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Richard F. Stratfull - 1973

Corrosion Engineer of the California Division of Highways.

Introducao por Eduardo Thomaz :

O engenheiro Richard F. Stratfull, Corrosion Engineer of the California Division of
Highways, até 1980 (cerca de), realizou, durante varios anos :
e inspecdes nas sub-estruturas de pontes em ambientes marinhos.

e inumeros ensaios em laboratdrio para determinar as propriedades de diferentes
concretos.

A partir dai fez estimativas para o tempo até o inicio da corrosdo das armaduras em
funcao de: ( transformei as unidades usadas nos trabalhos de Stratfull )

e CL = Teor de Cloretos nas 4guas em contato com o concreto em (mg/litro). Aguas do
mar, rios ou solos.

e (C =Teor de cimento II no concreto ( kg/m3). Esse cimento C II / USA = sé clinquer +
gesso = similar ao nosso CPI/ BR.

e S = Cobrimento da armaduras (cm)

e W = Quantidade de agua no traco do concreto ( litros / m3 ou em % de volume )
e Exemplo de célculo usando a formulacao de Stratfull ( ver no artigo anexado adiante):

CL= Cloretos na 4gua do mar onde esta a subestrutura = 17500 mg/litro

C = Cimento CII / USA =430 kg/m3

S = Cobrimento = 10cm

Agua/Cimento = 0,45 — W= Agua = 0,45 x 430 = 193 litros/m3 = 19,3% em volume

T= 18,14 x 1,00182uCx c0-717y 1,22

Tempo calculado, seguindo Stratfull, para o inicio da corrosdo : T =26 anos
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Segundo o Prof. Ernani Diaz no artigo " Ponte Rio Niteroi - Trés Décadas de
Historia "
SIMPOSIO INTERNACIONAL SOBRE PONTES E GRANDES ESTRUTURAS
06 a 07 de maio de 2008 - Escola Politécnica / USP / SP

http://www.abece.com.br/web/download/pdf/simposio/Apresenta%C3%A7%C3%A30%20Ernani%20Diaz.pdf

"O engenheiro Richard F. Stratfull, consultor na protegdo contra corrosdo no
projeto das fundagoes da Ponte Rio-Niteroi , recomendou um cobrimento de 9cm nas
estacas de concreto. As estacas tem 1,80 m de diametro com camisas de aco de 10mm,
perdidas, ndo consideradas no calculo estrutural."

Richard F. Stratfull criou sistemas pioneiros de protecdo catddica para lajes de pontes
sujeitas a agdo de sais cloretos usados para degelo.

Comentario :
Segundo as Pesquisas atuais na Europa, Projeto : CHLORTEST / EU, as
recomendacdes para proteger as armaduras atingem tempos de até 100 anos.

Ver nos livros atuais : 2002 ou mais recentes

Livro : Resistance of Concrete to Chloride Ingress - Testing and Modelling
Projeto : CHLORTEST / EU

Autores : Tang Luping , Lars-Olof Nilson ¢ P.A. Muhammed Basherr

Editora : Spon / Taylor & Francis

Ano : 2012

http://www20.vv.se/fud-resultat/Publikationer 000201 000300/Publikation 000256/ChlorTest%20-%20Slutrapport.pdf

http://fudinfo.trafikverket.se/fudinfoexternwebb/Publikationer/Publikationer 001401 001500/Publikation 001468/Draft%20Final%?20report
Validation_ TRV %202010-5265.pdf

http://heronjournal.nl/57-3/1.pdf

Table 6.4 Calculated minimum cover thicknest{ x_.. for a service life of 100 years]under various exposure conditions

Environment Marine

DIN EN 206 XS1 XS2 XSs3

exposure class

R, o 0.4 1 1.3

¢ 14 14 28 28

T (°C) 11 11 11 18
. env 0.4 1 1.3 1.84 2.82

Binder CEM1 + 5% silica fume

Water/binder ratio 0.4 0.35 | <0.35 or by other means

to reduce D, _
D, (x107'* m%/s) ‘ 4.4 3 1.5 1.5 1
x_.. (mm) 45 112 | 97 126 98 62 88 104
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http://fudinfo.trafikverket.se/fudinfoexternwebb/Publikationer/Publikationer_001401_001500/Publikation_001468/Draft%20Final%20report_Validation_TRV%202010-5265.pdf
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http://heronjournal.nl/57-3/1.pdf

¢ Exemplo mostrado acima, na Tabela 6.4 desse livro
Tempo até o inicio da corrosdao = 100 anos
Agua do ambiente : do Mar
Zona de exposi¢do = XS3 da norma DIN = Marinha
Temperatura da dgua do mar : 18°C
Ligantes : Cimento Portland Cem I (clinquer + gesso ) + 5% Microsilica
Relacdo Agua / Ligantes < 0,35 (ou outros meios que reduzam a Difusividade D )
Difusividade Dg,, (medida aos 6 meses com o ensaio RCM = NTBUILD492 ) x (10 12 mo/s )=1,0

Usar Cobrimento >10,4 cm

e O ensaio RCM = NTBUILD492 desenvolvido no Projeto : CHLORTEST / EU ¢
mostrado na figura abaixo.

EU-Project CHLORTEST G6RD-CT-2002-00855
Testing resistance of concrete to chloride ingress

+ Potential

(DC)

a. Rubber tube e. Catholyte

b. Anolyte f. Cathode

c. Anode g. Plastic support
d. Specimen h. Plastic box

o Comentario: E dificil garantir uma vida util de 100 anos para uma obra. Uma execug¢do
cuidadosa é indispensavel. Permanente conservagao é fundamental para a durabilidade
de infraestruturas de concreto armado em contato com dguas do mar, contendo cloretos.

+4++
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| ~ ENVIRONMENTAL INFLUENCE
ON THE CORROSION OF REINFORCING STEEL

"IN CONCRETE BRIDGE SUBSTRUCTURES

By

J. L. Beaton
‘and
'R. F. Stratfull

o Stratfull, R. F. - Causes of Corrosion of Reinforcing Steel in San Mateo-Hayward
Bridge IV-SM, Ala-105-B,A - Part I - State of California Department of Public Works
Division of Highways - Materials and Research Department - November 1955
http://www.dot.ca.gov/hg/research/researchreports/1930-1955/55-10.pdf

e Beaton, J. L., Stratfull, R. F., " Environmental Influence on the Corrosion
of Reinforcing Steel in Concrete Bridge Substructures” , California
Department of Highways, Sacramento, California - Jan. 1973

e Spellman, D. L. and Stratfull, R. F., “Concrete Variables and Corrosion
Testing” - Highway Research Record 423, 1973.

e Stratfull, R. F.; Jurkovich, W. J.; and Spellman. D. L., “Corrosion Testing
of Bridge Decks,” Transportation Research Record No. 539,
Transportation Research Board,1975, pp. 50-59.
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State of California - Department of Public Works Division of Highways
Sacramento, California - Jan. 1973
" In the past 50 years of highway construction in the State of California,

hundreds of reinforced concrete bridges have been constructed.

The majority of these structures have required a minimum of maintenance
attributable to the corrosion of reinforcing steel.

However, there are a number of bridges giving evidence of cracking due to
steel corrosion.

In California the most serious example of costly maintenance has been the
repair of the deterioration of the San Mateo-Hayward Bridge (1), opened in
1929. It was replaced in 1967.

:\.I-' - 4 .I

" " Richmond
—

Richmond-- s

Sanﬂﬂfﬂ:e! Brid e-
ST Berkeley
:ggt.rden :
e
Hm:rge)ll " Oakland

San Francisco-
- %G&M&nd.ﬁﬂgﬁ.ﬂdﬂe
.-".' "!'.

San 1,5 A
Franclscn - N\
I. | H
U %y San Francisco IHayward
| WE By
[ TR San Mateo-
| San Mateu TR B el
.h;ﬁﬂx Dum.hﬂ.rtﬂn Hndge;/)

.\.I

| LY,
N B B 10k r
e :_lﬂl.llﬂ ' 'E'"'r“---v 3




-— Vi

Jﬁ-‘v“I
~ San Mateo-H ayward BridgerTollfPlaza

2 Tour Guide D 1993 Imagerﬂﬂate 2{23{2014 3}‘0340? 84“N 122°132? 38 W elev 2?’ft‘ ‘eve alt a30025ﬁ@'

&y

1967 - San Mateo-Hayward Bridge - GOOGLE




1967 - Steel box girder and concrete
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The original bridge, known as the San
Francisco Bay Toll-Bridge, opened in

1929.

causeway with a 300-foot (91 m) vertical
lift span over the main shipping channel.

