl i n ders 

were u s e d  in a quadrat i c  r e g r e s s i o n  s t a t i s t i c a l  p a ck a g e , the 

p l o tt e d  d i f f e r e nc e s  l o o k  to be s im i l a �  to t h e  va lues p l o t t e d  

f rom t h e  y e a r l y  ave r a g e s .  F i gu r e  2 2 A i s  t h e  c ompu t e r  g e n erate d 

p l o t  o f  th i s  an a l y s i s . Th i s  p l o t  a l s o i n d i c a t e  the s c atter 

obt ct i 1 1 e d  in E: a c h  d a t a  s e t . 

The c o n c e n t r a t i o n  o f  p o t a s s i um i o n s  
+ ( K  ) a t  t h e  r e g i o n  

n e a r  t h e  r e b a r  s u r f a c e  wa s d e t e r m i n e d  a s  a f u n c t i o n  o f  t ime 

for the t e s t  and c o n t r o l  s p e c imen i s  shown in F i g ure 2 3 .  E a c h  

po i h t  o n the c u rve s i s  the ave r a g e  o f  t � e  f o r ty s amp l e  a n a l y s e s  

taken f rom f o u r  i d e n t i c a l  c y l i n d e r s .  The re s ti l t s  s h o w  t h a t  

the c o n c e n t r a t i o n  o f  K+ n e a r  reb a r  i n c r e a s e s  a s  the expo s u r e  

t ime t o  t h e  i�p r e s s e d  c u r r e n t  i n c r e a s e s .  Th e r e  wa s s ome 

s c a t t e r ing in the d a t a  f r om one b a t c h  o f  c y l i n de r s  to a n o th e r  

wh i c h  may b e  due to s amp l ing . A c o mpa r i son b e twe en the 
., 

s p e c ime n s ub j e c t e d  to impre s s e d  c u r r e n t  and the c o n t r o l c y l i n de r s  

a l s o ind i c a te s  h i gher K +  a c c umu l a t i o n  n e a r  the r e b a r  f o r  t e st 

c y l i n d e r s  than that f o r  c o n tro l on e s . Th i s  f i g u r e  a l s o show s 

t h a t  t h e  K+ c o n c e n t r a t i o n  n e ar t h e  r e b a r  f o r  the te st and 

c o n t ro l  (n eve r r e c e ived c urr en t )  s p e c ime n wa s a p p rox imate l y  

t h e  s ame o r  c l o s e f o r  a p e r i o d  o_f u p  t o  1 8  mon th s . H owe v e r ,  

t h e  K+ a ccumu l a t i o n  n e a r  t h e  ieba r f o r  the t R s t  s p e c ime n b e c ame 
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muc h  h i g h e r  t h a n  t h a t  f o r  the c on t r o l c y l i n de r s  a f t e r 1 8  

mo n th s o f  exp o s u r e . The s e  d i f f e r e n c e s  i n  t h e  K+ c o n c e n t r a t i o n  

b e c ame g r e a t e r  w i t h  t ime . F o r  i n s t a n c e , the K+ c o n c e n t r a t i o n s 

d e t e rm i n e d  f o r  t e s t  a n d  c o n t r o l s p e c imen a f t e r  3 9  mo nth s o f  

expo sure we r e  0 . 1 8 %  and 0 . 1 0 % ,  r e spe c t ive l y , i n  c omp a r i s o n  

t o  th e c o n c e n t r a t i o n  de t e rm i n e d  a t  5 7  month s wh i c h  w a s a b o u t  

0 . 2 5 %  a n d  0 . 1 3 %  f o r  t e s t  and con t r o l spec imen , r e sp e c t iv e l y . 

F i g u r e  2 4  g i v e s the r e s u l t s o f  K+ c o n c en t r a t i o n  de t e rm i n e d  

a t  the c o n c r e t e  sur face  ( 3  in che s away f r o m  t h e  r e b a r ) f o r  t h e  

t e s t  and c o n t r o l s pec ime n . The r e s u l t s  i n d i c a t e  that t h e  K
+ 

c o n c e n t r a t i o n  a t  t h e  c o n c r e t e sur f a c e  i s  h i g h e r  for  t h e  c o n t r o l 

s p e c ime n than th a t for the te s t  c y l inder s .  The s e  d i f f e r e n c e s  

b e c a me m o r e  d r a s t i c  w i �h t ime . Th e c ompa r i s o n  o f  th i s  f igure 

w i t h  F i gu r e  2 3  s h o w s  th a t  K+ i o n s mi g ra te f r om the c o n c r e t e  

s ur f a c e  towa r d  t h e  r egio n s n e a r  t h e  r e b a r  f o r  t h e  s p e c i m e n  

sub j e c t e d  to the imp r e s sed c u r r e n t . I n  t h e  c o n t r o l  s p e c ime n 

the K
+ 

ions  migrate f rom the v i c i n i ty o f  t h e  r e b a r  towa r d  

t h e  c o n c r e t e  s u r f a c e . 

F igure 2 5  g ive s a t y p i c a l  K+ c o n cen tr a t i o n p r o f i l e  a s  a 

func t i o n  o f  d i s t a n c e  f r om the r e b a r  f o r  the t e s t  a n d  c o n t r o l 

s p e c imen a f t e r  4 . 5  y e a r s o f  e x p o s u r e  t ime . The r e su l t s  show 

that f o r  the t e s t  s p e c imen t h e  c o n c e n t r a t i o n s  o f  K+ f r om the 

c o n c r e t e  s ur f a c e  ( shown as F )  a n d  a t  the r e g i o n s of 3 . 7 5 cm 

( 1 . 5 i n c h e s )  away f rom the rebar ( sh own as M) are l e s s  t h a n  the 

i- . . . K c o n c e ntra t i on a t  the r e g ion s n e a r  t h e  r e b a r  ( shown a s  N ) . 
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Th i s  i s  i n d i c a t i v e  o f  t h e  K+ m i g r a t i o n  towa r d  t h e  r e g i ons 

n e a r  the r e b a r . Howe ve r , i n  the c o n tr o l  s p e c i me n , t h e  c o n c e n -

t r a t i o n  o f  K + a t  t h e  r e g i o n s  n e a r  t h e  rebar ( N )  a n d  a t  t h e  

r e g i o n s o f  3 . 7 5 c m  ( 1 . 5  i n c h e s )  away f r om th e r e b a r  ( M )  i s  

l e s s  th an th a t  a t the c o n c r e t e  s u r f a Q e . Th i s  i n d i c a t e s th a t 

t h e  K+ i o n s m i g r a t e  f r om t h e  r e g i o n s n e a r  t h e  r e b a r  towa r d  

the c o n c r e t e  s u r f a c e  for t h e  c o n t ro l s p e c imen . 

The re su l t s  pre s en t e d  i n  F i gu r e s  2 6  and 2 7  a r e  t h e  

s o d i um i o n  ( N a + ) c o n c � n t r a t i o n  a s  a fun c t ion o f  e x p o s u r e  t ime t o  

t h e  imp r e s s e d  c u r r e n t . T h e r e  wa s s om e  s c a t t e r i n g  i n  the d a t a  

f r om o n e  b a t c h  o f  c o n c re t e c y l i n d e r s  to ano th e r wh i c h  i s  

p r ob a b l y  d u e  t o  s a mp l i n g . E a c h  po i n t  o n  t h e s e  curv e s  r e p r e s e n t s 

t h e  a vP r a g e  o f  4 0  s amp l e  a n a l y s e s t a k e n  f rom fou r j_ d e n � i c a J .  

te s t  c y l inder s .  F i gur? 2 6  show s  that t h e  N a + c o n c e n t r a t i o n  a t  

the r e g i o n s n e a r  the rebar f o r  the s p e c ime n s ub j e c t e d  t o  

t h e  imp r e s s e d  c u r r e n t  i n c r e a s e s  a s  t h e  expo s u r e  t ime i n c � e a s e s .  

The N a + c o n c e n t r a t i o n  a t  the r e g i o n s n e a r  the r e b a r  f o r  t h e  

s p e c imen sub j e c t e d  to the imp r e s s e d  c u r r e n t  i n c r e a s e s  a s  t h e  

. . h + . h expo s u r e  t ime i n c r e a s e s . T e N a  c o n c e n t r a t i o n s  n e a r  t e 

r e b a r  f o r  t h e  t e s t  s p e c imen a r e  h i g h e r  than that f o r  t h e  

c on t r o l c y l inde r s . F igure 2 7  s h o w s  t h a t  t h e  c o n c e n t r a t i o n s o f  

Na
+ a t  t h e  t o n c r e t e  s u r f a c e  f o r  t h e  t e s t  s p e c ime n . a r e  l e s s  

t h a n  that f o r  t h e  c o n t r o l s p e c imen . From t h e  c omp a r i s o n 

b e twe e n  F i g u r e s 2 6  a n d  2 7  i t  app e a r s th a t N a +  i o n s m i g r a t e  

f rom t h e  c o n c r e t e  s u r f a c e  towa r d  t h e  r e g i o n s near t h e  r e b a r . 
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Howe ver , t h e  d i r e c t ion o f  the m i g r a t io n  i s  o p p o site f o r  the 

c o n t r o l sp e c ime n s . 

A typ i ca l c o n c e n t r a t i o n  p ro f i l e  f o r  N a + io n s  a s  a f u n ctio n 

o f  d i sta n c e  i s  s h own in F igu r e  2 8 . Aga in t h e  re su l t s  show 

th a t N a + io n a c c umu l a t ion at the r e g i o n s n e a r  th e rebar i s  

high e r  tha n tha t in m i d d l e  s e c tio n ( 1 . 5  i nch e s away f rom th e 

rebar ) and io n s  at t h e  co n c r e t e  sur f a ce f o r  t h e  spe c imen sub -

j e ct e d  t o  t h e impr e s se d  c u r r e n t . The r e fore , i t  s e e m s  t hat 

in the t e s t  spe c ime n the N a
+ 

i o n s l ike the K� i o n s m i g r a t e  

towa r d  t h e  re b a r  s e c t i o n . Howeve r , f o r  the co n tro l s p e c imen 

t h e  gen e r a l  t r e n d  i s  oppo s i t e  a n d  Na
+ 

co n c e n trat i o n  at the 

co n cre t e  s u r f a c e  ( sh own as F )  i s  h ighe r  tha n the M se c t i o n  

( 1 . 5  i n c h e s f a r  f r om the reb2r ) and the r e g i o n  n e a r the r 0 b a r  

( sh own as N ) . 

P l o t s  shown in F i g u r e s 2 9  a n d  3 0  a r e  t h e  r e s u l t s  o f  the 

c h l o r i d e  a n a l y s i s  t a k e n  f rom t h e  r e g i o n  ne a r the rebar and the 

re g i o n  a t  the co n c r e t e  su r face , r e s p e c t ive l y . Eac h p o i n t  o n  

the c u r v e s i s  t h e  ave r a g e  o f  2 0  s amp l e  a na l y s e s  f r o m  t h e  four 

i d e n t i c a l  c y l i n d e r s .  T h e  re su l t s  i n d i cate t h a t  in co n t r a s t  t o  

+ d + . 1
-

. t .  h 
. K an Na i o n s C ion con c e n t r a ·  i o n s at t e r e g J.01 1  n e a r  

t h e  r e b a r  f o r  t h e  t r e a t e d  s p e c ime n a r e  l owe r than tho s e  i n  

t h e  c o n t ro l sp e c im e n . T h e  C l  co n c e n t r a tio n a t  t h e  c o n c r e t e  

su r f a c e  f o r  t h e  te st s p e c imen i s  h i gh e r  t h a n  t h a t  i n  the 

co n t r o l spe c i me n . Th i s  s u g g e s t s  th a t  C l  i o n s i n  the te s t  

sp e c imen m i g r a t e  towa r d  t h e  co n c r e t e  s u r fac e w i th time . 

