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EXECUTIVE SUMMARY

Corrosion of reinforcing steel in concrete often occurs in the substructure of Florida
marine bridges as a result of chloride ions from seawater. The chloride ions
penetrate through the concrete cover and cause breakdown of the otherwise
protective passive layer on the steel surface. A slower process that also causes
steel passivity breakdown is carbonation of the concrete due to chemical reaction
with atmospheric carbon dioxide. A low pH, reacted layer of concrete forms at the
surface and penetrates inward to a depth x proportional to the square root of the
exposure time t (x = K, t"?, where K, is called the carbonation coefficient). When
x is equal to the rebar cover depth, steel depassivation takes place and cbrrosion
begins. This process does not require chloride ions and may eventually affect the
entire FDOT bridge inventory. Progress in preventing chloride-induced corrosion
has now significantly extended the design service life of new structures, and slower
forms of deterioration such as carbonation-induced corrosion merit serious
consideration when attempting to achieve a 75-year service life goal. Moreover,
thousands of existing FDOT bridges both over seawater and inland are reaching

service lives at which carbonation-induced corrosion can be of concern.

The present investigation was conducted to establish a prognosis for carbonation-
induced corrosion in present and future FDOT structures. Specific objectives

included



(a) determining the state of the art knowledge of the carbonation-corrosion process;
(b) conduct a survey of bridges in the FDOT inventory to determine the extent of
concrete carbonation, establishing quantitative service life predictions and compare
with the effects of chloride-induced corrosion;

(c) conduct a laboratory investigation to determine the influence of mix design
parameters on the carbonation resistance of concretes to be used in new

construction.

The results from the knowledge base developed under objective (a) were used to
select structures in the State with the most propitious conditions for carbonation. To
address objective (b) a total of 18 structures was identified for examination,
incorporating bridges built between 1939 and 1981 in Dade, Duval, Hillsborough
and Monroe Counties. Sixteen of the bridges showed evidence of significant
concrete carbonation, but only one (built in 1962) showed corrosion damage

attributable to carbonation.

Concrete carbonation depths observed in the bridges were as high as 50 mm, with
an average value of ~10 mm. The carbonation coefficients measured from bridge-
extracted cores ranged from 0 to 14 mm/y"?, with a median value of 1.4 mm/y'?,
Cores extracted from bridge decks presented higher values of x, and K, compared

with the substructure. This difference was most pronounced on bridges built over

water, where the average values of x, were 12.3 and 2.1 mm for the deck and the



substructure respectively. The most severe conditions for carbonation-induced
corrosion were obtained on the decks of bridges built overland (highest 10

percentile K, > 4.35 mm/y'?).

Measurements of concrete covers in the bridges examined showed that in 10% of
the cases the cover was < 3.8 cm. The estimated time for corrosion initiation
assuming the combination of worst 10-percentiles for carbonation coefficient and

cover indicated above (4.35 mm/y'?

and 3.8 cm) was = 70 years. Time to
carbonation-induced corrosion projections for the median conditions were much in
excess of 100 years. As expected, evaluation of the propensity for chloride-
induced corrosion in substructure of the marine bridges included in the survey
resulted in much lower projections of time to corrosion. The results of the field
survey suggest that only a small fraction (on the order of 1%) of the present FDOT

bridge inventory is expected to show significant carbonation-induced corrosion

during a 75-year service life.

Objective (c) stemmed from FDOT concrete formulations for new construction that
are relying increasingly on pozzolanic additions (primarily class F fly ash) for
increased performance. Because the pozzolanic reaction consumes part of the
calcium hydroxide reserve of concrete, its resistance to carbonation may be
compromised. Laboratory experiments were designed to determine the carbonation

resistance of concretes with 20% fly ash cement replacement (typical of high



performance Section 346 concretes) and an extreme case of 50% replacement.
Variations with additional pozzolan (8% silica fume), and chloride contamination
were also examined. Test specimens were exposed to accelerated carbonation test
atmospheres containing 0.5% CO, (16 times more than normal atmospheric
content) and the carbonation coefficients were determined after 100 days of
exposure. Comparison between carbonation coefficients obtained in the the
accelerated test exposure and initial atmospheric conditions confirmed the
theoretical expedtations that K, = %CO,”. The results from the accelerated tests
could then be reasonably correlated with predicted behavior under atmospheric

conditions.

The tests revealed that for concretes with the same amount and type of
cementitious material the carbonation depth increased directly proportional to the
water-to-cementitious (w/ct) ratio, and decreased when the compressive strength
increased. When w/ct was kept constant, the carbonation depth increased as the
cement content decreased, and also increased as the water-to-cement ratio (w/c)
increased. The estimated carbonation-induced corrosion initiation period can be
shortened by about 60% if the amount of fly ash cement replacement is increased
from 20% to 50%. The initiation time can be shortened by about 35% when cement
replacement is increased from 20% fly ash to 20% fly ash plus 8% silica fume. In
general, the results indicate that excessive cément replacement by pozzolanic

additions may significantly impair carbonation resistance.



The overall results from this investigation indicate that past FDOT construction
practices have provided reasonable protection against high incidence of
carbonation-induced corrosion. Only a very small fraction of the FDOT bridge
inventory is iikely to exhibit this form of corrosion over a service span of 75 years.
New concrete formulations using moderate fly ash replacement of concrete offer
similarly good performance, but caution should be exercised to avoid excessive

pozzolanic cement replacement.