It was replaced with a modern span in

1967 - Steel box girder and concrete

trestle approach spans
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Sinaisde corrosdo : " Rust stains on the surface of the concrete "

00 l!:

O escorrimento de ferrugem ( Fe,O3.H,O ) é proveniente da corrosdo da armadura dentro do concreto.
Vicente Gentil - CORROSAO - Editora LTC - 1996




"An investigation of Causes of Corrosion of Reinforcing Steel

in San Mateo-Hayward Bridge I[V-SM "

Autor : Bailey Tremper - October 1954
State of California - Department of Public Works
Division of Public Works - Division of Highways

3

Fase de Construcao 1928 / 1929
http://www.dot.ca.gov/hg/research/researchreports/1930-1955/54-02.pdf

: sstw
L

Obras de Recuperagao 1955 - Richard F. Stratfull
http://www.dot.ca.gov/hg/research/researchreports/1930-1955/55-10.pdf
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" The concrete of the San Mateo-Hayward Bridge, a structure 7 miles in length across San Francisco
Bay, constructed in 1928-9 is severely cracked due to corrosion of reinforcing steel.

This report deals with the physical and chemical properties of concrete in the beams, caps and piles.

In the bar bents sampled it appears that the concrete was mixed with a water-cement ratio that was too
high to assure durability under the conditions of exposure.

The concrete is relatively permeable and has absorbed salts from the sea water. Sulfates have attacked
the concrete to the extent that the present strength is no higher than was reported at the age of 28 days.

Salts that have concentrated in the concrete have lowered the pH and have increased electrical
conductivity. As a result the concrete, in its present condition at least, affords less than normal
protection against corrosion of the reinforcement.

Precast mortar blocks, installed to support reinforcement above the bottom of beam forms, have very
little bond with the adjacent concrete. Medium to severe corrosion has occurred more frequently in the
vicinity of the blocks than elsewhere along the bars.

Many pertinent questions remain unanswered by the results of this investigation ."

Obs: A ponte foi desativada em 1967 e substituida pela nova San Mateo-Hayward Bridge .

Steel sand blasted and wire rein-
foreing in place prior to placing
shoterete. Chalk marks on rein-
forcing steel are the locations of
corrosion pits. Notilce replaced
stirrup bars.

Obras de Recuperagao 1955 - Richard F. Stratfull
http://www.dot.ca.gov/ha/research/researchreports/1930-1955/55-10.pdf



http://www.dot.ca.gov/hq/research/researchreports/1930-1955/55-10.pdf

15

Although the deterioration of this structure has received considerable
attention from the California Division of Highways, the distress of numerous
reinforced concrete structures exposed to marine environments is not unusual

In a 1917 report (2) of the inspection of 146 structures on the east and west
coasts of the United States, it was observed that :

" Concrete can be used successfully in sea water, but the price of
success is eternal care."

This statement was based upon the existing technology and a concrete
coverage of one or two inches over the reinforcing steel.

In addition to the 1917 inspection of the condition of American-made
structures, an inspection by the Committee of the Institution of Civil
Engineers on structures in British waters in 1920 also revealed the
deterioration of numerous reinforced concrete structures (3).

More recent reports (4, 5, 6) have shown that there continues to be distress of
reinforced concrete structures in marine environments.

On the basis of these reports of deterioration of coastal structures, and the
experience in California, it appears that cost of maintaining these structures
due to corrosion of steel may be expected to be extraordinary."”

The designer has little control over the change in use or the service
environment of a building, but the chloride content of the concrete mixture
ingredients can be controlled.

Estimates of whether a particular environment will be dry can be
misleading.

R.F.Stratfull has reported case studies of approximately 20 bridge decks
containing 2% calcium chloride built by the California Department of
Transportation. The bridges were located in an arid area where the annual
rainfall was about 125 mm (35 in.), most of which fell during a short period of
time. Within 5 years of construction, many of the bridge decks were showing
signs of corrosion-induced spalling, and most were removed from service
within 10 years.

For these reasons, a conservative approach is necessary.




Existing criteria for metal loss.
Existing Information of Metal Loss Required for Cracking

Spellman and Stratfull (1968) [102], Laboratory experiment 0.1 mils (2.54 mm)
Spellman and Stratfull (1968) [102], Field Experiment up to 29 mils (734 mm)
Kenneth Clear (1989) [14], Interpretation of Results 3.7 mils (94 mm)

Zdenek Bazant (1979) [12], Interpretation of Equations 0.3 mils (7.87 mm)

J., L. Beaton -2
R. F. Stratfull

44

environment. A mathematical relationship was derived that describes
the percentage of structures that had deterioration for any concen-
tration of chlorides in the immediate area.

.-. ‘Laboratory tests continuing over a period of 2% years
indicated a relationship between the cement and water contents of
concrete and its ability to gain and lose water vapor in controlled
environments. Using the variables that éppear to influence the |
movement of water vapor through concrete, an equation was developed
that indicates the probable time to crackiﬁg of a reinforced con-
crete substructure, The developed equation is based upon field
pbsérvations and 1aboré£ory tests and takes into account the effect
of the variables of cement and mixing water content, the thickness
of covér over the steel, and tﬁe chloride content of the environ-

ment .

16




J. L. Beaton : -3-
n- ?'- strﬂtfﬂl 1

INTRODUCTION

In the past 50 years of highway construction in the State
of California, hundreds of reinforced concrete bridges have been
constructed. The majority of these structures have required a
minimum of maintenance attributable to the corrosion of reinforcing
steel. However, there are a number of bridges giving evidence of
cracking due to steel corrosion. -

In California the most serious example of costly mainte-

nance has been the repair of the deterioration of the San Mateo-

Hayward.Bridgel. "Although the deterioration of this structure has

received considerable attention from the California Division of
Highways, the distress of numerous reinforced concrete structures
exposed to marine environments is not unusual?, In a 1917 repnrtz
of the inspection of 146 structures on the east and west coasts of
the United States, it was observed that "Concrete can be used
successfully in sea water, but the price of success is eternal
care." This statement was based upon the existing techmnology and
a concrete coverage of one or two inches over the reinforcing
steel.

In addition to the 1917 inspection of the condition of
American-made structures, an inspection by the Committee of the
‘Institution of Civil Engineers on structures in British waters in
1920 also revealed the deterioration of numerous reinforced con-

3. More recent raports4’5'5 have shown that there

crete structures
continues to be distress of reinforced concrete structures in
marine environments. On the basis of these reports of deteriora-

tion of coastal structures, and the experience in California, it

17
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R. F. Stratfull

appears that cost of maintaining these structures due to corrosion of
steel may be expected to be extraordinary.

Previaﬁsly, the 1nvestigaﬁlon of the corrosion of reinforc-
ing steel by the Materials and Research Department of the California
Division of Highways has been primarily directed toward determining
the effect of marine environments on the durability of reinforced
concrete. However, in 1959 an investigation’ was made of the distress
of a 9 year old highway bridge that was constructed in the arid Colo-~
rado Desert of California. It was found that this structure had the
same evidence of distress as was found on the San Mateo-Hayward
Bridgel across the San Francisco Bay. On tﬁis same State Highway,

66 reinforced concrete bridges were constructed during the years of
1950-51, and 20 of the 66 bridges or about 30 perceﬁt of the struc-
tures were found to have corroding reinforcing steel. From the data
collected during this investigation, it appeared that the high con-
centration of salts in the soil (flow is usually not present at these
bridge sites except once or twice yearly) was responsible for the
observed distress of the structures. Those bridges which were placed
in soils of high salt concentrations (up to 41,000 parts per million
of chlorides) showed distress while those in low salt concentration
(less than 200 ppm) were in a satisfactory conditian

"Because of these findings on corrosion af reinforcing
steel in an environment other than marine, a statewide investigation
was made to determine the scope of this problem. The following are
the results of this investigation.

Condition of Bridges
The environments in which bridges in Califormia were

inspected for possible corrosion of reinforcing steel were:
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J. L. Beaton -5-
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(1) coastal, (2) valley, (3) desert, and (4) mountain. The 239
bridges that were inspected varied in age from up to 50 years. The
condition survey of the structures was visual and was concermed

with determining the incidence of concrete cracking parallel to the

reinforcing steel or rust stains on the surface of the concrete.

Thege criteria were con the corrosion of

reinforcing steel. Typical examples of these observed conditions

are shown in Photographs Nos. 1 and 2. Photo 1 depicts the cracking
of reinforced concrete piles in a 10 year old bridge exposed to
tidal water near San Diego, Califormnia. Photo 2 shows an area of
advanced concrete spalling and the exposed reinforcing steel on the
San Francisco-0akland Bay Bridge.

Of the 239 bridges that were inspected, 66 showed evidence
of corrosion of the reinforcing steel in some member of the struc-
ture. For the pﬁrpnsg of this investigatiun; only the reinforced
piling, piers or walls were considered to be directly affected by
the variables found there. Distress observed in the rail, beams,
etc. of the bridge could conceivably be influenced by air-borhe
salts in the atmosphere, or by other atmospheric variables. Distress
in these members was therefore considered to be.uutside the scope of
this specific investigation. Based upon this criterion, there were
37 atructﬁfeé which had visual evidénce of corrééion of reinforcing
steel in a pile or wall that was in direct contact with the natural
soils or waters. The 29 structures which had visual evidence of
deterioration in members other than the substructure were not used
in the amalysis that follows. Also, 5 structures that had less than
4 years of service were not used in the analysis.