Uowever 1 in the cont r o l spec imen s , the C l  conc entrat ion a t  

the 



t h e  c o n c r e t e  s u r f a c e  wa s l owe r tha n t h a t  a t  the m i d - s e c t io n  

a n d  the r e g i o n n e a r  th e r eb a r . The c o n c e n t r a t i o n  o n the 

c o n c r e t e  s ur f a c e wa s even l o we r  than t h a t  a t  t h e  m i d - s e c t i o n  

and the r e g i o n  n e a r  the r e b a r . T h e  c o n c e n t r a t i o n  o n  the 

c o n c r e t e  s u r f a c e  wa s even l ower than 0 . 0 6 %  C l  . Th i s  i s  

s u rpr i s in g b e c a u s e  the amount o f  C l a dded t o  th e s e c y l i n de r s  

du r i n� c a s t i n g wa s about 0 . 0 6 i . I n  add i t i o n , t h e  a g g r e g a t e  

a n d  c e me n t i n  c on c r e t e c o n t a i n  a sma l l  amo unt o f  C l  . 

F i gure 3 1  g ive s � typ i c a l C l  c o n c e n t r a t ion p ro f i l e  a s

a fun c t i o n  o f  d i s tan c e from the reba� a f t e r 4 . 5  ye a r s o f  e x ­

po s ur e  t ime . The r e s u l t s show t h a t  i n  the t e s t  s p e c ime n s

the C l  conc e n t r a t i o n  a t  t h e  r e g ion n e a r  the r e b a r  a n d  t h e  

M s e c t ion ( 1 . 5  i n c h e s  away £ r on the rebar ) is l ower tha� a t  the 

con c r e t e  s u r f a c e . Howeve r , i n  t h e  c o n t r o l s p e c ime n  the C l

c o nc e n t r a t i on a t  the r e g i on n e a r  the r e b a r  a n d  th e M s e c t io n

(� . 5  i n c h e s f a r  f rom t h e  r e b a r ) wa s approx ima�ely  t h e  s ame

a s  the s um o f  0 . 0 6 %  C l  wh i c h wa s i n i t i a l l y a dd e d  to e a c h

cy l i nde r a n d  the sma l l  amo u n t  o f  C l  wh i c h  wa s o r i g i na l l y 

c o n t a in e d  i n  the a g g r e g a t e  u s e d  f o r  c onc r e t e . The C l  c on ­

c e n t r a t i o n  a t  the c o n c r e t e  s u r f a c e  wa s l owe r than t h a t  i n  

the r e g ion n e a r  the rebar . 

D I SC U S S I ON 

Condu c t_i ve 

The c o n d u c t ive l ay e r  sh o u l d  h av e  a r e s i s t iv i ty o f l e s s  

than 1 0 0  ohm- cm f o r  b e s t  re s u l t s  i n  the c a t ho d i c  p r o t e c t i o n  

_______ I _ _,�er Study 
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sy s t em . I n  a d d i t i o n , i t  s h o u l d  h a v e  a Hveem s t ab i l i ty a b o v e  

35 . The d a t a  i ndi c a t e mixe s c o n t a i n i n g 7 - 1 1 % a s p h a l t  w i th 

45% c o k e  b r e e z e  me e t  t h e s e c r i t e r i a . Tab l e  1 2  l i s t s t h e  

a c c e p t ab l e  m i x e s w i th th e ir r e s p e c t i ve r e s i s t i v i ty and 

s t ab i l i ty v a l u e s . 

Howeve r ,  th e s e t e s t  r e s u l t s  s h ou l d  b e  c o n f i rme d b y  

f i e l d  t r i a l s .  Th e r e  may b e  p r o b l em s  o f  �ix i ng a n d  a pp l i c a t i o n  

on s i t e . The m i x e s p rop o s e d h e r e  a r e  s im i l a r  t o  t h o s e  

propo s e d  b y  o t h e r  inve s t i ga t o r s  (4 ) . 

a n d  C o r r o s i o n  R a t e  S tu dy 

. 
The c o r ro s i o n r a t e s o b t a i n e d  i n  th i s  s tu dy a r e  s u r p r i s i n g l y  

l ow wh e n  v i ewe d i n  t h e  l igh t o f  the amo u n t  o f  d ama g e  d u e  t o  

c o r r o s i o n  i n  a br i d g e  d e c k . H o w e v e r ,  the c o r r o s i o n  p r o du c t  

i s  l e s s  den s e  t h a n  s t e e l , t h e  c o n c r e t e  h a s  a l ow ten s i l e  

s t rength , a n d  t ra f f i c a c t i o n  i s  a n  a g g r a v a t i n g · f ac t o r . G e n e r a l l y  , 

the c o r r o s i o n  r a t e s f o r  0 ,  0 . 0 5 ,  0 . 0 8 ,  0 . 1  p e r c e n t s a l t  a r e  

a l mo s t  i d e n t i c a l . Th i s  i n d i c a t e s t h a t  the p e r c e n t a g e s o f  C l  

m i x e d  i n  c o n c r e t e  a r e  n o t  s u f f i c i e n t  t o  c au s e a n y  s e r i o u s  

p r o b l em c o n s i de r i n g t h a t . s ome o f  t h e  C l  ma y r e a c t  w i t h  the 

c o nc r e t e  ma t r i x a s  r e po r t e d  by Me t h a  ( 1 7 )  a n d  B e n  Y a i r  ( 1 8 ) . 

Gouda e t a l . ( 1 9 ) found t h e  c o r r o s io n  r a t e  i n  s l a g  c eme nt 

c o n c r e t e  to v a r y  f r om 0 . 0 5 to 0 . 3 4 mpy w i th C a C 1
2 

c o n t e n t s 

o f  0 t o  5 we i g h t  p e r c e n t . Th e s e  d a t a  we r e  o b t a i n e d  u s i n g  t h e  

s a me p r o c e d u r e  a s  in th i s  s tudy . A l e k s e ev a n d  Ro z e n t a l  ( 2 0 ) 

found c o r r o s i o n r a t e s o f  0 . 1  t o  0 . 8  MPY for s t e e l  i n  c o n c r e t e  

Electrochemist�y 
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a f t e r  3 y e a r s s t o r a g e i n  a 9 0  p e r c e n t  r e l a t ive humi d i ty 

a tmo sph e r e . T h e s e  da t a  we r e  ob t a i n e d appa r e n t l y  by we i gh t 

l o s s  me a s u r e w. e n t s .  

Gr i f f i n a n d  H e n r y  ( 2 1 )  u s e d  t h e  r e s i s t a n c e  type p r o b e s 

and f o und c o r r o s i on r a t e s o f  0 t o  1 2  M P Y  i n  c o n c r e t e  c o n t a i n i n g 

up to 2 . 4  p e r c e n t N a C l . They i n d i c a t e  o n e  c o r r o s i o n  r a t e  o f  

4 0  MPY a t  0 . 6 % Na C l . Th i s  s e e m s  s omewh a t  q u e s t i o n a b l e . 

The r e s u l t s  o b t a i n e d  in th i s  s tudy s howe d an i n c r e a s e 

i n  c o r r o s i o n  r a t e o f  a b o u t  o n e  o r d e r  o f  ma g n i tud e b e twe e n  

N a C l  c o n c e n t r a t i o n s o f  0 . 1  t o  0 . 2  we i g h t  p e r c e n t . Th i s  i s  

i n  g o o d  a g r e eme n t  w i th t h e  c h l o ride c o nc e n t r a t i o n  th r e sho l d  

the o r i e s _ ( 2 2 ) and the s u g g e s t e d  v a l u e  o f  2 l b /yd
3 

o f  C l  

ion a s  the c r i t i c a l  c o n c e n t r a t i o n  i n  b r i d g e  d e c k s ( 2 3 ) . 

I n  a dd i t ion , the c o r r o s i o n  r a t e s  d e t e rm i n e d  by comme r c i a l  

in s t r ume n t  we r e  much l o�e r than tho s e  d e t e rm i n e d  b y  t h e  l i n e a r 

p o l a r i z a t i o n  me tho d but the r e l a t ive c o r r o s i o n  r a t e  t r e n d  

a s  a fun c t i o n  o f  C l  c o n t e n t s wa s t h e  s ame . Th i s  may sug g e s t  

tha t  the u s e  o f c omme r c i a l  in s t rume n t  i n  conc r e t e  due t o  the 

h igh re s i s t iv i ty o f  c o n c r e t e  may not be s u i t ab l e  if th e I R  

drop i s  n o t  comp e n s a t e d . 

Re f e r e n c e  E l e c t r o d e s 

The p o t e n t i a l  o �  the Ag /Ag C l  e l ec trode s t h a t  we r e  made 

in th i s  s tudy d i d  not. c · ,r r e e  e x a c t l y  w i th the p o t e n t i a l s  c a l c u l a t e d  

w i th t h e  N e r n s t  equat i o n . Th i s  wa s no t s u r p r i s i n g  i n  l i g h t  

o f  t h e  s t a t e me n t  m a d e  by I v e s and J a ri z  ( 2 4 )  c on c ern ing r e p ro -

duc ib i l i ty o f  the s o l i d  s t ate . I n  a d d i t i o n , the manu f a c t u r i n g  
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me tho d s  u s e d  i n  th i s  s tudy l e d  to many o t h e r p r o b l em s . 

The e l e c t r o l y t i c  m e t h o d s  u s e d  by ma ny o t h e r  i n v e s t i g a to r s 

may h a v e  p rovide d e l e c t rode s w i t h  b e t t e r  e l e c t r o c h e m i c a l  

c h ar a c t e r i s t i c s . Howe v e r ,  t h e  s i l ve r / s i l v e r  c h l o r i d e  l ay e r  

o n  the s e  i s  f r ag i l �  a n d  s u s c e p t j .b l e  t o  ph y s i c a l  d amage . 

T h e  p o t e n t i a l s o f  the e l e c t ro d e s a r e  a f f e c t e d  by the 

c h l o r i d e  ion . The v a r i a t i o n  in p o t e n t i a l  wa s f o u n d  to be 

o f  the o r d e r  o f  2 0 - 3 0  m v  f o r  the f i r s t  two mo n t h s o f  c a s t i n g  

i n  c on c r e t e .  Howev e r , th e p o t e n t i a l s  o f  t h e s e  e l e c t r o d e s 

we r e  un s t ab l e  and i r r e p r o du c ib l e  a f t e r  t h r e e  mo n t h s  in c o n c r e t e . 

Th i s  may b e  due to t h e  l o s s  o f  e l e c tr i c a l  c o n t a c t  b e tw e e n  

t h e  e l e c t r o de s a n d  c o n c r e t e  a s  the wa t e r  c o n t e n t  o f  the c o n c r e t e  

evapo r a t e s .  Th e r e f o r e , tl 1 i s  pr even t s  t h e  u s e  o f  th i s  e l e c t r o d e  

in d r y  c o n c r e t e  l i k e  a b r i dg e  d e c k . 

The mo l y b d e num-mo l y b d enum ox ide ( Mo / Moo 3 ) e l e c t r o de s · 

a r e  a s t ab l e  r e f e r e n c e  when manu f a c t u r e d  to p r o d u c e  Mo o 3 .  o n  

t h e  s u r f a c e . The b e h av i o r  o f  the e l e c trode s w i th v a r y i n g  OH 

concen t r a t i o n  is p r e d i c t e d  by the h a l f c e l l  r e a c t i o n s  ( 2 4 } . 

Mo 
+ 6  + 6 e  Mo -+ 

-<-
+ 6  Mo0 3  -+ Mo + 3 0  �-· 

= 3 0  + 3 H 2 0  t G O H 

6 0 H- + 6 H+ -+ 6 H 2 0  

= 

The e l e c t ro d e  s ho u l d  n o t b e  a f f e c t e d  by the c h l o r i d e  

i o n  a s  a t h e o r e t i c a l  b a s i s . I t  wa s n o t  po s s ib l e  to comp a r e  

pot e n t i a l s  f r om t h e  l i t e r a t u r e  s i nc e l i t t l e  wo rk h a s  b e e n  

d o n e  w i th th i s  e l 0 c t r o d e . Ba nk s a n d  E v e r y  ( 1 5 )  _ p ropo s e d  
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the manu f a c t u r i n g  me tho d s  u s e d  in th i s  s tudy . Howeve r , 

they pub l i s h e d  l i t t l e  data on the e l e c t r o de . 