In addition to the visual inspection of the condition of

the structures, the following environmental data were collected for
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Foto 1

Photograph 1

Vertical concrete cracking of 10 year old reinforced concrete
bridge plles in tidal water near San Diego, California.
Photo taken in 1962.

Photo 1 depicts the cracking
of reinforced concrete piles in a 10 year old bridge exposed to

tidal water near San Diego, California.
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Foto 2

Photograph 2

Spalling of concrete in beam caused by the corrosion of
reinforcing steel, San Francisco-Oakland Bay Bridge.
Photo taken in 1962,

Photo 2 shows an area of
advanced concrete spalling and the exposed reinforcing steel on the
San Francisco-Oakland Bay Bridge. '
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Caso similar : Ponte na Restinga da Marambaia

Rio de Janeiro / Brasil

Construcao 1943 - Fotos 2007
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a possible correlation to £he condition of the structures: (1) pﬂ
or hydrogen-ion concentration, (2) sulfates as 504, (3) chlnriﬂes,
as Cl, that were contained in the soils and, if any, the natural
drainage waters, and (4) the electrical resistance of the soils and
drainage waters.

'Chlu;idaé and Concrete Distress

In the analysis of concreté distress due to the corrosion
of reinforcing steel, it was not possible to determine when the
crack in the concrete occurred. The only fact known about the dis-
tress was that at the time of the inspection of a structure a crack
was or was not present. Therefore, the data were analyzed by mathe-
matically grouping the bridges into age versus deterioration and
also versus the environmental factors.

Figure 1, Influence of Chlorides on the Deterioration of
Reinforced Concrete Bridge Piles or Walls, shows the method that was
used for plotting the "raw" data. On this chart it will be noted
that the structures were first segregated into average age groups of
10, 20, 30, and 40 years of service. Then a plot ﬁﬁs made of the
condition of the structures at the particular chloride concentration
of the envirnnmeﬁt. Figure 1 shows that there is a relationship
between the chloride concentration of the environment and the dis-
tribution of the condition of structures.

There were 29 structures which had visual evidence of
deterioration in other than substructure members, 5 non-deterlorated
structures with less than 4 years of service, 15 bridge locations in
which a chemical analysis of the soil was not obtained, and 4 struc-
tures in which deterioration was observed subsequent to the initilal
inveﬁtigatinn; these preceeding data were not included as a part of
the original data reduction. However, with judgﬁent some of the
Preceeding data were included in the chart shown as Figure 8.




ENVIRONMENTAL CHLORIDES -ppm

FIGURE 1

INFLUENCE OF CHLORIDES ON THE
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The data represented by Figure 1 were then-tabulated into
distribution curves of the percentage of structures deteriorated at
each of the four time increments. The data were then mathematically
analyzed to determine the yearly rate at which the structures would
deteriorate in each chloride concentration. The result of the
analysis is shown by Figure 2.

The cﬁrrelatinn equation was found to be: Equation 1:

Ry = 0.165 KP'QZ, wherein Ry = percent of total structures showing
distress per year, and K is the chloride concentration in parts per
million found in either the soil or water that is in physical con-
tact with the substructure. After the equation was derived, it was
tested for its ability to duplicate the original distributiun. curve
of the condition of the bridges.

By the method of least squares, a statistical correlation
indicated that there was a correlation coefficient of 0.957 and the
standard error of estimate was 7.08 percent. This indicated that
the results computed by use of the derived equation were within 7.08
percent of the actual percentages of structures found to be in dis-
tress when inspected.. The level of significance of the correlation

is greater than 0.001.
1t should be clearly understood that these data repre-

sented hy Equatian 1 are representative of a distribution curve of
the.obaarved condition of a number of hridgea. Analyzing the per-
formance of a single structure would require a thorough and detailed
investigation of all variables that might cause a deviation from the
mean. Without doubt, there are variatioms in the relative pro-
tective value of concrete made throughout the years as a result of
the difference in the environment, workmanship, curing, etc. For
example, these data are for sections of a bridge substructure that
were visible to the investigator. The incidence of deterioration
below ground or under water is not considered to be applicable to
analysis by these data as it was not studied.
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Figure 2
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1 saco de 42,5kg de cimento CPII - ASTM ; 6 sacos /jarda cubica =334kg/m3
cimento CPII - ASTM = s clinquer + gesso = CP 1 / BR

The records indicate that the concrete normally used for

the construction of bridge piles consisted of six sacks of cement

per cubic yard of concrete, and the design provided two inches of

concrete cover over the reinforcing steel.

Sulfates and Concrete Distress

As previously stated, the sulfate (S0;) contents of the
solil and water, if any, at the bridge sites were determined and
were mathematically computed in the same manner as outlined for
chlorides.

The result of the analysis indicated that there was corre-

lation between the sulfate content in the environment and the

percentage of structures showing distress. However, it was gener-

ally observed that when a high sulfate content was found in the
environment, generally there was a high chloride content also.

This observation suggested that there could be an inter-
dependence between the chloride and sulfate concentration and the
deterioration rate of the structures. -

In order to determine the possible interdependence of
the chlorides and sulfate concentration and bridge distress in the
environment, the data obtained for sulfates were aﬁalyzed for a
correlation to bridge conditions in the same manner as outlined
for chlorides. Then the quantity of sulfates was plotted against
the rate of bridge deterioration at each age group. At each of
these same points of rate of bridge deterioration and age grouﬁs,
the concentration of chlorides and sulfates was tabulated. The
results of this comparison are shown by Figure 3, Influence of
Sulfate and Chloride Concentration on Bridge Deterioration, and

indicate that the more imminent cause of reinforcing steel corro-
sion is the chlorides present in the environment.
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5

Study of Concrete Variables

A,

Mixes

In addition to the study of the correlation between the
concentration of chlorides in the environment and the condition
of the bridges, studies were made of the vapor transmission
characteristics of various types of concrete.

It is considered that the corrosion of steel in concrete
is the result of the deposition of salts adjacent to the steel
as a result of moisture movement. Therefore, the influence of
the variables in mixtures was compared to the relative ability
of the concrete to gain and lose moisture. The concrete test
blocks were alternately exposed (1) in a fog room at 73.4° F.
and 100% R.H, and (2) to drying at 73.4° F and 50% R.H.\| (for

23 C

periods of about four months). It was observed that the

3"x3"x11.25" concrete blocks would approach moisture equilib-

rium after three to four months of exposure.

\

In all cases the concrete specimens were made in triplicate
with the following variables: (1) aggregate having 1.5%, 4%,
and 10% absorption by weight, (2) equivalent of 4, 6, and 8
sacks of Type 11 cement per cubic yard, and (3) slump of 2, 4,

and 6 inches. The maximum aggregate size was 100% passing the
3/4" screen. 1In addition, neat cement bars of 1"™x1"x11.25"
were cast with the equivalent of sbout 31, 32, 34, mﬁﬂisqchﬁf’

cement per cubic yard and the resulting neat cement flows of

these mixes were 10, 37, 56, and 56 respectively.

All of the concrete blocks and neat cement bars were cured
for seven days in the fog room and then placed in the dry room
for the beginning of the first dry cycle. The following data

for the concrete blocks were cbtained after approximately 2.5
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years of alternately exposing the concrete to the fog and drying
room atmospheres. The study of the concrete blocks is continuing.
Water Voids

There are various methods utilized to express the quantity
of water gained and lost by concretea. However, this investiga-
tion was primarily concerned with comparing the gain and loss of
moisture by various concrete mixtures under conditions comparable
to a natural environment. Also, it was desired that the measure-
ment of the gain and loss of moisture be on a continuing basis,

so as to study the variable of continued concrete hydration.
Therefure, none of the concrete specimens has as yet been sub-
jected to oven drying.

For this reason the term "water voids" has been utilized to
describe the volume of water that is absorbed and evaporated by
concrete that is subjected to the alternate conditions of 50%
relative humidity at 73.4° F and 100% R.H. at 73.4°F. None of

~ the concrete specimens was subjected to other than the described
environmental conditions except for the rare occasions when it
was necessary to mechanically adjust the environmental rooms.

The weight gain and loss of moisture of the concrete speci-
mens were measured to the nearest one gram during each cycle of
exposure at time intervals of 1, 2, 4, 8, 16, etc. days. This
was continued until the data indicated it would take in excess
of one month of exposure for the concrete to have a weight gain
or loss of one gram. Generally, this condition of moisture
stability was obtained within approximately 128 days or about
four months of exposure.

After approximately one year of the alternate exposure of

the concrete to fog wetting and drying, it was observed that
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the weight of water gained and lost for each triplicate set of
concrete blocks was approaching a reproducible value. There-
fore, the ﬁeanurements of moisture movement in this study that
are considered to be significant are for a period of exposure
of the specimens which begin after the concrete has aged approx-
imately one year. Concrete that is greater than one year old
is termed "mature" concrete.

It has been previously mentioned that there were three
types of aggregate utilized in the test with absorptions of
1.5%, 4%, and 10% by weight. The use of this range of aggre-
gates resulted in concrete that varied in weight from about
150 to 110 pounds per cubic foot. Therefore, the measured
wﬁight of water gained and lost by the con?rete specimens was
compared on a volume basis to eliminate misleading data on
variations which could occur as a result of extremes in concrete
densities. |

Figure 4, Water Voids Versus Mixing Water in Mature Concrete,
is a plot of the relationship found between the total water used
in making the concrete and the volume of water that would hé
absorbed and evaporated during the environmental exposures of
the specimens.

The derived water void equation indicates that the relative
volume of water which was gained and lost by the concrete in
this test was a function of the total water used in the concrete

“and the quantity qf cement. It was found that either an in-
crease in the added mixing water or an excess contained in the
‘aggregate increased the volume of water that transpired through

the concrete for a given cement content. Conversely, for a -
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FIGURE 4

WATER VOIDS VERSUS MIXING WATER
IN MATURE*CONCRETE
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given total mixing water content, an increase in cement con-

tent reduced the quantity of water that was absorbed or

evaporated by the concrete under these test conditions.
Tha.aquﬁtion which described the measured gain and loss of

moisture {n mature concrete is:
1.17

Equation 2. Vy = g x 100 = 0.85 (Wm;.

- C

V,, = water voids in’ percent of comcrete volume as
measured by 1088 in drying at 50% R.H. and
. gain by exposure in the fog room

W = volume of water gained and lost
V = volume of concrete

Wy = total water contained in concrete mix as
percent of concrete volume

C = sacks of cement per cubic yard of concrete

Variations in Water Voids

During the first year of measuring the water voids, or
volume of moisture that transpired through the concrete test
specimens, it was observed as indicated on Figures 5 and 6
that this quantity of moisture movement would not be reasonably
duplicated by each subsequent cycle of exposure. It was ob-
sexrved that under the test conditions it was approximately 200

days after the concrete specimens were cast that a maximum

total movement of water would occur. This maximum movement

of water appeared to occur when the blocks were placed in
their first exposure to the fog room. The concrete made with
the aggregate having 10% absorption was the exception. |

The variations in the volume of moisture gained and lost
during the first year of exposure appeared somewhat discon-
certing when analyzing the data, and these variations were
given additional mathematical study.
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FIGURE 5

INFLUENCE OF CEMENT CONTENT ON THE
VOLUME CHANGE OF WATER VOIDS-—
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Figura 6

INFLUENCE OF AGGREGATE ON VOLUME CHANGE
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Figure 5, Influence of Cement Content on the Volume Change
of Water Voids -- Aggregate Constant, indicates that the cement
content and time are ﬁhe variables that are responsible for the
early differences in the volume of moisture absorption and loss
in the concrete specimens. The data show that with an increas-
ing cement content the volume of water movement decreases ta
grmdnimimvalue. . in-proportion to the cement contént., For
instance, the concrete blocks which were made with the equiva-
lent of 8 sacks of cement per cubic yard reduced about 35% from
their maximum volume of moisture movement while the 4 sack mix
reduced about 18 percent.

The aggregates did not appear to exert a major influence on
the change in the volume of moisture movement. This fact
appears to be shown by Figure 6, Influence of Aggregate on
Volume Change of Water Voids - Cement Contents Constant.

These data indicate that the absorptive and the evaporative
characteristics of concrete are highly variable at early ages,
and also vary with the cement content and the total water con-
tent of the mix.

Rate of Moigture Movement

During the measurements of the gain and loss of moisture
of the concrete blocks, the periodic quantity of water move-
ment was not found to be constant but decreased with the time
of exposure. This observation was not considered to be unusual

when one considers that there is a limited quantity of moisture
that would be available for evaporation. It was also obvious
that when moisture had evaporated from the surface of a block,

it would be readily apparent by a measurement of weight loss.
However, the moisture that migrated from the center of the
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block toward the surface would not be detected by a weight
difference until it evaporated into the atmosphere. Therefore,
the rate of moisture change should vary as the distance that
the water would be required to travel.

On an empirical basis, calculations were made on the rate
and depth of moisture loss with the following considerations:
The quantity of moisture that a concrete block contained was
known because this was measured by continuous weight measure-
ments; It was assumed that the moisture was evenly distributed
throughout the concrete mass at the end of.each exposure. .period,
and in all cases could be computed for any point within the
concrete on the basis of relative volume. Therefore, when a
concrete block was in a saturated condition, and it lost a
measured quantity of water, the volume of concrete that had
contained this weight of water would be a function of the
absorption of the concrete. Since the concrete blocks had
constant dimensions, the depth below the surface of the block
was computed which would give the necessary volume of concrete
that could hold the measured loss of water. Calculations of

- this type were utilized to determine the necessary depth below
the concrete surface that would account for the measured gain
and loss of water. It is readily apparent that this method
of computation assumes that a portion of the concrete is
relatively dry while another may be saturated. The reality
of this assumption is highly speculative, as would be other
assumptions on the relative degree of contained moisture con-
tent at various points within the concrete mass.

An analysis of the data indicated that there were two pre-
dominant variables that influenced the calculated rate of loss
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of moisture during the exposure in the dry room at 73.4° F and
50% R.H. These variables were: (1) the cement content and
(2) the assumed volume of the concrete that contained the evap-
orable water. A plot of these data is described by the follow-
ing relationship:
Equation 3: ty = 100-0442Cg,2.225 qgg

ty = time in years to dry to equilibrium with an
environment of 73.4° F and 50% R.H.

C = sacks of cement per cubic yard of concrete

Si = depth below surface in inches

The analysis of the data indicated that the absorptive
characteristics of the aggfegate, per se, were not a predomi-
nant influence on the calculated rate of moisture evaporationm.

The calculated rate of moisture movement through thg con-
crete when exposed to the fog room environment of 73.4° F and
100% R.H. inferred that the concrete mix variables were not
primary test variables. For a calculated depth of approximately
75% of the half depth of the concrete, all specimens absorbed
moisture at a rate of about 0.2 inches per day, then reduced in
velocity at greater depths.

The results of the absorption test of the concrete in the
fog room appear to be inconclusive in determining the influence
of the concrete variables on the calculated rate of absorption.
1t should be pointed out that althaﬁéh the blocks were exposed
in a fog room of controlled temperature and humidity, the fog
dispersion within the room is not uniform. For this reason the
concrete blocks exposed to the fog room were moved about the
room to average out the influence of differences of fog disper-

sion. It is possible that the variations of the fog room
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environment are greater than the influence of the concrete
mixes. The data indicate that the rate of moisture absorption
of the concrete in this test was greater than evaporation rate.
Therefore, the evaporative characteristics of the concrete
appear to be the controlling variable in the transpiration of

moisture through concrete.

Relating Laboratory and Field Studies

... It has been determined by field exposure tests that the

- protection of reinforcing steel provided by concrete is a
“wvariable which depends upon the type of cément, water cement
ratio, admixtures, and thickness of concrete cover over the J
reinforcement?>10, Thus far, this investigation has not direct-
iy considered the influence of concrete variables on preventing
or inhibiting the corrosion of reinforcing steel. However, it
is probable that the durability of reinforced concrete will be
a function of at least two of the many variahles, (1) the
absorption and (2) the rate of moisture movement thrﬁugh the
concrete.,

Because of the test methods utilized in this study, there

'is no direct measure of the relationship of the saturated
surface dry to oven dry method for measuring concrete absorp-
tion of water. However, it is surmised that the quantity of
absorbed water found in this study could be related to the
amount determined in oven drying method.

The concrete variables observed in this study were related
to the ﬁerformance of the concrete in an atmospheric type of
environment. It is believed that the behavior of comerete in
an atmospheric type of environment is similar to the performance

of concrete exposed near the ground or water line. This
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assumption is based upon the measured differentials in the
chloride content of concrete that has baa; exposed to a marine
environment. In this previously reported study, it was shown
that the chloride content decreases with depth below the sur-
face. Therefore, with a given chlorinity of the environment,
the observed differences in salt content of the concrete are
assumed to be caused by wetting and drying,

" With other environmental conditions being equal, it
appears that the quantity of chlorides deposited within
various concrete mixes could be directly proportional to the
rate at which water could move from within the concrete to the
atmosphere. This could be described by the equation Q = TyWy,»

where Q = Quantity of water evaporated per year, Ty - Ratg or
cycles of evaporation per year, and W, = Volume of water
evaporated per cycle. As previously stated, Equation 3 indi-
cates the time in years when concrete would dry to equilib-
Tium to a calculated depth and is: T, = 100-0442Cg 2.229 g¢
where Ty = Time in years to dry at 73.4° F and 50% R.H.,
C = Sacks of cement per cubic yard of concrete, and S; = the
calculated depth of drying in inches below the surface.