The p o t e n t i a l s  o f  the s e  e l e c t r o de s i n  c o n c r e t e  p l a c e d  

i n  l ab o r a t o r y - dry c o nd i t i o n  s h i f t e d  towa r d  a mo r e  po s i t iv e  

d i r e c t i o n  f o r  the f i r s t  two month s a fter  2 8  day s c ur in g 

( in wa t e r c a b ine t ) then r ema i n e d  c on s tant w i th t ime . The 

po tent i a l s o f  the s e  e l e c t r o d e s in dry c o n c r e t e  c o n t a i n i n g  

0 t o  0 . 6 % c h l o r ide wa s about - 3 0 0  t o  - 3 5 0  m v  v s  Cu / Cu s o 4 

and r ema i n e d  c o n s tant w i th t ime . Howeve r ,  th e p o t e n t i a l s 

o f  the s e  e l e c t rode s i n  c o n c r e t e  c o n t a i n i n g  1 . 2  and 2 . 1 % 

C l  i o n  rema i n e d  c o n s tant a t  the p o t e nt i a l s about - 4 0 0  to 

- 4 5 0  mv , re s p e c t ive l y . An i n c r e a s e  o f  1 0 0  to 1 5 0  rnv i n  

p o t c� t i a l  m a y  b e  to s o�c dcgr 2 c  r e l a t e d  ta the d i f f e �e � s e s  

i n  the I R  drop b e twe en Mo /Moo
3 

and Cu / Cu s o 4 b e c au se an 

i n c r e a s e  i n  the c h l o r i d e  c o n t e n t  of c o n c r e t e  w i l l  de c r e a s e  

t h e  r e s i s t i v i ty o f  c o n c r e t e  a s  r e po r t e d  ( 2 5 ) . The potent i a l  

s h i f t  i n  c o n c r e t e  a f te r  2 8  day s r a i s e s  s ome i n t e r e s t i ng 

que s t ion s . Expe r ime n t s by Hanunon d  a n d  Rob e r s o n  ( 2 6 ) and 

Mon f o r e  ( 27 )  s upp o r t  the v i ew that condu c t i o n  i s  by me a n s  

o f  i o n s i n  t h e  evapo r ab l e  w a t e r  i n  t h e  c emen t  p a s t e , the 

+ +  + + -
p r i n c i p a l  i o n s b e i ng C a  ' N a  f K ' OH I and s o 4 - - ( 2 8 ) . 

S in c e  the amo u n t  o f  evapo r ab l e  w a t e r  in a typ i c a l c emen t  

p a s t e var i e s f rom approxima t e ly 6 0 %  b y  vo l ume a t  t h e  t ime o f  

m i x i n g  t o  2 0 %  a f t e r  f u l l hydr a t i o n  ( 2 9 ) , the e l e c t r i c a l  

condu c t iv i ty o f  c o n c r e t e  s h o u l d  a l s o b e  a f un c t i on o f  t ime . .  
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The r e f o r e , i t  i s  c l e a r  t h a t  a n  i nc r e a s e i n  t h e  r e s i s t iv i ty 

o f  c o n c r e t e  due t o  the g r adua J. e v a po r a t j_ o n  o f  wa t e r  f rom 

c o n c r e t e  r e s u l t s  i n  a h i g h e r  IR drop b e twe e n  Mo /Mo o 3 a n d  

C u / Cu s o
4 

and th u s  c a u s e s  a pote n t i a l  sh i f t  to o c c u r . 

I n  wa t � r  s a t u r a t e d  c o n c r e t e  t h e r e  wa s · no s h i f t  i n  the 

potent i a l  of emb e � d e d  Mo / M o o
3 

e l e c t r o d e s a f t e r  c u r i n g , and 

the p o t e n t i a l  of t h e s e  e l e c t r o de s rema i n e d  c o n s ta n t  w i th t ime . 

Thi s i s  i n d i c a t i v e  o f  the f a c t  t h a t  i n  wa t e r  s a t u r a t e d  c o n c r e t e , 

s i n c e  t h e r e  i s  no l o s s  o f  wa t e r  i n  c o ri c r e t e  w i t h  t ime , t h e  

r e s i s t i v i ty o f  conc rete  rema i n s  t h e  s ame ; th e r e f o r e , the 

po ten t i a l of the e l e c t r o d e s w i l l  s t ay c o n s ta n t  w i t h  t ime . 

I t  w a s  ob s e rv e d  t h a t  any var i �b l c  tha t c a n  i n f l ue n c e  t h e  

re s i s t iv i ty o f  c onc r e t e  w i l l  a f f e c t  the p o t en t i a l  o f  Mo /Moo 3 

w i t h  re s p e c t  t o  C u / C u s o
4

. F o r  i n s t a n c e , a n  i n c r e a s e  in the 

c h l o r i d e  l eve l of c o nc r e t e  i n c r e a s e d  the po t e n t i a l  of the s e  

e l e c t ro d e s due t o  t h e  d e c r e a s e  i n  t h e  r e s i s t iv i ty o f  c o n c r e t e . 

I n  o r d e r  t o  furthe r i nve s t i g a t e  the e f f e c t  o f  I R  drop 

on the p o t e n t i a l  me a s u r eme n t s  of Mo /Moo
3 

v s  C u / Cu s o
4 

e l e c t r o d e , 

a 0 . 1 % c h l o r i d e  c o n t a m i n a te d  c o n c r e t e  c y l i n d e r  c o n t a i n i n g  a 

b a t c h  o f  f iv e  Mo /MoO ? e l e c t ro d e s wh i c h  h a d  been in th e 
J 

l ab o r a t o ry dry c o n d i t i on f o r  f ive y e a r s wa s u s e d . The 

poten t i a l  of the Mo / Mo o 3  e l e c t r o d e s vs C u / Cu s o
4 

a s a f u n c t i o n  

o f  d i s t a n c e  wa s me a s u r e d  i n  th i s  c y l i n de r . I t  wa s ob s e rv e d  
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th a t  t h e  p o t e n t i a l  b e tw e e n  C u / Cu s o
4 

an d Mo /Moo
3 

e l e c t r o d e s 

s h i f t e d  s i g n i f i c a n t l y  towa r d  a mo r e  po s i t i v e  va l u e  w i t h  a n  

i n c r e a s e  i n  d i s t a n c e  be twe e n  the e l e c t r o d e s .  T h e  c y l i n de r 

wa s so a k e d  i n  d i s t i l l e d w a t e r  f o r  two w e e k s a n d  t h e p o t e n t i a l  

o f  Mo /Moo
3 

e l e c t r o d e s v s  Cu / Cu s o
4 

s h i f t e d  towa r d  mo r e  n e g a t i v e  

v a l u e s of - 5 5 0  to - 6 0 0  mv . The p o t e n t i a l s  r ema i n e d  c o n s t a n t  

w i t h t ime a n d  th e r e  wa s n o  c h a n g e  o n  fh e  p o t e n t i a l  a s  t h e  

d i s t a n c e  b e twe e n  Cu / Cu S O  a n d  Mo /Moo
3 

e l e c t r o d e s i n c r e a s e d . T h e  

r e du c t i o n  i n  the re s i s t iv i ty o f  c o n c r e t e  
8 ( dry  c o n c r e t e  - 1 0  -

1 0 9  ohm- cm , w a t e r  s a tu r a t e d  c o n c r e t e  1 0
3 

- l O A ohm- cm ) redu c e d  

t h e  I R  d r o p  a n d  s h i f t e d  t h e  p o t e n t i a l  towa r d  mo r e  n e g a t i v e  

va l u e . H a r c o  ( 3 0 )  ha s dev e l o p e d  a t e c h n i q u e  f o r  ob t a i n i n g  

v a l i d a n d  a c curate p i p e - to- s o i l  po t e n t i a l  me a s u r e me n t s o n  

p i p e l i n e s wh i c h  we r e  u n d e r  p av e d  a r e a s  s u c h  a s  c o n c r e t e  o r  

a s p h a l t  runway s .  Th i s  s t u dy i nd i c a t e d  t h a t  when t h e  po t e n t i a l  

o f  t h e  p i . p e  wa s me a s u r e d  w i th t h e  r e f e r e n c e  e l e c t r o d e  l o c a t e d  

o n  a n  u n p a v e d  gra s sy a r e a , s i x i n c h e s away f r o m  t h e  p i pe , 

t h e  p o t e n t i a l  w a s a b o u t  3 0 0  rnv l e s s  n e g a t i v e  than t h a t wh e n  

t h e  r e f e r e n c e  e l e c t r o d e  wa s p l ac e d  o n  c o n c r e t e  two i n c h e s 

f r om the p ip e . I n  a dd i t i o n , i n  e x p e r imen t s  c o n du c t e d  o n  

c o n c r e t e  s l a b s  2 '  x 2 '  x 2 '  i n  t h e  l a b o r a t o ry t h e y  f o u n d  

t h a �  t h e  p o t e n t i a l  o f  r e b a r  v s  C u / C u S O  wa s a b o u t  - 4 8 5  t o  
4 

- 5 3 5  mv . Howev e r , when wa t e r  wa s p o u r e d  o n t o  t h e  s l ab s t h e  
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po t e n t i a l s  me a s u r e d  f r om o n  t h e  c o n c r e t e  b e c ame mo r e  n e g a t i v e . 

I n  o n e  t e s t , t h e y  f o u n d  t h a t  the p o t e n t i a l  i n c r e a s e d  t o  a 

v a l u e  o f  - 7 9 0  mv inune d i a t e l y  a f t e r  p o u r i n g  wa t e r  o n  t h e  

c o n c r e t e  a nd i n c r e a s e d  t o  a va l u e  o f  - 8 5 0  m v  a f t e r  1 5  m i n u t e s .  

The r e s u l t s  f o u n d  by H a r c o  a r e i n  g o o d  a g r � e me n t  w i t h  t h e  

f i n d i n g s i n  t h i s  p r o j e c t  wh i c h  i n d i c a t e d  t h a t  t h e  c o n t a c t 

po i n t  b e tw e e n  Cu / c u s o 4 a n d  c o n c r e t e  a n d  the r e s i s t iv i ty o f  

c o n c r e t e  w i l l  i n f l ue n c e  t h e  p o t e n t i a l  m e a s u r eme n t s  o f  emb e dd e d  

Mo /Mo0
3 

a n d  r e b a r . Ther e fo r e , b a s e d  on t h e  r e s u l t s  f c und 

i n  th i s  p r o j e c t , i t  s e em s  t h a t  Mo /Mo o 3 e l e G t r o d e  is a r u gg e d  

r e f e r e n c e  e l e c t r o de w i th a stab1 e  p o t e n t i a l . The v a r i a t i o n s  

o f  t h e  p o t e n t i a l  o f  Mo /Mc a
3 

c l c c t r c d c  v s  Cu / Cu s o 4  � r e  � c t  r e l a t e d  

to a d e f e c t  o r  p o o r  p e r f o rma n c e  o f  the s e  e l e c t r o d e s b u t  r a t h e r  

to t h e  e f f e c t  o f  I R  drop d e v e l op e d  b e tw e e n  Mo /Moo
3 

an d a n  e x t e r n a l 

Cu ) Cu S O  4 •  I f  t h e s e  e l e c t r o d e s a r e  emb e d d e d  a d j
0
a c e n t  t o  the 

r e i n fo r c e d  s t e e l  s tru c tu r e s ,  the t r u e  va l ue o f  t h e  p o t e n t i a l  

may b e  d e t e rm i n e d  wh i c h  l e a d s  t o  a c o r r e c t  a n t i c i p a t i o n  o f  

the c o r r o s i o n  i n i t i a t i o n  o f  t h e  r e i n f o r c e d  s t ruc t u r e s .  How-

eve r , a c o r r e c t  c r i t e r i o n  for p o t e n t i a l  o f  the r e i n f o r c e d  s t e e l  

v s  Mo /Moo
3 

mu s t  b e  deve l o p e d  t o  i n d i c a t e  a t  w h a t  p o t e n t i a l s  

t h e  r e b a r  a r e  n o t  c o r r o d i n g  a s  t h i s  h a s b e e n  the c a s e  f o r  

Cu / Cu s o 4 . 