" To obtain the rate or cycles of drying per year, it is
necessary to take the reciprqca} of the expression, thus the
rate per year of drying is:

T
’mzzz

0.086

The volume of water as a percent of concrete volume that would

be evaporated from mature concrete is described by Equation 2:
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) 1.17
V. =¥ x 100 = 0.85(Wy)
v 0717

Ve = water voids in percent of concrete volume

W = volume of water -gained and lost, 73.4° F at 50% R.H.
_and 73.4° F at 100% R.H.

V = volume of concrete = AS{ = Area, A, times Depth, S;,
in inches -

Wy = total water contained in concrete mix, as percent
of concrete volume

C = sacks of cement per cubic¢ yard of concrete

By combining Equations 2 and the reciprocal of Equaliun 3, it
is possible to obtain an expression that relates the evaporative
characteristics of the concrete in these test conditions, which is:

Qy = Ty Vy V

q}'i quantity of water evaporated per year in cubic inches

Ty = rate or cycles of drying per year

Veg = water voids a‘s percent of concrete volume

V = volume of concrete, cubic inches

1f Equations 2 and 3 are combined, Eﬁuatinn 4 will be derived
and indicates the comparative yegfly volume of water which could

be evaporated by concrete. Equation 4 is:

= 0.0988(W)1-17 &
Qy

W = cubic inches of water evaporated
10%- Cc0.71/gs1- per year at 50% R.H., 73.4° F,

(A = cross-sectional area in sq.in.)
Construction records indicate that the over-all average design
of the concrete mix for reinforced concrete piles for the past 50
years could be: C = 6 sacks of cement per cubic yard of concrete,
Wy = 221 by volume, total mixing water, and Sy = 2" of éancreta
cover over the reinforcing steel. Using these basic figures, the

yearly quantity of water evaporated from an average concrete pile
which is saturated with water and exposed to 73.4° F and S0% R.H.

1.1
could be: using Equation 4, Qg =1g-0933 ?: = 0.2356A
L] ° i -
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Equation 1 described the percentage per year of the total struc-
tures that were found in the field to have corrosion of the rein-
forcing steel. On a design basis, it is considered that an adequate
level of confidence would be attained if it were known that 70% of
the structures which are placed in similar enviromments had shown
deterioration at a particular number of years of service. There-
- fore, by substituting 70% into Equation 1, Equation 5 would be:
Ra = '-%EET Ra = the number of years when 70% of the structures

K -
constructed of average concrete and placed in an environment of K

(chlorides in parts per million) would have visual evidence of
corrosion of the reinforcing steel in the substructures.

On a speculative basis, it is suggested that the time for dete-
rioration of a reinforced concrete substructure would be proportion-

al to the rate of moisture evaporation of the concrete to the con-
sidered depth for various considered design variables. Therefore,
an equation which can be formulated to encompass differences in the

evaporative characteristics of an average and a specific concrete
can be described as follows:

Re = Ry x Qa yherein R¢ = years to deterioration of bridge
a; substructure

Ry = years to deterioration of an
average bridge substructure

Qs = quantity of water evaporated by
specific concrete

By substitution of Equations 4 and 5 and reducing:
R, = IDO.94420Cﬂ.?1?511.221n11
gU.42y 1.17
A graphic solution of this formula is shown on Figure 7, Chart
for Estimating Deterioration Time for Reinforced Concrete Pile.
Figure 8, Condition of 205 Bridges Plotted Against Average Age at
Inspection and Chloride Concentration, shows how Equation 6 calcu-

Equation 6:

lated from the data for average construction practice fits the
field conditions as observed for the inspected bridges in California.
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FIGURE 7

CHART FOR ESTIMATING DETERIORATION
TIME FOR REINFORCED CONCRETE PILE
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CONDITION OF 205 BRIDGES VERSUS
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FIGURE 8

AVERAGE AGE AT INSPECTION AND CHLORIDE
CONCENTRATION

10,000

_{1011) 10 0442C cOTT g L2z

|— #—p

Rt

| K942 mm

AVERAGE INSPECTED AGE OF STRUCTURES -YEARS

E
=X
o
“
w
W
o
£ -
| ——7
- TJ N \! 1
[ & ] ,_.i" | '; 5 1
o -
5 : /
s ) _
2| o A A\ Lt ]
o nw :?é-._—,czl \ —
x ~~& T ]
> \_4 X :
= L Numbar indicates numhcré.._la‘f A
[} of bridges inspected, \
L \
< Ce6 Si=2 Wm= 22 L
o Rt = Years to repoir due to corrosion ‘§
g 10 of reinforcing steel a3t
< -C = Sacks of cement per cubic yard }ﬁ‘i
- K = ppm chiorides A
Si= Depth of concrete cover over \%
— reinforcing steel = Inches 8
"Wm=Mixing water by % of concrefe
volume includes that contained
| b # .
| ¥ l.'loql"lﬂﬂ e | - i
[+] 10 20 30 40 50 60

70




45

J. L. Beaton | N -20-
R. F. Stratfull

ICWPARISOH OF THEORETICAL AND ACTUAL TEST DATA FOR REINFORCED CONCRETE PILES

TABLE 1
Sacks of Cement Concrete Sheerneas-—Yearsi__ Watford--Years?
per cu. yd. [ Slump | Cover Actual | Estimated3 Actual | Estimated
- - A 6 8 * 5
. (2w Sk 20 | * 11
10.6 - — — -
" 10 8 ¥k 4
590 kg/m3 2" — -
, 2" *k 18 * 10
1" 3 4 1 3
" -
. 2" 10 10 *% 6
6.4 - —
y . " 2 4 1 2
356 kg/m3 2
2m 10 9 ¥ 5
i 3 2 3 1
3.8 n ,
211 kg/m3 . L2n 8 5 6 3

1 Test data obtained from Reference 9 and are the results of field exposure
tests in England.
2 Years to cracking of test pile - 5" x 5" x 5',

3 Estimate is based upon the Equation Ry = 100-0442Cc0.7175,1.2270))
K042y 1.17

* Test conditions altered after.10 years, cracked in 10 to 20 years.

** Test conditions altered after 10 years, not cracked in 20 years.
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Correlations to Independent Tests .

Generally there is a lack of detailed data in the literature
that would independently test the accuracy of the results of this
investigation. One of the more detailed investigations which
have been reported in sufficient scope is that by Lea and Hatkinsg

Their reported test of the protective value of concrete in
preventing the corrosion of reinforcing steel was started in 1929
at two locations in England. One exposure site was in natural
sea water at Sheerness and the other was at Watford in sea water
concentrated to three times its normal salinity. .

At each of the test sites, concrete piles of 5 inches square
in section and 5 feet long were exposed to the two environments.
The piles were constructed of mixes that varied from %" to 2" of
8lump, 3.8, 6.4, and 10.6 sacks of cement per cubic yafd and 1"
and 2" of cover over ‘the reinforcing steel. Unfortunately, this
test was not cnntinﬁed beyond 10 years under the original test
conditions. However, comprehensive data are available for the
first 10 years of controlled exposure and are compared to the
estimated time to deterioration as based upon this study. This
comparison is shown on Table I.

In an attempt to correlate the empirical equation of Cali-
fornia experience to the reported test data, a statistical com-
parison was made by fhe method of least squares for the piles
exposed at Sheerness. The authors stated that the exposure
conditions at Watford were not as severe as Sheerness so the
statistical comparison was not made for this location. For 6
degrees of freedom, the level of significance was approximately
0.01 with a correlation coefficient of 0.809. The standard
error of estimate was found to be ¥ 1.92 years,
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Due to the lack of details as to when the reinforced concrete
test piles had cracked in the Long Time Study of Cement Perform-
ancel0, it is not possible to directly correlate their test
results to the estimated performance as indicated by the results
of this study. Even so, it was stated in the 10 year report
"that for the salt water exposures the effect of rusting and
éxpansiun of the reinforcing steel is a major deteriorating
influence". All of the concrete piles were constructed so that
there was 1.5 inch of concrete cover over the reinforcing steel.
The concrete tested consisted of the following mixes: Mix 1,
5 sacks of cement per cu. yd. and 2" of slump. Mix 2, 7 sacks,
2" glump. Mix 3, 7 sacks, 8" slump. The estimated time to
corrosion of the reinforcing steel for the piles made of the
reported concrete mixes is less than 8 years. At the St. Augus-
tine test site, their data showed that for Mix 1 (5 sack, 2"
slump) 89% of the total piles were cracked, Mix 3-(? sacks,-ﬂ"
slump) 47% were cracked, and 16% of the Mix 2 (7 sacks, 2" slﬁmp}
piles were cracked after 15 years. At the Corona Del Mar test
site, 100% of the Mix 1 (5 sacks, 2" slump) were cracked, 86%
of the Mix 3 (7 sacks, 8" slump), and none of the Mix 2 (7 sacks,
2" slump) piles were cracked after about 15 years of expésure.