The u s e  o f  e i g h t  Mo /Moo
3 

e l e c t r o d e s i n  a b r i d g e  d e c k  

l o c a t e d  o n  H i g hwciy 5 1  ( P a y n e  C o u n t y ) demo n s t r a t e d  t h a t  
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the po t e n t i a l o f  t h e s e  e l e c t r o d e s 9 - 1 0  mon t h s  a f t e r  i n s t a l l a t i o n  

a r e  i n  th e r a n g e  o f  - 1 7 0  t o  - 3 7 0  m v  v s  Cu / C u s o
4 

e l e c t r o d e . T h e  

2 0 0  mv v a r i a t i o n i n  the p o t e n t i a l  may b e  d u e  t o  t h e  d i f f e r e n c e s  

o f  the d i s t a n c e  b e twe e n  Mo /Mo o 3  e l e c t r o d e s a n d  C u / C u s o
4 

s i n c e  

t h e  Mo / Moo
3 

e l e c t r o d e s we r e  embedde d i n  d i f f e r e n t  l o c a t i o n s  

t h r o u g h o u t  t h e  b r i dg e . 

E f f e c t  o f  Te rm C u r r e n t  Te s t s  

Ba s e d  o n  the f i n d i n g s i n  th i s  s tu dy , t h e  � a t h o d i c  c u r r e n t  

i n  t h e  m a g n i t u d e  o f  3 ma / f t
2 

( b a s e d  o n  t h e  s u r f a c e  a r e a  o f  

reb a r ) w i l l  r e duc e t h e  bond s t r e ngth b e twe e n  r e b a r  a n d  c o n c r e t e 

a f t e r  two y e a r s o f  expo s u r e  t o  t h e  imp r e s s e d  c u r r e n t . Th e 

3 ma / f t 2  o f  c a t ho d i c  c u r r e n t sh i f t e d  th e s t e e l  p o t e n t i a l  t o

the r a ng e s o f  - 6 8 0  t o  - 7 8 0  m v  w i th r e s p e c t  to Cu / Cu s o
4

. The s e  

p o t e n t i a l s  we r e  we l l  b e l ow t h e  h y d r o g e n  g e n e r a t i o n  p o t e n t i a l  

wh i c h  m i g h t  c a u s e  a bond f a i l u r e  b e twe e n  t h e  r e b a r  a n d  c o n c r e t e . 

The pu l l - ou t s t r en g t h  d a t a  a r e  v e r y  s c a t t e r e d  a s  s hown 

by the l a r g e  standard dev i a t i o n s ( up to 20 . 2 % f r a c t i o n a l

s ta n d a r d  dev iatio n ) . T h i s prov i d e s s ome d i f f i c u l ty i n  mak i n g

d e f i n i t e  c o n c l u s i or1 s f rom the r e s u l t s . Howev e r , the data a t

f ive yea r s  d o  i n d i c a t e  w i th a h i g h  d e g r e e  o f  c e r t a i n ty t h a t  

d i f f e r e nc e s  i n  p u l l - o u t  s t r e n g t h  a r e  s i gn i f i c ant . The m e a n  

p u l l - o u t  s t r e n g th d e c r e a s e d  by 2 1 . 3 % . Th e r e  i s  a 9 4 . 5 % c e r t a i n ty 

tha t t h e  true v a l ue s o f  the me an s d i f f e r  a t  l e a s t  � s  m u c h  a s  

6 %  and a s  mu c h  a s  3 4 . 5 % .  ( The s e  we r e  o b t a i n e d  by u s i ng the

m i n imum a n d  max imum d i f f e ren c e s  b e tween the me an s ± a . )  
r1 

Long 
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Th i s  s tu dy d i d  not h a v e  a s  a purpo s e  t o  e v a l u a t e  t h e  s i g -

n i f i c a n c e o f  a 2 0 - 3 0 %  drop in pu l l - o u t  s tr e n g t h  on t h e  p e r -

f o rmanc e  o f  a re i n fo r c e d  c o n c r e t e  s t r u c t ur e . T h e r e  s h o u l d  b e  

a con c e rn , howeve r ,  w i th u s e  o f  c a th o d i c  p r o t e c t i o n  ove r  t ime 

p e r i o d s  l o n g e r  t h a n  f iv e  y e a r s . I t  i s  po s s i b l e the bond 

s tr e n g t h  c o u l d  c o n t i nue to drop a n d  � t  s ome t ime r e ac h a 

leve l a t  wh ich the s t r u c tur a l  i n t e g r i ty might be doubt f u l . 

S tud i e s f o r  l o n g e r t h a n  f iv e  y e a r s  s ho u l d  be i n i t i a t e d  to c o n -

f i rm o r  repu d i a t e  t h e  r e s u l t s  p r e s e n t e d  in thi . s wo rk . 

V i s u a l  i n s p e c t ion o f  the r e b a r s a n d c o n c r e t e  a t  the 

r e g i o n s around the r e b a r  a f te r  the p u l l out s trength t e s t  

sh owe d that for a p e r i o d  up t o  4 2 mon th s o f  expo sure t h e r e  

wa s n o  s i gn o f  p i t t i n g  o n  the r e b a r  sur f a c e  f o r  both the t e s t  

� n d  t h e  c o n t r o l s p e c imen . Howeve r , a f t e r  4 2  mon th s o f  expo s u r e  

p i t t i n g  wa s found o n  s ome o f  the r e ba r s  f rom t h e  c o n t r o l cy l i n de r s  

but t h e r e  wa s l i t t l e  i n d i c a t i o n  o f  p i t t i n g  o n  t h e  r eba r s  f r om 

the spec ime n s sub j e c t e d  to impr e s s e d  c u r r e n t s . 

The r e  wa s s ome ev i de n c e  o f  a d i f f e r e n t  f a i l u r e  mo de 

in th e p u l l o u t  s t r ength t e s t s  b e twe e n  the cy l i n de r s  expo s e d  

to c u r r e n t  and the contr o l  cy l i n de r s .  Th i s  d i f ference wa s s e e n  
/ 

o n  the s amp l e s  a f te r  4 y e a r s o r  mo r e  o f  c u r r e n t  expo s u r e . The 

f a i l u r e  of the s amp l e s  f r om the co n t r o l b a t c h  s e emed t o  o c cu r  

mo s t  o f t en a t . t he r e b a r  c o n c r e t e  i n t e r f a c e . Mo s t  o f  the r e b a r s 

taken f rom the contro l cy l i n de r s  w e r e  bare i n  that no c o n c r e t e  

wa s a d h e r ing to th em . M o s t  o f  t h e  r e b a r s t a k e n  f rom t h e  

c y l i n d e r s  had c o n c r e t e  adh e r ing t o  them a f t e r  th e p u l l o u t  t e s t s  

w e r e  made . I n  add i t io n , th e f a i l u r e  mo de s e eme d  to b e  in the 

c o n c r e t e  ma t r i x  r a th e r  t han a t  the r e b a r - c o n c r e t e  inter face . 

0 



3 9  

Ca s a d  ( 7 )  o b s e rved a s im i l a r s o r t  o f  d i f f e r e n c e  i n  t e s t i ng 

done a t  muc h  h i gher c u r r e n t  de n s i t i e s  ( 1 0 2 - 1 0 3  ma / f t
2

) .  I n  

a dd i t i o n  h e  o b s e rv e d th a t  t h e  c on c r e t e  s e emed t o have s o f t e n e d  

a f ter e x p o s u r e  t o  t h e  h i g h  c a th o d i c c u r r e n t s . Th e r e  w a s s ome 

ind i c a t i o n  in t h i s work t h a t  t h e  c o n c r e t e  wa s s o f t e n e d  in the 

s amp l e s  expo s e d  to c u r r e n t . Howev e r , t h i s  o b s e rv a t i o n  wa s 

d i f f i c u l t  to quan t i fy and i s  a b i t  s ub j e c t ive . 

The c h e m i c a l  a n a l y s i s  o f  s o d i um (Na+ ) a n d  p o t a s s ium i o n s 

( K+ )  fo r the s p e c imen s u b j e c t e d  t o the imp r e s s e d  c u r r e n t  

i n d i c a t e d  a bu i l d  u p  o f  N a + a n d  K + ion s a t  t h e  r eg i on s n e a r  

t h e  r e b a r  i s  d u e  to i o n i c  m i g r a t ion wh i c h  t ak e s p l a c e  be twe e n  

a n o d e  and c a thode . Howe ve r ,  t h e  c h em i c a l  a n a l y s i s  o f  s o d i um 

a n d  p o t a s s iu6 i o n s in the c o n t r o l c y l i n de r s showe� th a t  t h e s e  

c a t ion s moved away f r om t h e  r e g i o n s n e a r  t h e  r e b a r  t owar d  

t h e  c o n c r e t e  s u r f a c e  w i th t ime . The m i g r a t i on o f  t h e  ion s 

f rom the r e g ion s n e a r  the r e b a r  towa r d  t h e  c o n c r e t e  s u r f a c e  

i n  the c o n t r o l s p e c imen i s  prob a b l y  d u e  t o  th e  evapo r a t i o n  

o f  t h e  wa t e r  f rom t h e  c o n c r e t e  wh i c h  c a rr i e s  t h e  ion s t o wa r d  

t h e  conc r e t e  s u r f a c e . 

Con s i d e r i n g  b o t h  th e weake n i n g  o f  the b o n d  b e twe e n  the 

r e b a r  a n d  c o n c r e t e  and the bu i l dup of t h e  s o d i um ( Na+ ) a n d  

p o t a s s i um ( K+ )  ion s a t - the r e g i o n s  n e a r  the r e b a r  f o r  t h e  

s p e c imen s ub j e c t e d  to tL t. imp r e s s e d  c u r r e n t , i t  appe a r s  th a t  

t h e  s o f t e n i n g  o f  t h e  c o n c r e t e  n e a r  the r e b a r  m a y  b e  d u e  t o  

the bu i l dup of Na+ and K+ i on s . The h y d r o x i d e s o f  the s e  i o n s 

are be l i e v e d  t o  a t t a c k  t h e  c a l c ium and a l um i n o s i l i c a t e  thu s 

p r o d u c i n g  so l ub l e  s i l i c at e s wh i c h  i n  t u r n  c o n t r i b u t e  to t h e  

s o f t e n i n g  o f  t h e  c o n c r e t e . The s e  f i n d i n g s  a r e  i n  l i n e  w i t h  
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the e x p e r ime n t a l  s tu d i e s o f  t h e  N a t i o n a l  B u r e a u  o f  S t an d a r d s 

( 8 )  who t e s t e d  c o n c r e t e b l o ck s  s ub j e c te d  to v e r y  h i g h  c a t h o d i c  

c u r r e n t  f o r  r e l a t ive l y  sho r t  p e r i o d  o f  t ime . Th e N a t i o n a l  

B u r e a u  o f  S t a n d a r d s a l so found t h a t  t h e  c o mp a !:' i s o n  be twe e n  

t h e  t e s t  a n d  t h e  c o n t ro l  c y l i n d e r s  i n  s ome c a s e s  ind i c a t e d  

a l o s s  o f  approx ima t e l y  8 0 %  o f  t h e  o r i g i n a l b o n d  s t r e n g t h  

f o r  t h e  t e s t  s p e c ime n s . Th i s  wa s thought to be d u e  t o  the 

b ' l d f + d K+ . . . t h  b u i  up o N a  an i o n s i n  r e g i o n s n e a r  e r e  a r . 

' . 
h . 1 1 . f N + . � K+ . In a dd i t io n  t o  t e c h em i c a  a n a  y s i s  · o r  a a n a  i on s , 

t h e  c h l o r i d e  a n a l y s i s wa s run t o  i nv e s t i g a t e  · t h e  e f f e c t  o f  t h e  

impr e s s e d  c u r r e n t  o n  t h e  C l  i on s . l.\l l  o;f th e s p e c ime n s  

under the e x p e r ime n t  h a d  o r i g ina l l y  0 . 1 % N a C l ( 0 . 0 6 %  C l  ) . 

I t  wa s found t h a t  the C l  ion s i n  �he s p e c imen mov e d  away 

f rom the re g i o n  n e a r  the r ebar towa r d  the c o n c r e t e  s u r f a c e . 

The a n i o n s ( C l  ) i n  the c o n c r e t e  move towa r d s  �h e  po s i t iv e l y  

c h a r g e  e l e c t r o d e  ( anode ) a n d  a s  a re s u l t  t h e  C l  i o n s w i l l 

m igr a t e  towa r d  the c o n c r e t e  s u r f a c e . 