Although the actual time when a pile had cracked due to
reinforcing steel corrosion was not reported, the deterioration
of the piles apparently occurred at an early age and confirms
the corrosion time computations to a limited degree. It should
be pointed out that the estimated time to deterioration as indi-

cated by this study does not infer a degree or rate of deteriora-
tion at any location. The data indicate the time to the incidence
of deterioration.
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As a result of corrosion of the steel in reinforced concrete
bridge piles in Texas, they required extensive repair after
approximately 7.5 years of servicel?, The original concrete
mixture in this structure consisted of 5 sacks of cement per cu.
yard, 6.5 gallons of water per sack of cement and 2 inches of
cu-vir over the reinforcing steel.

The stream water was reported to be "loaded™ with chlorides.
The total ﬁulntity of chlorides was not reported, although
dtpoliil of salts were clearly visible on the surface of the
banks of the stream. Assuming a concentration of chlorides equal
to that found in sea water, which could be considered as "loaded"
quantity, the estimated years of service to corrosion of a pile -
in this structure would be 8 years. Based upon the assumption of
the quantity of chlorides in the Texas bridge emvironment, the
field data agree with the estimated life.

The results of an inspection of reinforced concrete struc-
tures on the east coast of the U. 8. A. were reported in 19576
and showed that 6 out of 10 structures had reinforcement corro-
sion at an average inspected age of 23 years. Although n-ithﬁr
construction details nor the initial time when the structures
were found to be deteriorated were reported, the inspection
indicates that the normal construction methods, which were
utilized until 1946, were not adequate to insure an indefinite
maintenance free service life of structures exposed to sea water.
In sea water, the expected time to corrosion of piles based upon
a 6 sack mix, with 15% total water by volume and 2 inches of
cover is computed to be 10 years.
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DISCUSSION

From the viewpoint of an investigator, it has been extremely
fortunate that the basic design of reinforced concrete substructures
in California has not varied within drastic limits for the past 50
years. Otherwise, use of the data shown in this paper to correlate
the condition of these inspected structures with the environment would
have been exceedingly difficult or impossible. Even though this
correlation was found, it should be remembered tﬁat the data reflect
the normal exposure of bridge substructures for that portion which
can be observed. Underwater or underground sections were not investi-
_gated, and the application of these data to those conditions should
be tempered with performance data.

For the purpose of comparing variables in concrete design,

a direct ratio (of the evaporative characteristics) was established
between the average concrete used for 50 years and the various types
exposed to the laboratory test conditions. It is speculated that this
relationship of relative concrete evaporative characteristics would
- be consistent with that observed in other environments. On this
basis, it appears that careful consideration should be given to the
use of these data when applied to structures that are not in direct
exposure to the free-flow of air such as that found in highway bridges.
For instance, 70% of the highway bridges built and exposed to sea
water with the recommendations of concrete design by some California
Harbor Departmentsl3 would be expected to have corrosion of rein-
forcing steel in approximately 13 years of service. Evidently, there
must be an environmental difference in the exposure conditions between

a highway bridge and harbor facilities on the California Coast, and
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between various harbor departments. For instance, Gaye and Agatzlﬁ,

commenting on the construction of dock works in Germany during the
1920s, indicated that 10 centimeters of covgring is necessary to
protect the iron elements from corrosion. Using their described
concrete mixtures, a California bridge probably would show deteriora-
tion of the substructure in approximately 20 years. It should be
pointed out that these German structures were built of concrete to
which trass had been added to the mix. The English tests’ have shown
 that for equal conditions, concrete made of trass cements had proved
tﬁ be better than a Portland cement in inhibiting the corrosion of
reinforcement. Alsé, results of the tests performed in the United
States indicate that the rate of deterioration of reinforced con-
crete piles varies not only with the basic mixes utilized but also
' with the type of cementlO, |

There appear to be numgroﬁs factors®:8:19 that could in-
fluence the deterioration of a structure exposed to a corrosive
environment such as:; the influence of the type of cement5=3:9:10=13,
variables of aggregate size, grading or manufacturel3, additives?>
14,15,16,17,18  workmanship2:9,8,13,14,18, curing®, and the environ-
-ment}s’lg’zq. These factors require considerable attention when

- designing a structure for a specific maintenance free service life.
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SUMMARY .

Two hundred thirty-nine reinforced concrete bridges were
inspected throughout the State of Californmia, and it was found that
corrosion was attacking the embedded steel in widely dispersed geo-
graphic locations. A study of the data indicated that the primary
cause of corrosion was the presence of chlorides in the environment.
Apparently, the chlorides permeate the concrete, and after a period
of exposure depending upon chloride concentration in the natural
solls or'ﬁuters, resulting in the corrosion of the reinforcing steel.

Based upon mathematical distribution curves, it was found
that 70% of the structures which were placed in an environment of a
certain chloride concentration would have corrosion of the rein-
farcemant.accnfﬂing‘tohtﬁe;fbllawing;riiatianlhip:

R-Eg%

R is the observed years of service when 70% of the struc-
tures had corrosion of the reinforcing steel, and K equals parts per
million chlorides in the soil or water. By the method of least
squares, it was found that this formula duplicated the distribution
curve of the field results within about 7% of the actual percentage
of structures that were affected by corrosion.

The past history of bridgelconafruction in the State of
California indicates that the nveragg reinforced concrete piles have
generally been made of a mixture of 6 sacks of cement per cubic
yard of concrete and 2" of concrete covering over the steel.

A mathematical analysis of the data indicates that the
concentration of sulfates (S04) in the environment is not the primary

cause of reinforcing steel corrosion. It is speculated that the
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presence of excessive sulfates could lead to the corrosion of rein-
forcing after it had caused chemical attack and possibly disinte-
gration of the concrete.

Laboratory tests were made of the moisture absorption and
evaporative charécteristins of various concrete mixes consisting of
combinations of the following: &, 6, 8 sackg per yard; 2, 4, and 6
" inches of slump; aggregate of 1.5, 4 and 10 percent absﬁrptinn by
weight; and also various mixtures of neat cement bars. When these
test specimens were exposed in a fog room at 73.4° F and 100% R.H.,
it was found that the calculated rate moisture absorption of the
various mixes could not be distinguished from each set of specimens.
Evidently, the variables of the fog environment were such that the
small differences in the absorption rates of the concrete mixes
could not be detected.

When the concrete specimens were exposed to the dry room
at 73.4° F and 507 R.H., it was found that the rate of moisture
evaporation at the calculated depth would vary as the following
relationship derived from the test data:

0.0988(Wg) 1-174
Q= 150.0442Cc0.717g,1.22

Q = cubic inches of water evaporated per year in 50%
R.H. and 73.4° F

Wm = total mixing water as percent of concrete volume

C = sacks of cement per cubic yard of concrete

Si{ = depth below surface in inches

A = area of concrete in square inches

Because of the relationship of the chloride concentration
in the environment to the deterioration time of the structures, it

was assumed that the time to the build-up of a harmful quantity of

52




53

J. L. Beatomn -28-

R. F. Stratfull

salts would relate to the volume of water that could evaporate th

the various mixes, and thus deposit an accumilating quantity of .
chlorides in the concrete. The previous equation, which showed the
relationship of the various mixes to the rate of moisture evapora-

tion, was utilized in a ratio of the evaporative characteristics of

the average concrete to a specific concrete in the following mammer:

R, = R Q average .

t Q specific which becomes the basic equation for
estimating the probable number of years to corrosion of the rein-
forcing steel in 70% of the structures placed in the normal highway
bridge environment, which is:

Kpt&iﬂm}.l?

It should be pointed out that this derived equation does

R =

not imply that a structure will be in structural distress at the
indicated time. It only represents the number of years which could
be expected to elapse before corrosion of the embedded steel could
cauge rust stains and/or cracking of the concrete. The equation
does not indicate the rate at which corrosion will occur in different
substructure members of the same bridge, only when the first member
(pile) will be visibly affected. It is expected that the longer
the period to the first evidence of corrosion the greater the time
to the visible distress of the last member of the same structure.
In an attempt to correlate this data to that reported by
others, it was found that a co;ralation was difficult because of a
lack of construction or environmental details. However, in the
exposure tests of piles_perfurmed in England, the indicated age to
distress as determined by this test method is within approximately

2 years of the actual time required for distress for the 10 years
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of controlled environmental conditions. Other comparisons are made
between the reported conditions of structures elsewhere in the
United States, and although the test could not be related in terms
. of years, it did indicate whether a designer could anticipate the
premature deterioration of the bfidge substructure.

The work presented in this paper should not be thought of
as the "final answer". Instead, it is hoped that we have made a
step toward finding a means to evaluate the affect of the environ-
ment on the durability of reinforced concrete bridge piles, and
that we haﬁe directed attention to the data needed to predict service

life.

ACKNOWLEDGMENTS

These investigations were conducted as a part of the
activities of the Materials and Research Department of the California
Division of Highways. The authors wish to express their appreciation
to Mr. F. N. Hveem, Materials and Research Engineer, and to Mr.
Ba;ley Tremper, Supervising Materials and Research Engineer, Retired,
for their advice and direction during these studies. They also wish
to thank the numerous personnel of the California Division of High-
ways and Bridge Department who extended their aid and cooperation
during this study.




J. L. Beaton -30-
R. F. Stratfull

REFERENCES

1. Causes and Repair of Deterioration to a California Bridge Due

to Corrosion of Reinforcing Steel in a Marine Environment:
Part 1. Method of Repair by M. W. Gewertz

Part 2. Fundamental Factors Causing Corrosion by Bailey Tremper,

John L, Beaton, R. F. Stratfull
National Academy of Sciences, National Research Council
Publication 546; Highway Research Board Bulletin 182, 36th
Ammual Meeting, January 7-11, 1957.
2. Wig, R. J. and L. R. Ferguson. Reinforced Concrete in Sea Water

Fails from Corroded Steel. Engineering News Record, Vol. 79,
No. 15, Oct;:aber 11, 1917, (veraudltima pagina)

3. Deterioration of Structures in Sea Water. First Report.
H. M. Stationery Office (1920) (England).

4. Copenhagen, W. J. Preliminary Investigation of the Atmospheric

Corrosion of Reinforcing Steel in Concrete Structures in Marine
Environments. South African Builder, December 1953.
5. Halstead, S. and L. A. Woodworth, The Deterioration of Rein-

forced Concrete Structures Under Coastal Conditions. Trans. So.
African Inst. Civil Engrs. 5, No. 4 (1955) April; No. 10 (1955)
October. - -

6. Factors Affécting Durability of Concrete in Coastal Structures.
Technical Memorandum No. 96, Beach Erosion Board, Corps of
Engineers, June 1957.

7. An unpublished Departmental Correspondence of the California
Division of Highways. A Report on An Investigation of the
Corrosion of Reinforcing Steel in the Oten Wash Bridge to

Mr. F. W. Panhorst from Mr, F. N, Hveem, dated Sept. 15, 1959.

55




J. L. Beaton | =-31-
R. F. Stratfull

8.

9.

10,

'Lea, F. M, The Chemistry of Cement and Concrete, Revised.

St.‘Hartins Press Inc., New York 1956.
Lea, F. M. and C. M, Watkins, ‘The Durability of Reinforced

Concrete in Sea Water, 20th report. National Bullding Studies

Research Paper No. 30. London, H. M. Stationery Office, 1960.
Tyler, I. L. Long Time Study of Cement Performance in Concrete

- Chapter 12, Jour. A. C. I., V. 31, No. 9, March 1960. Also see

11.

12.

13,

14.

15.

17.

Discussion by R. F. Stratfull V. 32, No. 3, September 1960.

Blanks, R. F., Chairman, Ten Year Report on the Long Time Study

of Cement Performance in Concrete. Proc. A.C,I., Vol. 49,
1953, p. 601.

Waltermire, R. D. Repairs to Little Red River Bridge, Texas
Highways, Vol. 9, No. 3, March 1962,

Wakeman, C. M., E. V. Dockweiler, H. E. Stoner, -and L. L.

Whiteneck. Use of Cnncreta'in Marine Environments. Jour. A.

C. I., Vol. 29, No. 10, April 1958, p. 841l. Also see the

Discussion by P. J. Fluss, and S. S. Gorman, Jour. A.C. 1.,
Vol. 30, No. 6, December 1958, Part 2, p. 1313.

Gaye and Dr. Ing. Agatz, 15th International Congress of

Haﬁigatinn, Venice 1931, 2nd Section., Ocean Navigation,

End.CDmmunication.

. Concrete Manual, U. S. Department of the Interior. Bureau of

Reclamation, 6th Edition. Denver, Colorado, 1956.
Hnnfbre, G. E., G. J. Verbeck. . Corrosion of Prestressed Wire

in Concrete. Jour. A. C. I., Vol. 32, No. 5, p 491, Nov. 1960.
Kondo, Y., A. Takeda, S. Hidesima. Effect of Admixture on

Electrolvtic Currosion of Steel Bars in Reinforced Concrete.

Jour, A, C. I., Vol. 31, No. 4, p. 299, October 1959.

56




J. L. Beaton ' | -32-
Rv Fo Stratfu:ll *

18. Tuthill, L. H. Regearch and Practice. A. C. I. Proc.,
Vol. 59, No. 5, p. 626. May 1962.
19, Griffin, D, F., R. L. Henry. Intégral Sodium Chloride Effect

on Strength, Water Vapor Transmiséibn and Efflorescence of

Concrete. Jour. A, C. I., Vol. 58, No. 6. December 1961,

20. Uhlig, H. H., Editor, Corrosion Handbook, John Wiley & Sons,
| Inc., 1948, . | a |

o Ver mais Referéncias ao final.

o Adiante a formula de Stratfull em unidades métricas.

T = 18,14 x 1,001824Cx 0,717 g1,22
0,42 o wl.17
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PRAZO PARA DETERIORACAO DE INFRA-ESTRUTURAS
| DE CONCRETO ARMADO

CAUSA ' CORROSAO DA ARMADURA

SEGUNDO R.F.STRATFULL-CALIFORNIA
DIVISION OF HIGHWAYS.

T = 18,14 x 1,00182uCx 07174 g1.22

ONDE |

T = PRAZO,EM ANOS,PARA A DETERIDRﬂQﬁU
C = KG DE CIMENTO POR M3 DE CONCRETO

S = COBRIMENTO,EM CM,DA ARMADURA

CL= CONCENTRAGAO DE CLORETOS,EM MILIGRAMAS
POR LITRO (MG/L), NO SOLO OU NA AGUA
EM CONTATC FISICO COM A INFRA-ESTRUTURA.

W = PORCENTAGEM (%) EM VOLUME DA AGUA TOTAL
CONTIDA NA MISTURA DO CONCRETO.
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INICIO DA CORROSAO DAS ARMADURAS
(EM ANOS) FUNGAO DA CONCENTRAGAO
DE CLORETOS NA AGUA (em mg/litro)

( segundo R.F. Stratfull)

* Cloreto (CI™) / C=390; A/C=0,56
C=430; A/C=0,45
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&A’GUA DO MAR NO BRASIL - CLORETOS (CL™) = 17.500 mg/litro

Exemplo : Para durar = 26 anos usar 10cm de cobrimento e 430 kg/m3 de cimento CII/ASTM = CPI/BR

COBRIMENTO = 10 cm

C=Kg CIMENTO POR m3
A/C =FATOR AGUA/CIMENTO
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INICIO DA CORROSAO DAS ARMADURAS
(EM ANOS) FUNGAO DA CONCENTRAGAO
DE CLORETOS NA AGUA (em mg/litro)

( segundo R.F. Stratfull )
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INICIO DA CORROSAO DAS ARMADURAS
(EM ANOS) FUNGAO DA CONCENTRAGAO
DE CLORETOS NA AGUA (em mg/litro)

{ segundo R.F. Stratfull)
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INICIO DA CORROSAO DAS ARMADURAS
(EM ANOS) FUNGAO DA CONCENTRAGAO
DE CLORETOS NA AGUA (em mg/litro)

( segundo R.F.Stratfull)

A Cloreto (CI7) : C=390; A/C=0,56
?_ C=430; A/C=0,45
~ C=530; A/C=0,39
o
E /
> LAY // // /’
10 000 _\\ el
‘\ \\, /, /I
b d I
N
1000 e
e
e e
——
lo b — ——
| . —
0 10 . 20 30 40 - 50 60 70 ANOS

P AGUA DO MAR NO BRASIL - CLORETOS (CL-) = I7.500 mgq/litro

COBRIMENTO = 3 cm

C=Kg CIMENTO POR m3
A/C = FATOR AGUA/CIMENTO

63




Outros artigos de Richard F. Stratfull

Richard F. Stratfull was President of Corrosion Engineering, Inc.

From 1947 until his retirement in 1978 he supervised the Corrosion
Research Section at the Transportation Laboratory, California Department
of Transportation, Sacramento.

He is the recipient of the 1982 National Association of Corrosion
Engineers Frank Newman Speller Award, as well as the Transportation
Research Board K. B. Woods Award for 1985.

In addition to being a member of ACI Committee 222, Corrosion of
Metals in Concrete, he has been a member of various AASHTO, ASTM,
FHWA, NACE and TRB committees and panels

Gewertz, M. W. ; Tremper, Bailey ; Beaton, John L. ; and Stratfull, R. F. ,
Corrosion of Reinforcing Steel and Repair of Concrete in a Marine
Environment, HRB Bulletin 182 , 1958, 41 pp.