I n  br i d ge de c k s an exper imen t a l t e c hn i q u e  h a s bee 11 u s e d  

t o  remov e  t h e  C l  f r om t h e  de c k . O f  c o u r s e , t h e  magn i tude o f  

the c u r r ent u s e d  f o r  r emov i n g  c h l o r i d e  f rom t h e  d e c k  i s  m u c h  

h i gh e r  than t h e  c u r r e n t  u s e d  i n  th i s  study . 

I t  i s  o f  i n t e r e s t  to n o t e  t h a t  the C l  c o n c e n t r a t i o n s 

i n  the r e g i o n  n e a r  the r e b a r  a n d  the m i d - s e c t i o n  b e twe e n  t h e  

r e b a r  a n d  t h e  c o n c r e te s u r f a c e  f o r  t h e  c o n t r o l s p e c ime n s we r e  

abo u t  the s ame a s  the amo u n t  o f  C l  i n i t i a l l y a d d e d  t o  t h e  

spe c ime n (0 . 0 6 %  C l - ) . T h e  a g g r e g a t e  u s ed i n  t h e  mix a l so · 
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c o n t a i n e d  a sma l l  amo u n t  o f  c h l o r i d e . H o we v e r ,  the c h l o r i d e  

c o n c e n t r a t i o n  a t  t h e  c o n c r e t e  s u r f a c e  wa s l o w e r  t ha n t h a t  

a t  the r e g i o n n e a r  t h e  r e b a r . Th i s  e f f e c t  i s  n o t  c l e a r l y  

unde r s to o d  a n d  may b e  due t o  t h e  mo r e  c omp l e x  r e a c t i o n  o f  

C l  w i th t h e  c o n c r e t e  ma t r ix wh i c h o c c u r e d  a t  t h e  c o n c r e t e  

s u r f a c e  d u e  t o  t h e  h i g h e r  ava i l ab i l i ty o f  o x y g e n  a n d  c a rbon 

d i o x i de . Th i s  may c a u s e  some o f  t h e  C l  to b e  b o un d  w i th 

the c o n c r e t e  ma t r i x  i n a man n e r  that t h e  me t h o d  deve l o p e d  

b y  B e rman ( 1 3 )  c a n  n o t  de t e c t  s ome - o f t h e  C l  i o n s . 
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C ON C LU S I ON S  

B a s e d  o n  t h e  f i nd i n g s i n  t h i s  p r o j e c t t h e  f o l l ow i ng c o n c l u s i o n s  

c a n  b e  d r awn : 

1 .  I t  i s  p o s s i b l e to ma k e  a n  a s p h a l t i c  c o n c r e t e w i t h  s0 f f i c i e n t  

c on d u c t i v i t y a n d  s ta b i l i t y f o r  a c a t hod i c p r o t e c t i o n 

s y s t em o ve r l a y . A m i x  w i t h  7 - 1 1 %  a s p ha l t , 4 5 %  c o k e  b r e e z e  

a nd the r em a i n d e r  a s t a n d a r d  a g g r eg a t e  h a s a r e s i s t i v i t y 

o f  a b o u t 1 0 0  o hm - c m  wh i c h  i s  i n  the r a ng e ne e d e d  f o r c a t h o d i c  

pr o t e c t i o n u s e . T h e  H v e em s t a b i l i ty w a s a b o v e  3 5 . f o r  e a c h  

m i x  mad e to t h e s e  p r o p o r t i o n s  wh i c h  i s  t h e  m i n imum r e -
• 

qu i r e d by the_ Ok l a homa D e p a r tm e n t  o f  T r a n s p o r t a t i o n . 

2 . An i nc r e a s e  i n  s a l t  c o n c e n t r a t i o n  o f  c o n c r e te f r om 0 t o  O . l l 

d i d n o t  i n c r e a s e  th� c o � � o s i 0 n  r a t e  o f  s t G c l  i n  c o nc r e t e  

d r a s t i c a l l y . H owev e r , c o r r o s i o n  r a t e s o f  s t e e l i n  c onc r e te 

i nc r e a s e d  s i gn i f i c a n t l y  w i t h  i n c r e a s e s  j n  s a l t  c o n c e n t r a t i on 

f 1: om 0 . 1 to 0 . 2 % and f r om 0 . 2 t o  0 . 5 % .  

3 .  T h e  mo l y b d e n um /mo l y bd e n u m  o x i d e  ( Mo/Mo0 3 ) e l e c tr o d e  ha s b e e n  

f o und t o  h a v e  g o o d  pr o s p e c t s  f or u s e  a s  a n  irnb e dd a b l e  

r e f e r e n c e  e l ec tr o d e  i n  c o n c r e t e . T h i s  e l e c t r o d e  i s  p h y -

s i c a l l y rugg ed a nd ha s s t a b l e  p o t e n t i a l  w i t h  r e s p e c t t o  

t ime . 

4 . S o d i um and p o ta s s i um i o n  c o n c e n t r a t i o n s  a t  t h e  r e g i o n s 

n e a r  t he r e bar i n c r e a s e d  w i t h  t ime f o r  t h e  c on c r e t e  s pe c ­

imen subj ec ted t o  3 m a / f t
2 

c a tho d i c  imp r e s s �d c u r r e n t . The 

c h l or i d e  i o n s  i n  t he s e s p e c i m e n � a s  e x p e c t e d , m i g r at e d  away 

f r om the re bar r eg i o n s  toward the c o n c r e t-e s u r f a c e . 
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5 .  An impr e s s ed c u r r e n t  i n  m a g n i t u d e  e q u i v a l e n t  t o  t h e  l eve l 
2 

p r a c t i c e d i n  c a t hod J . c  pr o t e c t i o n  ( 3  ma/ f t  ) c a u s e d  a d e t -

e r i o r a t i o n  o f  c o n c r e t e  a f t e r  a b o u t  3 . 5  y e a r s o f  e x p o s u r e . 

T h e  we a k e n ing o f  the b o n d  b e t�e e n  t h e  r e b a r  and c o n c r e te 

s e emed t o  be d u e  t o  the bu i l d  up o f  s o d i um a nd p o t a s s i um 

i o n s a t  t h e  r e g i o n s n e a r  t h e  r e b a r . T h e s e  r e s u l t s  i nd i c a t e  

the r e  s hou ld b e  s ome c o n c e r n  a bo u t  t h e  l o n g  t e rm e f f e c t s  o f  

c a t hod i c  pr o t e c t i o n  f or r e i ri f o r c ed c o n c r e t e  s t r u c t u r e s . 
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A P P EN D I X  A 

PROCED URE F O R  T O TAL C H L O R I D E  IN P O RTLAND 

C EME N T  AND CONC RETE 

1 .  Comb i n a t i o n  c h l o r i d e  e l e c t r o d e  mo d e l  9 6 - 1 7  w i th 

comb in a t i o n  C l  e l e c t r o d e  f i l l i n g  s o l ut io n  9 0 - 0 0 - 1 7  wa s u s e d . 

Th i s  e l e c trode i s  the mo s t  c onven i e n t  
'
type wh i c h  r e qu i r e s l e s s  

ma i nt e n a n c e  than the s i n g l e  e l e c t r o d e  o r  the memb r a n e  type . 

2 .  A Ke i th l y  6 20 e l e c trome t e r . 

3 . Magn e t i c  s t i r r e r  and te f l o n  s t i r r e r  r o d . 

4 .  Bur e t t e  w i t h  . 0 5 m l  g r a d u a t i on s . 

Te s t  P r o c edure By Method
( l 3 ) 

Th i s  me thod c o n t a in s a p r o c e du r e  f o r  t o t a l c h l o r i d e  c o n t e n t  

o f  dry o r  hyd r a t e d  po r t l and c ement c o n c r e t e . F o r  s imp l i c i ty , 

the pro c edure i s  o u t l i n e d  i n  d j f fe r e n t  s e c t i o n s  a s  fo l l o w s . 

Th i s  me tho d i s  va l i d o n l y  f o r  the mat e r i a l s  wh i c h  do n o t  c o n t a i n  

s u l f i de s , b u t  the extra c t i o n  p r o c edur e ,  S e c t i o n s 1 a n d  2 ,  may 

be u s e d  for a l l  s u c h  ma t e r i a l s .  

1. Thr e e  g r am powde r e d  s amp l e  wa s we ighe d and 1 0  ml o f  

d i s t i l l e d  wa t e r  wa s a dd e d , swi r l i n g  t o  br ing the powde r i n t o  

s u s p e n s i o n . The n , 3 m l  o f  c o n c e n t r a t e d  HN0 3 wa s a d d e d  w i th 

c o n t i n u e d  swi r l i n g  un t i l  the c ement i s  comp l e t e l y  d e c ompo s e d . 

Any l ump s wh i c h  may ex i s t  were broken up w i th a s t i r r i n g  rod 

and w e r e  d i l u t e d  w i th h o t  wa t e r  a t  5 0  m l . The a c i d i ty o f  

s o l ut ion wa s c h e c k e d  w i t h  me thy l o r a n g e  i nd i c a to r . 

Apparatus 

Berman 
------------- --- ----
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2 .  The a c i d  s o l u t i o n  o r  s l u r r y  wa s h e a t e d  t o  bo i l i n g  

o n  a ho t p l a t e  of h e a t e r  a t  me d ium h e a t  and wa s bo i l e d  f o r  a b o u t  

o n e  m i n u t e . T h e n , t h e  s o l u t i o n  wa s remo v e d  f r om t h e  h o t p l a t e  

a n d  f i l t e r e d  i n t o  a 2 5 0 ml beake r . Th e c l e a r  s o l u t i o n  wa s 

d e c a n t e d  an d t h e  r e s i du e  w a s wa s h e d  i n  t h e  b e a k e r  o n ce , wa s 

t h e n  t r a n s f e r red i n t o E - D  f i l t e r  paper g r a d e  s i z e  1 1  cm w i t h  

t h e  a i d o f  h o t  d i s t i l l e d  wa t e r . T h e  f i l t e r  p a p e r  w a s . t h o r o u g h l y  

wa s h e d  ( 5  t o  1 0  t ime s ) w i t h  th e h o t  wa t e r . Th e n , t h e  f i l t r a t e  

wa s a l l ow e d  t o  c o o l to r o om t e mp e r a t u r e .  

3 .  The c o mb i na t i o n  c h l o r i d e  i o n  e l e c t r o d e  wa s f i l l e d  

w i t h  t h e  s o l u t i o n  o r i o n  9 0 - 0 0 - 1 7  r e c omme n d e d  b y  t h e  n tanu f a c t u r e r , 

wa s p l u g g e d  i n t o  t h e  Ke i t h l y  6 2 0  e l e c t r omc t e r , and t h e  approx i m a t e  

po s i t i o n  o f  t h e  equ i v a l e n c e  po i n t  wa s d e t e r m i n e d  by imme r s i n g  

the e l e c t r o d e  i n  a beak e r  o f  d i s t i l l e d  H 2 o . 

4 .  The b e a k e r  D f  d i s t i l l e d  H 2 o  wa s r emove d . The e l e c t r o d e  

wa s w i p e d  0 i t h  a b s o r b e n t  pap e r , and the e l e c t r o d e  wa s ir�e r s ed 

i n  the s amp l e  s o l u t i o n . The vo l ume o f  s uc c e s s ive i n c rement s 

o f  the s t an d a r d AgNO ? s o l u t ion f rom the burette ( 0 . 0 1 N o r  
J . 