Richard F. Stratfull, Corrosion, Vol 15, No. 6, P65, 1959.

Spellman, D. L. and Stratfull, R.F., “Concrete Variables and Corrosion
Testing” Highway Research Record 423, 1973.

Beaton, J. L., Stratfull, R. F., "Environmental Influence on the Corrosion
of Reinforcing Steel in Concrete Bridge Substructures”, California
Department of Highways, Sacramento, California - Jan. 1973

Richard. F. Stratfull, Experimental Cathodic Protecion of a BridgeDeck,

Transportation Research Record 500, Transportation Research Board
Washington DC 1974.

Tremper, B.; Beaton, J. L.; and Stratfull, R. F., “Causes and Repair of
Deterioration to a California Bridge due to Corrosion of Reinforcing
Steel in a Marine Environment. 1: Repair Methods, II: Fundamental

Factors Causing Corrosion,” Bulletin No. 182, Highway Research Board,
Washington, D.C., 1958, pp. 18-41.

64




Beaton, J. L., and Stratfull, R. F., “Environmental Influence on Corrosion
of Reinforcing in Concrete Bridge Substructures,” Highway Research
Record No. 14, Highway Research Board, 1963, pp. 60-78.

Stratfull, R. F.; Jurkovich, W. J.; and Spellman. D. L., “Corrosion Testing
of Bridge Decks,” Transportation Research Record No. 539,
Transportation Research Board,1975, pp. 50-59.

Stratfull, R. F., ed., 4 Manual for the Corrosion Control of Bridge Decks,
Contract No. DTFH-61-C-00016, U.S. Department of Transportation,
Washington, D.C pp. 69-81.

Spellman, D. L., and Stratfull, R. F., “Bridge Deck Membranes—
Evaluation and Use in California,” Report No. CA-DOT-TL-5116-9 73-
38, California Department of Transportation, Sacramento, Calif.,
1973.Laboratory,Port Hueneme, 1969, 42 pp.

Hill, G. A.; Spellman, D. L.; and Stratfull, R. F., “Laboratory Corrosion
Tests of Galvanized Steel in Concrete,” Transportation Research Record
No. 604, Transportation Research Board, 1976, pp. 25-30.

Stratfull, R. F., “Half-Cell Potentials and The Corrosion of Steel in
Concrete,” Report No. CA-HY-MR-5116-7-72-42, Nov. 1972.

Spellman, D.L., and Stratfull R.F. “Chlorides and Bridge Deck
Deterioration” - State of California Department of Public Works,
Division of Highways, Materials and Research Department, Paper
Sponsored by Committee on Effect of Ice Control and Presented at 49th
Annual Meeting.

SP 104-16 - Maintaining Your Structure with Cathodic Protection by R.
E Stratfull

Stratfull, Richard F., "Progress Report Corrosion of Steel in a Reinforced
Corrosion, Vol. 15, No. 6, June 1959, pp. on Inhibiting the Concrete
Bridge," 65-68.

65




e Stratfull, Richard F. "Criteria for the Cathodic Protection of Bridge
Decks," Chapter 18, Corrosion of Reinforcement in Concrete
Construction, Alan P. Crane, e. Ellis-Horwoo Chichester, U.K., 1983, pp/
287-331.

e Stratfull, Richard F. and Pressley, Douglass W., "Progress in the
Corrosion Control of Reinforced Concrete", Paper no.1, Symposia 6,
Volume 1, Proceedings of Conference 26, Australasian Corrosion
Association, Inc. Conference 26, Adelaide, 17-21 November, 1986,

Australia.

e Stratfull, Richard F., "Eleven Years of Success for Coke Breeze C.P.
Pavement", Paper No. 12, Proceedings of the 1985 Bridge Deck Seminar,
San Antonio, Texas, Feb. 12-13, 1985, National Association of Corrosion
Engineers, Houston.

e Stratfull, R.F. and Seim, Charles, "Corrosion of Steel Piles at the
Richmond-San Rafael Bridge," State of California,Department of
Transportation, Report No. 04870-627137, June 1979.

e R.F.STRATFULL - A New Test for Estimating Soil Corrosivity Based on
Investigation Of Metal Highway Culverts -Corrosion Oct 1961, Vol. 17,
No. 10 (October 1961) pp. 493t-496t

e Richard F. Stratfull -Discussion: Comments on the Identification of a

Chloride Threshold in the Corrosion of Steel in Concrete
Corrosion Aug 1987, Vol. 43, No. 8 (August 1987) pp. 483-485

e Richard F. Stratfull - Discussion: The Advantages of Galvanostatic
Polarization Resistance Measurements -Corrosion Nov 1984, Vol. 40,
No. 11 ( November 1984) pp. 593-594

e Richard F. Stratfull - Advisor na Ponte Rio Niteroi, ver em :
B.Ernani Diaz - " Ponte Rio Niteroi - Trés Décadas de Historia "
SIMPOSIO INTERNACIONAL SOBRE PONTES E GRANDES ESTRUTURAS

06 a 07 de maio de 2008 - Escola Politécnica / USP / SP
http://www.abece.com.br/web/download/pdf/simposio/Apresenta%C3%A7%C3%A30%20Ernani%20Diaz.pdf

66



http://www.abece.com.br/web/download/pdf/simposio/Apresenta%C3%A7%C3%A3o%20Ernani%20Diaz.pdf

Ernani Diaz - " Ponte Rio Niteroi - Trés Decadas de Historia "
SIMPOSIO INTERNACIONAL SOBRE PONTES E GRANDES ESTRUTURAS

06 a 07 de maio de 2008 - Escola Politécnica / USP / SP
http://www.abece.com.br/web/download/pdf/simposio/Apresenta%C3%A7%C3%A30%20Ernani%20Diaz.pdf

Ponte Rio Niterdi- Trés Décadas de
Historia

B. Ernani Diaz

ABECE

Inimeros tipos de fundagao foram empregados. Mas o tipo principal
& formado por estacas escavadas de 1.8m de diametro com carga
admissivel de 10000kN, tensao ficticia na base de 3930kPa

Escavacéao por equipamento Bade-Wirth com perfuracao de 5m na
ocha ad3 portado bor plataforma auto-ele olnl
A camisa de ago de 10mm é perdida

Cobrimento exigido da armadura das estacas de 9cm (preconizado
por Richard Stratfull da California Department of Highways)

ABECE

Richard F. Stratfull - Advisor na Ponte Rio Niteroi
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Comentario : Segundo o Prof. Walter Pfeil, como indicado no
livro " Ponte Presidente Costa e Silva - Rio Niteroi - Métodos

Construtivos ", Editora : Livros Técnicos e Cientificos - 1975, o

METODOS CONSTRUTMOS

WWAITER PFEL

concreto usado nas estacas da ponte tem a seguinte composi¢ao :

Traco N* 20

Cimento = C = 480 kg/m3 = Cimento Paraiso - Resistente a Sulfatos
Areia de rio = 740 kg/m3

Brita 1 = 885 kg/m3

Plastiment BV40 = 2,00 litros/m3

Agua =214 litros /m3 ; W =21,4% ( porcentagem em volume )
Agua / Cimento = 0.45

Abatimento ( slump) = 18cm

Adensamento = Sem vibragao

Resisténcia aos 28 dias = fcm = 35 MPa

Densidade = 2,2

Absorcao =6% a7 %

Porosidade = 13% a 15%

Cobrimento =S = 10cm

Usando a formulacao de Stratfull :

T = 18,14 x 1,00182uCx 0-717 §1.22

Considerando : Cloro na agua do mar CL = 17500 mg/ litro

18.14x1,001824. 5% 480(0.717) 91422

17500(0:42) 21 4(1,17)

T(anos) = =27,8 anos

Tempo calculado, segundo Stratfull, para o inicio de corrosdo da armadura : T = 28 anos

Obs: Como essas estacas tém uma camisa de ago de 10mm esse tempo de 28 anos, na
realidade, so valeria apos uma eventual corrosdo dessas camisas de aco.
As estacas estdo, atualmente, em perfeito estado de conservagao.




'" Concrete can be used successfully in sea water,

but the price of success is eternal care "

[ 1917 - Rudolph J. Wig, and Lewis R. Ferguson ]

https://ia700507.us.archive.org/9/items/engineeringnewsr79newy/engineeringnewsr79newy.pdf

paginas : 532, 641, 674, 689, 737, 794

532 ENGINEERING NEWS-RECORD Vol. 79, No. 12

__I'Wzaf s the Trouble with

Concrete in Sea Water 3

_ By Rudolpl J. Wig. and. Lewis R.Ferguson, __

OF THE BUREAU OF STANDARDS OF THE PORTLAND CEMENT ASSOCIATION ("

EGINNING a series of articles on the deterioration
i of concrete in sea water, with suggestions as to

cures. Based on a two-year investigation which in-
cluded the inspection and study of nearly every marine
structure in the United States and reports on many in
foreign countries.
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