0 . 2 5N ,  d e p e n d i n g  o n t h e  qu a n t i ty o f  c h l o r i d e  e x p e c t e d ) wa s 

a d d e d  and r e c o r d e d , r e c o r d i n g  t h e  m i l l ivo l tme t e r  r e a d i n g  

a f t e r  e a c h  a d d i t i o n . T h e  i n c r emen t  o f  AgN 0 3  s o l u t i o n should 

b e  e n o ugh to c h a n g e  the r e a d i n g  by 5 to 1 0  rnv . A s  t h e  t i -

t r a t i o n  p r o c e e d e d , sma l l e r  i n c r eme n t s o f  A gN o 3  s o l u t i o n  were 

su f f i c i e n t  to de f l e c t  t h e  n e e d l e  by t h i s  amo u n t , u n t i l  i n c r emen t s  

o f  o n l y  0 . 1  o r  e v e n  . 0 5 m l  we r e  e f f e c t ive ( s t a r t i n g  a b o u t  4 0  mv 

from the e q u i v a l e n c e  po int ) . A f t e r  the e q u i v a l e n c e  p o i n t  wa s 
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r e a c he d , t h e  n e e d l e  d e f l e c t i o n s  b e g a n  t o  d e c r e a s e w i th e q u a l 

i n c r e me n t s  o f  AgN o 3 s o l u t i o n . The e n d  po in t o f  t i t r a t i o n  wa s 

con s i d e r e d  a s  t h e  m i dpo i n t  o f  the i n c r eme n t  wh i c h  p ro du c e d 

the l a r g e s t de f l e c t i o n p e r  un i t  o f  s i l v e r  n i t r a t e  a d d e d  a n d  

u su a l l y o c c u r r e d n e a r  the approx ima t e  equ iva l e n c e  p o i n t  o f  

the e l e c t r o d e . The d e g r e e  o f  a s ymme t r y  wa s u s e d  t o  e s t ab l i s h 

t h e  e n dpo i n t w i t h i n  0 . 0 1 ml wh e n  t h e  i n c r emen t s  o f  AgN 0 3  

s o l u t i o n  we r e 0 . 1  m l . 

C a l c u l a t i o n  

The p e r c e n t  c h l o r i d e  i n  t h e  s amp l e  = 
3 5 . 4 5 3 VN 

l O W 
wh e r e  V 

s t a n d s f o r  the vo l ume o f  s i l v e r  n i t r a t e  s o l u t i o n , i n  m l , 

adde d up t o  e n dpo i n t . N i s  the n o r ma l i ty o f  t h e  s i l v e r  n i t r a t e  

so l u t i on . W i s  t h e  we i g h t  o f  t h e  s amp l e  i n  g r a m s . I n  th i s  

c h l o r i d e  an a l y s i s  t h e  e f f e c t  o f  mo i s t u r e  i n  s amp l e  and a l so 

preve n t i n g  a g g r e g a t e  i n du c e d  d i s t o r t i o n s we r e  no t c o n s i d e r e d . 

Wa t e r  S o l ub l e  M e t h o d  

Th i s  m e t h o d  wa s mo d i f i e d  by Be rman me t ho d . ( l 3 )  I n  th i s  

metho d i n s t e a d o f  HN0 3 , d i s t i l l e d wa t e r  wa s u s e d . 

P r o c e d u r e  f o r  S o d i um an d I o n i c  An a l y s i s  

The pro c e du r e  de s c r ib e d  h e r e  wa s t a k e n  f r om t h e  s t a n d a r d  

a n a l y s e s p r o v i d e d  by P e r k i n  E lmer { 1 2 ) . 

Potassium 
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P OTAS S I UM I N  C EMEN T 

S C O P E  

Th i s  me t h o d  p r ov i d e s f o r  the d e t e rmi n a t i o n  o f  p o t a s s ium i n  

c emen t i n  t h e  range f rom 0 . 2  to 1 % .  

REAG ENT S 

Conc e n t r a t e d  h y d r o c h l o r i c  a c i d  

P o t a s s i um c h l o r i d e  o r  p o t a s s ium n i t r at e  

S TANDARD S O LU T I ON S  

S t o c k  So l u t i o n  - Make up o n e  l i t e r  o f  a 1 0 0 µ / rn l  p o t a s s i um 

s o l u t i o n  a s  t h e  c h l o r i d e  o r  n i t r a t e . 

S t a n d a r d s - P r e p a r e  5 0 - m l  s o l u t i o n s . c o n t a i n i n g  2 . 0 ,  

4 . 0 ,  6 ,  8 ,  a n d  1 0  µ g /ml p o t a s s i um . I f  a n  a c c u r a c y  o f  b e t t e r  t h a n  

1 0 %  o f  th e amount p r e s e n t  i s  r e q u i r e d �  c a l c ium c h l o r i d e  shou l d  

b e  a d d e d  t o  t h e  s t a n d a r d s  a p p r o x ima t e l y  i n  the s am e  c o n c e n t r a t i o n  

a s  w i l l  b e  p r e s ent in t h e  s amp l e  s o l u t i o n s . 

O P E RAT I N G  COND I T I ON S  

S e e  S tandard C o n d i t i o n s f o r  P o t a s s i um ( K  1 ) . T h e  u s e  o f  

r e c o r d e r  r e a do u t  i s  recomme n d e d . 

SAMP L E  P R E PARAT I ON 

Ac c u r a t e l y  we i g h  o n e  g r am o f  the s amp l e , t r a n s f e r  t o  a 2 0 0 -ml 

e v a po r a t i n g  d i sh , mo i s t e n  with 1 0  m l  o f  c o l d  wa t e r , a n d  swi r l . 

Add 1 0  ml o f  c o n c e n t r a t e d  HC l a nd d i g e s t  w i th g e n t l e  h e a t  a n d  

a g i t a t io n  un t i l so l u t i o n  i s  c o mp l e t e . Evapo r a t e  to dryn e s s  

under a n  i n f r a r e d  h e a t  l amp . Add 1 0  m l  o f  1 : 1  H C l , c o v e r  t h e  

d i s h , a l l ow t o  s t a n d  f o r  t e n  m i n ut e s ,  and a dd 1 0  ml o f  h o t  

wa t e r . F i l te r  t h r o u g h  Wh a tman No . 5 4 1  p ap e r  o r  t h e  equ iva l e n t  

Working 
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vo l ume t r ic f l a s k a n d  d i l u t e  t o  t h e  m a r k . The a n a l y s e s  a r e  

r u n  on a t e n - t ime s d i l u t i o n o f  t h i s  s o l u t i o n . 

S OD I UM I N  C EM E N T  

S C OP E 

T h i s m e t ho d  prov i d e s f o r t h e  d e t e rm i n a t i o n  o f  s o d i um i n  c em e n t 

i n  t h e  r a ng e f r om ·o . o s to 0 . 5 % .  F o r  h i g he r  s o d i um c o n c e n tr a t i o n s , 

f u r t h e r  d i lu t i o n  i s  r e qu i r ed . 

REA G E N T S 

C o n c e n t r a t ed hyd r o c h l o r i c  a c i d  

S o d i um c h l or i d e  o r  s o d i um n i t r a t e  

S 'rAN DARD S O LU T I ON S  

S to c k  S o l u t i o n  - Ma k e  u p  o n e  l i t e r  o f  a 1 0 0 0 - µ g /m l s o d i um 

s o l u t i o n  a s  t h e  c h l o r i d e or n i t r a te . 

··- P r epa r e  5 0 -m l  s o l  u t i o E s  c o n t a i n i n g 1 ,  2 ,  . 4 ,  

6 ,  8 a nd 1 0  µ g /m l  s o d i um . I f  a n  a c c u r a c y  o f  b e t t e r  than 1 0 %  o f  

t h e  amo u n t  pr e s e n t  i s  r e qu i r e d , c a l c i um c h l o r i d e  s i:1o u l d  be 

ad d ed t o  the s t a nd a r d s a p p r o x ima t e l y  in t h e s am e  c o n c e n t r a t i o n  

a s  wi l l  b e  p r e s e n t  i n  t h e  s amp l e  s o l u t i o n s . 

OP E RA T ING C ON D I T I ON S  

S e e  S t a n d a r d  Co nd i t i o n s for S o d ium ( Na 1 )  . The u s e  o f  r e c o r d e r  

r e ad ou t  i s  r e c omm e n d ed . 

SAM P LE P REPARA T I ON 

Ac cu r a t e l y  w e i g h  o n e · g r am o f  the s amp l e , t r a n s f e r t o  a 2 0 0 -m l  

evapor a t i ng d i s h ,  mo i s � e n wi th 1 0  m l  o f  c o l d  w a t e r , a n d  sw i r l . 

Ad d 1 0  m l  o f  c o n c e n t r a t e d  HC l a n d  d i g e s t  w i t h  g e n t l e  h e a t a n d  

a g i t a t i o n  u n t i l so l u t io n  i s  c omp l e t e . E v a p o r a t e  to dr y n e s s u nd e r  

a n  i n f r a r ed hea t l amp . Add 1 0  m l  o f  1 : 1  HC l , c ov e r  t h e  d i s h , 

Working Standards 
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. 

a l l ow t o  s t a n d  f o r  t e n  m i n u t e s , a nd a d d  1 0  m l  o f  ho t w a t e r  

F i l t e r  thr ou s h  W h a tma n No . 5 4 1  p a p e r  o r  t h e  e q u i v a l e n t  a n d  

wa s h  w i t h  h o  1 : 9 9 HC l . T r a n s f e r  t he f i l t r a t e  t o  a 1 0 0 -m l  

v o l u m e t r i c  f l a s k a n d  d i l u t e t o  t h e  m a r k . T h e  a n a l y s e s  a r e  

r un o n  a t e n - t i m e s d i l u t i o n  o f  t h i s s o l u t i o n . 

ANALY S I S 

A Mo d e l  3 0 3  A tom i c Ab s o r p t i o n  S p e c tr o p ho tome t r y wa s u s e d  f o r  

t he an a l y s i s  o f  t h e  s a mp l e a n d  s ta n d a r d  s o l u t i o n . A p o t a s s i um 

a nd s o d i um ho l l ow c a tho d e l am p  w a s u s ed t o  p r o v i d e  n a r r ow l i n e  

s pec tr a . 

A f ter p r e p a r a t i o n  o f  t h e  s am p l e a nd s ta n d a r d  s o l u t i o n s  o f  

p o t a s s i um a n d  s o d i um a s  d e s cr i b e d i n  the p r ev i ou s  s e c t i o n s , the 

p er c e n t  ab s o r ba n c e  v a l u e s  f o r  t h e  s amp l e  and s t a n d a r d  s o l u t i o n s  

w e r e  d e t er� i n e d . Norm a l l y ,  s � a n d a rd s  w er e  ana l v z ed a t  the 

b e g i n n i n g  a n d  end o f  a r u n . T h e n  t h e  p e r c e n t  a b s o r p t i o n w a s  c o n -

v e r t e a t o  the v a l u e s o f  a b s o r ba n c e f r om t h e  c onv e r s i o n t a bl e  

( Mod e l  3 0 3 ) . A p l o t  o f  a b s o r b a nc e v e r s u s  t h e  c o n c e n t r a t i on o f  

the s ta nd a r d  so l u t i on s o f  p o t a s s ium and s od i um wa s mad e . T h i s 

p l o t  g i v e s  a known c onc e n t ra t i on c u r v e . The c o n c e n t r a t i o n  o f  

the s amp l e  s o l u t i o n s o f  po ta s s i um a n d  s o d ium we r e  d e t e r m i ne d  a t  

the p o i n t  whe r e  the a b s o rba n c e  o f  the s amp l e  s o l u t i o n  i n t e r c e p t s  

the c o nc e n tr a t i o n  c u r v e . T h e n  t h e  c onc e n t r a t io n  o f  s od i um and 

p o t a s s i um i n  t h e  s am p l e  s o lu t i o n s  w e r e c onv e r t e d  t o  t h e  c o n -

c e n t r a t i o n s  o f  the s e  i o n s  i n  c on c r e t e . T h e  d e t a i l ed p r o c e d u r e s  

a r e  g i v e n  i n  P e r k i n  E lmer b o o k  ( 1 2 ) . 
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Tab l e  1 

Ma t r i x  o f  M i x e s s h ow i n g  t h e  numb e r  o f  
s amp l e s ma de f o r  e a c h  comb i n a t i o n  u s i n g  
the g r a d e d  c o k e - b r e e z e  

% .r-� c 
5 7 9 1 1  · 1 3 

co;�e 
E r 12 e :: c  

' 

1 5  3 3 3 3 

2 5  N . G .  3 3 3 '-Y ,,.. L."' .. \.:I • 

_____ 

3 5  N . G .  3 3 3 N . G .  

----

4 5  N u G .  3 3 3 3 

5 5  N . G .  N . G .  3 3 3 
t I 

-t--+
- -.-+-. N.G •. 

i----
I ] ___ !_� 

. I 
I 

l I 

- 1 

I 

' I 

-- '
-

J ----
I 

I 
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T ab l e  2 

C o n c r e t e M i x  D e s i g n  ( C l a s s  AA ) * 

Comp o n e n t s  We i g h t  % ( D ry Ba s i s ) 

C e me n t  1 6 . 8  

C o a r s e  Agg r e g a t e  5 1 . 2 

F i n e  Ag g r e g a t E:  3 2 . 0  

W a t e r / C e me n t  Ra t i o  o . � s 

* C l a s s  AA m i x  sp e c i f i e d  by the O k l ahoma Pepartment 
o f . Tr a n s po r t a t i o n . 

-- ----- ------ -

---
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'l'a b J  e 3 

A T y p i c a l  Da t a  S h e e t , s how i n g a g g r e g a t e  a n d  c o k e ­
b r e e z e  c a l c u l a t i o n  f o r m i x e s  

2 5 %  C o k e - B r e e z e  

P r o j e c t  No . 1 5 8 - 6 2 6  

Te s t  p e r f o rm e d  by B a s d e n  % B l i s s  

a t  ODOT 

D a t e  o f : 

a )  C ompa c t i o n  7 - 1 2 - 7 7  b )  S t a b i l i ty T e s t  7 - 1 9 - 7 7 

Tota l S amp l e  W t . 

% Agg r e g a t e = l O O - %  C o k e - B r e e z e  = 7 5  
% Ro c k  0 . 7 5 ( 1 3 ) = 9 . 7 5 
% S c r e e n i ng s 
% S a nd 

C a l c u l a t i o n  o f  Ag g r eg a t e  Wt s . : 

0 . 0 9 7 5 x 6 6 5  = 

() . 4 8 7 5  x 6 6 5  .. 
0 . 1 6 5  x 6 6 5  = 
0 . 2 5 x 6 6 5  = 

C a l c u l a t i o n  o f  A s p ha l t  Wt s . : 

5 %  A C : 

7 %  AC : 

9 %  AC : 

1 1 %  AC : 

1 3 % AC : 

w = 0 . 0 5  a 
Wa= 0 . 0 7 

w = 0 . 0 9 
a 

w = 0 . 1 1 a 
w = 0 . 1 3  a 

( W  + a 
( W  + 6 6 5 )  a 
( W  + 6 6 5 )  

a 
( W  + 6 6 5 )  a 
( W  + 6 6 5 )  a 

w a 
w a 
w a 
w a 
w a 

6 4 . 8  

3 2 '1 . 2  

1 0 9 . 7  
1 6 6 . 3  

= g 
= -�_Q...:l_ ___ g . .  
= 

= 

= 

6 5 . 8  CJ 
8 2 . 2  g 
9 9 . 4  g 

g Ro c k  

S e r . 

S a r d  

g c . s .  

Rema r k s : S ampe w t . o f  6 6 5  g .  wa s o b t a i n e d  by a l i n e a r  
i n t e r p o l a t i o n  o f  1 5 g . p e r  1 / 3 2 ,  b a s e d  o n  c o k e - br e e z e  
per c e n t ag e s . 5 %  AC wa s a b a nd o n e d  s i n c e  i t  wa s t o o  d r y  
o n  t h e  1 5 %  C . B .  s amp l e s . 

--------

665 g. 

0.75(65)=48.75 ����-------�-------� 
0.75(22)=16.5 

--------�---------�-------------�g 

g 
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· Tab l e  4 

C o r r o s i o n  Ra t e s o f  Re i n f o r c i ng S t e e l  

i n  Labo r a t o r y - d r y  C o n c r e t e  

N a C l  Wt % R a t e  o f  C o r r o s i o n  C o r r o s i o n  R a t e  

(MP Y ) by P e t r o l i t e  
Mode l M- 1 0 1 3  

i n s t r ume n t  ( MPY ) 

0 0 . 0 2 4  0 . 0 0 3  

0 . 0 5 0 . 0 .2 7  0 . 0 0 3  

0 . 0 8 0 . 0 2 4  0 . 0 0 5  

0 . 1  0 . 0 3 0  0 . 0 0 6  

0 . 2  0 . 3 6 7  0 . 0 7 

0 . 5  1 .  0 6  0 . 2  

1 6 . 4 9 0 . 5 2 
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TAB LE 5 
Po t G n t i a l s o f  Ag/Ag C l  i n  Solut ia� 

Comp a r e d  t o  S a turatsd C a l ome l 

SALT S o l n 1  

S tandard D ev i a t i o n  

C l  Co n t e nt , wt %  

0 . 2 5 

0 . 5 0 

1 . 0  

Content 

0 . 2 5  

0 . 5 

1 . 0 

P o t e n t i a l , mv 

3 8  
2 8  

1 7  

Me a sur e d  i n  Ca ( OH ) 2 S o l n ' s  

P o t e n t i a l , rnv 

2 8  
1 7  

1 

S t o r ed a nd Me� s u r ed i fi  Ca ( OH ) i 

C l  Con t e n t  

0 . 2 5 

0 . 5 0 

1 .  0 

Potent i a l , rGv 

6 4  
4 0  
3 0  

----

a 

6 
3 
4 

a 

7 

4 

4 

0 

7 

4 
8 

Cl 
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'l'l\B LE 6 
Theo r e t i c a l  P o t e n t i a l  o f  Ag/AgC � 

Compa r e d  to S a tu r a t e d  C a l ome l 

C l  Cone , wt % 

0 . 2 5 

0 . 5  

1 . 0 

Theor . Pot . 

6 6  mv 

4 9  

3 3  

------·------
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TJl.BLE 7 
P o t e n t i a l  o f  Ag/AgC l E l e c t r od e s  

I mbe d d e d  i n  C o n c r e t e  Comp a r e d  
S a tu r a t e d  Cu/Cu S 0 4  

C l
-

, wt %  P o t e n t i a l , mv 

0 . 1  6 8  

0 . 2  2 6  

0 . 5  1 0  



C l  

6 0  

TABLE 3 

P o t e n t i a l  o f:'  Mn /Moo 3 i n dry C o n c :i:- R t e  Compared 
t o  Cu/Cu S 0 4 

wt . %  P o t e n t i a l , mv S t an d a rd Dev i a t i o n , 

0 3.0 9 1 5 . 6  

0 . 1 2 6 2  1 7 . 7  

0 . 2  2 6 7  1 0 . 7  

0 . 5 2 9 4  1 0 . 6 

mv Average 



6 1  

TABLE 9 

P o t e n t i a l  o f  Mo / Mo o 3V S  E l e c t r o d e  i n  W a te r - s a t u r a t e d  

Conc r e t e  V S  C u / Cu s o 4 a s  a Func t i o n  o f  

C l  Conc ent r a t ion 

S a mp l e s  h a d  b e e n  e x p o s e d  t o  d i s t i l l e d  w a t e r  for 
3 0  d a y s a f t e r  5 d a y s of c u r i n g . 

% C l M i x e d  P o t e n t i a l  Mo / Mo o 3 w i th C o n c r e t e  __ _ 1 Cu / Cu So  4 MV 

0 - 5 2 0  

0 . 0 6 - 5 3 0  

0 . 3  - r:: r:: () _, _, v 

0 . 6  - 6 3 0  

1 .  2 - 6 6 0  

2 . 1  - 8 0 0  

v s  
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T a b l e  1 0  

P o t e n t i a l  o f  Mo / M o o
3 

e l e c t r o d e s i n  t h e  f iv e  y e a r s  

l ab o r a t o r y  dry c on c r e t e  c o n t a i n i n9 0 . 1 % C l  . 

E l e c t r o d e  P o t e n t i a l  me a s u r e d  a t  a P o t e n t i a l  me a s u r e d  
No . d i s t a n c e  o f  1 i n c h  f r om a t  a d i s t a n c e  o f  3 

C u / C u s o
4

. i n c h e s f r om Cu / Cu s o 4 . 

1 -- 2 8 5  - 8 9  
2 - 2 6 0  - 1 0 0  
3 - 2 5 0  - 1 0 5  
4 - 2 7 0  - 7 9  
5 - 2 2 0  - 9 2  

Tab l e  1 1  

P o t e n t i a l  o f  Mo /Moo
3 

e l e c t ro d e s i n  t h e  s ame c o n c r e t e  

c y l inder a s  i n  T ab l e  8 a f t e r  two we e k s  o f  expo s u r e  

to d i s t i l l e d  wate r . 

E l e c t rode Pote n t i a l  me a s ured a t  a P o t e n t i a l  me a s u r e d  

No . d i s t a n c e  o f  1 i n c h  f r om a t  a d i s ta n c e  o f  3 
Cu / C u S 0

4 
i n c h e s f rom Cu / Cu s o

4 

1 
" 

- 6 4 0  - 6 4 7  
2 - 6 0 2  - 5 9 8  
3 - 5 8 7  - 5 9 8  
4 - 5 8 3 - 5 9 1  
5 - 5 8 5  - 5 4 6 

1-

�

I 

_l - -



("') 
\,0 

TABLE 12 ACCEPTABLE MIX DESIGNS 

Ty p e  of Mix Cok e Breez e 
% 

Bas ed o n  As phal t % 

7 1 5 ,  2 5 , 3 5 , 4 5  

9 3 5 , 4 5  

1 1  3 5 , 4 5 , 55  

Opt imum Mix 

Coke B r e e z e fl · R  
% ohm- cm Hv e eo s tab il i. ty 

3 5  3 5  3 7  

4 5  60 3 8  

4 5  60 3 8  
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Tab l e  1 3  

Y e a r  1 

P u l l o u t  S t r e n g t h s  

C o n t r o l  

3 MO 1 9 9 0 0 
1 8 2 5 0  

. 1 9 6 0 0  
2 1 3 5 0  

6 MO 1 9 1 0 0  
1 7 6 0 0  
1 5 4 5 0  
1 4 2 0 0  

9 MO 1 7 0 2 5  
1 7 1 5 0  
1 7 1 5 0  
1 7 3 7 5  

1 2  MO 2 0 5 0 0  
1 6 6 0 0  
1 5 8 5 0  
1 6 8 0 0  

Mean x = 1 7 7 4 4  

a = 1 8 6 7  

a - 4 6 6  rn 

F S D  = 1 0 . 6 % 

i n  p o u.n d s  

B a t c h  

a = s td d ev . = �- ) 2  x - x . l 

a = rn 

--·--·-

n 
s t d e r r o r  o f  me a n  = 

f o r c e  pe r s q u a r e  i n c h , 

- N o - C P  

l 

5 

1 

s· 

a 

1 6 7 0 0  
1 8 1 0 0  
1 9 8 0 0  
1 5 8 0 0  

1 2 5 5 0  
1 6 5 0 0  
1 8 1 5 0  
1 6 0 0 0  

1 9 9 2 5 
1 6 6 2 5  
1 7 0 7 5  
1 4 9 5 0  

1 6 8 0 0  
1 8 0 5 0  
1 7 8 7 �) 
2 1 7 0 0  

M e a n  x --- 1 7 2 8 8  

0 = 2 0 7 0 

a = 5 1 7  m 

F S D  == 1 1 . 9 % 

F r a c . s td . D ev i a t i o n  = X l O O  
� .. 

p s i  



1 5  MO 

1 8  MO 

2 1  MO 

2 4  MO 

Me a n  x = 

0 ::: 

0 -­

m 
F S D = 

Con t r o l 

1 8 8 5 0  
1 7 5 5 0  
2 1 5 0 0  
2 1 0 0 0  

1 9 6 0 0  
1 8 5 5 0  
1 4 6 0 0  
1 7 7 0 0  

1 3 0 5 0  
1 6 7 0 0  
2 0 2 0 0  
1 5 1 5 0  

1 5 2 5 0  
1 6 8 5 0  
1 4 6 5 0  
1 8 7 5 0  

1 7 4 9 7  

2 4 0 4 

6 0 1  

1 3 . 7 % 

0 = s t d  d ev . 

6 5  
'l'ab l e  J 4 

Y e ar 2 

Pu l l o u t  S t r e n g t h s  
i n  pound s f o r c e p e r  s qu a r e  i n c h , p s i  

Ba t c h  - N o -

2 
l ·  

n 

1 

5 

2 

6 

Me a n  x 

0 

0 m 

F S D  

= 

-

= 

= 

CP 

1 6 8 5 0  
1 9 9 0 0  
1 6 7 5 0  
1 6 5 2 5  

1 3 8 7 5  
1 8 4 0 0  
1 8 1 0 0  
2 2 9 5 0  

1 8 1 5 0  
1 6 8 .0 0  
1 4 4 0 0  
2 0 1 0 0  

1 6 6 0 0  
1 6 1 5 0  
1 6 9 5 0  
1 4 4 0 0  

----

1 7 3 0 6  

2 2 4 9 

5 6 2  

1 3 . 0 % 

0 = m s td e r r o r  o f  me an = . 0 
----

F r ac . s td .  D ev i a t ion X l O O  

_ /(X-x. J 



2 7  MO 

3 0  MO 

3 3  MO 

3 6  MO 

Me a n  

F S D  

a = 

a = rn 

x 

0 

a m 

6 6  

'l' ab l e  1 5  

Y e a r  3 

Con t r o l B a t c h  - N o -

2 3 3 0 0  
1 7 0 0 0  
1 7 3 0 0  
1 7 2 0 0  

1 7 3 5 0  
1 9 7 5 0  
2 2 8 0 0  
2 0 1 0 0  

1 8 3 5 0  
2 1 8 5 0  
1 7 9 0 0  
1 8 0 5 0  

1 4 3 0 0  
1 6 2 5 0  
1 6 7 5 0  
1 0 8 5 0  

= 1 8 0 6 9  

= 3 0 1 5  
,� 7 5 4  

= 1 6 . "/ % 

s td d ev .  = x - x . ( �  ) 2  
l 

n 
s td e r r o r o f  me an = 

2 

6 

3 

7 

Me a n  

F S D  

a 

F r a c . s td . D ev i  a t i  o n  = 6' J X l O O 

C P  

1 8 8 5 0  
1 9 5 5 0  
2 0 3 0 0  
2 1 6 0 0  

1 9 4 0 0  
2 1 1 0 0  
1 6 7 0 0  
1 9 0 0 0  

2 0 1 5 0 
1 6 2 5 0  
1 8 2 0 0  
1 6 5 5 0  

1 1 2 5 0  
1 2 7 5 0  
1 5 3 5 0  
1 1 6 5 0  

x -· 1 7 4 1 6  

a ,_, 3 1 6 7  

a = 7 9 2  rn 
= 1 8 . 2 % 

/



Tab l e  1 6  

Y e a r  4 
----

C o n t r o l B a t c h  - N o - c p · 

3 9  MO 1 5 6 5 0  3 1 6 4 5 0  

2 0 9 0 0  1 4 6 5 0  

2 1 3 5 0  1 7 1 0 0  

2 1 8 5 0  1 9 1 0 0  

4 2  MO 1 7 7 5 0  7 1 9 8 0 0  

2 0 5 0 0  2 2 2 5 0 

1 9 2 5 0  1 7 7 5 0  

. 1 4 9 0 0  2 1 1 5 0  

4 5 MO 1 6 4 5 0  3 1 0 1 0 0  

1 8 8 5 0  1 3 4 5 0  

1 9 4 5 0  1 7 4 0 0  

2 1 4 5 0  1 4 5 0 0  

4 8  MO 1 8 9 5 0  7 1 9 6 0 0  
----

1 9 0 5 0  1 6 7 5 0  

1 7 9 0 0  1 2 5 0 0  

2 2 1 5 0  1 6 0 5 0  

Mean x = 1 9 1 5 0  Mean x = 1 6 7 8 4  

a -· 2 1 3 1  a = 3 1 3 6  

a = 5 3 3  a = 7 8 4  rn rn 
F S D  - 1 1 . 1% F SD = 1 8 . 7 % 

a = s td d e v . = 

= s t. d  e r r o r  o f  m e a n  = a 

Vn 
F r a c . s td . D e v i a t i o n  = � .. 

X l O O  

� --

/ 

--
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'r ab l e  1 7  

Y e a r  5 
-----

Con t r o l  B a t c h  ·-N o -

5 1  MO 

5 4  MO 
-- -

5 7 MO 

6 0  MO 

Mean x = 

a = 

a -
m 

F S D  · .  = 

1 8 8 5 0  
1 7 2 0 0  
2 3 0 0 0  
2 1 8 5 0 

1 8 8 0 0  
1 7 5 0 0  
1 8 0 0 0  

2 0 3 0 0  
2 1 5 0 0  
2 2 7 5 0  
1 9 3 0 0  

2 3 2 5 0  
2 1 4 0 0  
2 3 7 5 0  
1 0 6 5 0  

1 9 8 7 3 

3 2 4 0  

8 1 0  

1 6 . 3 %  

4 

8 

4 

8 

M e a n  

o � s td d ev . � � 
a = s td e r r o r  o f  me a n  = 

m 
a 

---

F r a c . s t d . D e v i a t :i.:o n  = �- X l O O  
i -,, 

C P  

1 7 9 5 0  
1 1 0 5 0  
1 3 6 5 0 
1 1 6 0 0  

1 9 9 0 0  
1 4 2 0 0  
1 9 5 0 0  
1 9 1 0 0  

1 3 8 0 0 
1 3 7 0 0  
1 2 4 5 0  
1 3 3 0 0  

1 8 2 0 0  
1 8 9 0 0  
1 3 0 5 0 
2 0 0 0 0 

-----

x - 1 5 6 4 7  

a = 3 1 5 7  

a m = 7 8 9  

F SD = 2 0 . 2 % 
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'l'a b l e  1 8  

M e a n  P u l l o ut S t r e n g t h s  
b y  Y e a r  a n d  B a t c h  N umb er 

B a t c h  N o  Y r  ( s e t )  Co n t r o l  C P  
----

1 1 ( 1 )  1 9 9 7 5  1 7 6 0 0  
1 1 ( 3 )  1 7 1 7 5 1 7 1 4 3  

1 / 2  2 ( 5 )  1 9 7 2 5  1 7 5 0 6  

2 2 ( 7 )  1 6 2 7 5  1 7 3 6 2  

2 3 ( 9 )  2 0 0 7 5 . 1 8 8 7 5  

3 3 ( 1 1 )  1 9 0 3 8  1 7 7 8 8  

3 4 ( 1 3 )  1 9 9 3 1 1 6 8 2 5  

3 / 4  4 ( 1 5 )  1 9 0 5 0  1 3 8 6 2  

4 5 ( 1 7 ) 2 0 2 2 5 1 3 5 6 2 
4 5 ( 1 9 ) 2 0 9 7 5  1 3 3 1 2 

5 1 ( 2 )  1 6 5 8 7  1 5 8 0 0  

5 1 -( 4 )  1 7 4 3 7  1 8 6 0 6  

5 / 6  2 ( 6 ) 1 7 6 1 2  1 8 3 3 1  

6 2 ( 8 ) 1 6 3 7 5  1 6 0 2 5  
6 3 ( 1 0 )  2 0 0 0 0  1 9 0 5 0  

7 3 ( 1 2 ) 1 4 5 3 7  1 2 7 5 0  

7 4 ( 1 4 )  1 8 1 0 0  2 0 2 3 7  

7 / 8 4 ( 1 6 )  1 9 5 1 2  1 6 2 2 5  

8 5 ( 1 8 )  1 8 , 1 0 0  1 8 1 7 5  

8 5 ( 2 0 )  2 2 , 3 0 0  1 6 2 0 0 



S e t  No . Cont r o l 
Mo . Me a n  0 

--

1 3 1 9 9 7 5  1 1 0 1  

2 6 1 6 5 3 7  1 8 9 3  

3 9 1 7 1 7 5  1 2 6  

4 1 2 1 7 4 3 7 1 8 0 3  

5 1 5  1 9 7 2 5  1 3 8 7 

6 1 8  1 7 6 1 2  1 8 6 4  

7 2 1  1 6 2 7 5 2 6 1 0  

8 2 4  1 6 3 7 5  1 5 9 0  

9 2 7  2 0 0 7 5 1 0 1 9  

1 0  3 0  2 0 0 0 0  1 9 3 2  

1 1  3 3  1 9 0 3 8  1 6 3 2  

1 2  3 6  1 4 5 3 7  2 3 1 7  

1 3  3 9  1 9 9 3 1  2 4 9 4  
1 4  4 2  1 8 1 0 0 2 0 8 8  
1 5  4 5  1 9 0 5 0  1 7 8 3 I 
1 6  4 8  1 9 5 1 2  1 5 8 8  

1 7  5 1  2 0 2 2 5  2 3 1 2  

1 8  5 1;  t 1 8 1 0 0  5 3 5  
1 9  5 7  2 0 9 7 5  1 2 9 8  

2 0  6 0  1 9 5 1 2  1 5 8 7  

2:x . x = l 
11 

0 = 

a 0 = 
m Vn 

7 0  

'l'ab l e  1 9  

Me a n  P u l l o u t  S t r e n g t h  
fo r Ea c h  S e t , p s i  

C P  
0 m Mean 0 

--

5 5 0  i 7 6 0 0  1 5 1 1  

9 4 7  1 5 8 0 0 2 0 3 8  

6 1  1 7 1 4 3  1 7 9 0  

9 0 1  1 8 6. 0 6  1 8 4 9  

6 9 3  1 7 5 0 6  1 3 8 7 

9 3 2  1 8 3 3 1  3 2 1 1 

1 3 0 5  1 7  3. 6 2  2 0 7 4 

7 9 5  1 6 0 2 5  9 8 0  

5 0 9  1 8 8 7 5  2. 5 6 2  

8 6 6  1 9 0 5 0 1 5 6 9  

8 1 6  1 7 7 3 8 1 5 5 2  
1 1 5 8 1 2 7 5 0 1 5 9 9  

1 2 1 7  1 6 8 2 5  1 5 9 0  

1 0 4 4  2 0 2 3 7 1 6 7 8  

8 4 2 1 3 8 6 2  2 6 1 0  . 

7 9 4  1 6 2 2 5  2 5 2 8  
1 1 5 6 1 3 5 6 2  2 7 1 2  

1 6 8  1 8 1 7 5  2 3 1 2  

6 2 9 1 3 3 1 2  5 3 2  

7 9 4 1 7 5 3 7  2 6 6 9  

a · m 

7 5 6  

1 0 1 9  

8 9 5  

9 2 5  

6 9 4  

1 6 0 6  

1 0 3 7  

4 9 0  

1 2 8 6  

7 8 5  

7 7 6  

8 0 0 
7 9 5  

8 3 9  

1 3 0 5  
1 7 6 4  
1 3 5 6  

1 6 5 6 
2 6 6  

1 3 3 5  



Y e a r 

1 

2 

3 
4 

5 

7 1  

T ab l e  2 0  

Ave r a g e  P u l l o u t  S t r e n g t h  o f  
A l l Cy l i nd e r s  P u l l e d i n  One Y e ar , p s i  �tandard D ev i a t i o n , S t a n d a r d  J E r r o r  o f  M e a n , and F r a c t i o n a l  

S tandard D ev i a t i on a l s o shown 
C o n t r o l  

P u l l o u t , a a F S D , % 
-- -rn 

Cu r ren t 
P u l l o u t , a a 

-- -m 

1 7 7 4 4  

1 7 4 9 7  

1 3 6 6 9  

1 9 1 5 0 

1 9 8 7 3  

a = 

a a = m . j-;;-

1 8 6 7  4 6 6  

2 4 0 4  6 0 1  

3 0 1 5  7 5 4  

2 1 3 1  5 3 3  

3 2 4 0  8 1 0  

F S D  = 6 I X l O O  
�� 

1 0 . 6  

1 3 . 7  

1 6 . 7  

1 1 . 1  

1 6 . 3  

1 7 2 8 8  

1 7 3 0 6  

1 7 4 1 6  

1 6 7 8 4  

1 5 6 4 7  

2 0 7 0  5 1 7  

2 2 4 9  5 6 2  

' 3 1 6 7  7 9 2  

3 1 3 6  7 8 4  
3 1 5 7  7 8 9  

x = .M e a n  --
E x . l 

n 

1 1 . 9 

1 3  

1 8 . 2  

1 8 . 7  

2 0 . 2  

-----� psi FSD, % 
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