Section 1. INTRODUCTION

Corrosion of reinforcing steel in concrete begins when the initially passive condition
of the steel surface is disrupted. Subsequent accumulation of corrosion products
causes concrete cover spalls and other structural deterioration. The most common
cause for steel passivity disruption in Florida highway structures is the presence of
chloride ions in the concrete next to the reinforcing steel, the chloride ions
penetrate from the external concrete surface in contact with seawater. Corrosion
induced by chldride ions has been frequently observed in marine substructure after
service times on the order of only a few years. Improvements in design and
concrete quality over the last decades have considerably extended the expected
time for the onset of steel depassivation (known as the length of the corrosion
initiation period) in the case of chloride-induced corrosion. Consequently, design

service lives approaching a 75-year design goal appear to be within reach.

However, the improved resistance to chloride-induced deterioration has led to
concern about a normally slower form of steel depassivation that results from
concrete carbonation. Concrete carbonation results from the chemical reaction
between the hydrated cement components (notably the calcium hydroxide but also
the calcium-silicate-hydrate and other compounds) and atmospheric carbon dioxide.
This reaction lowers the pH of the concrete pore solution to a level where‘ passivity

of the steel surface is no longer supported, causing the initiation of corrosion and



consequent damage. Concrete carbonation begins at the external surface and
progresses inward at a rate that decreases with time, but that is expected to remain

finite so that the reinforcing steel depth is eventually reached.

Recent observations of significant concrete carbonation depths in some FDOT
bridges, combined with the aforementioned progress in mitigating chloride induced
corrosion, led to the formulation of the present investigation, aimed at establishing
the prognosis for carbonation-induced corrosion in present and future FDOT

structures. The objectives of this investigation were as follows:

Objective (a). Determine the state-of-the-art knowledge of the processes
responsible for carbonation-induced corrosion of carbonation steel; including a
bibliographic search and compilation of methods used to predict rate of concrete
carbonation. The findings pertaining to this objective are introduced in Section 2

of this report.

Objective (b): Conduct a field survey of bridges in the FDOT inventory to
determine the extent of concrete carbonation, and establish a prognosis for
corrosion-limited service life. Whenever appropriate, compare with concurrent
chloride-induced corrosion processes. The findings are presented in Section 3 of

this report.



Objective (c): Conduct a laboratory investigation to determine the influence of mix
design parameters on the carbonation rate of concrete to be used for future long
term durability FDOT applications. The findings are presented in Section 4 of this

report.



Section 2. Objective (a): STATE OF THE ART KNOWLEDGE

Objective (a) is to determine the state-of-the-art knowledge of the processes
responsible for carbonation-induced corrosion of carbonation steel; including a
- bibliographic search and compilation of methods used to predict rate of concrete

carbonation.

This portion of the investigation was conducted as part of a subcontract to the
E. Torroja Institute of Construction Sciences, Superior Council of Scientific
Research, Madrid, Spain. The findings are presented in the appendix for Section

2 (pp. 161-213).



Section 3. Objective (b): FIELD INVESTIGATION

Obijective (b) is to conduct a field survey of bridges in the FDOT inventory
to determine the extent of concrete carbonation, and establish a prognoSis for
corrosion-limited service life. Whenever appropriate, compare with concurrent
chloride-induced corrosion processes.

The approach to attain this objective was to select a number of suitable
FDOT bridges built one or more decades ago, and measure the extent of
concrete carbonation and any related corrosion. Concrete cores were extracted
from those structures. The results were used to determine carbonation
coefficients and obtain a picture of the distribution of carbonation severity as a
function of structure location, age, and type of structural member. The
distribution of concrete rebar cover depths was also obtained. The results were
then used to obtain projections of the length of service time before carbonation-
induced corrosion would be observed in typical and severe exposure conditions.
Additional determinations were made of the extent of chloride ion contamination
and the projected times for development of chloride-induced corrosion.

The test plan was developed by first examining the environmental
conditions present in the State to determine geographic regions with the highest
potential for development of concrete carbonation. The bridge inventory in
those regions was examined to select bridges within the appropriate age range.

Eighteen bridges were selected for detailed examination; these structures are
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listed in Table .1 and indicated in the map in Figure 1.13. Experimental activities
were conducted both in the field and in the laboratory.

During field visits of each structure determinations were made of the
visual appearance, approximate carbonation depth, concrete electrical
resistivity, half cell potentials, and internal concrete relative humidity (selected
structures). Concrete cores were then extracted from the substructure and the
deck, and initial determinations of concrete cover thickness were made.

Laboratory examination of field-extracted samples included detailed
measurement of carbonation depth, measurement of chloride concentration
profiles whenever applicable, measurement of concrete resistivity in the wet
condition, characterization of the coarse aggregate, determination of concrete
porosity, and measurement of corrosion rate of embedded rebar segments in
selected cases.

A detailed indication of the test techniques and the findings is given in the

following subsections.

3.1 PROCEDURE

3.1.1 Field Investigation

A group of possible locations within the State were initially proposed for

field inspections, taking into account existing records of structures that had

11



shown signs of deterioration presumably due to concrete carbonation. The
climatic conditions that influence carbonation were also considered for the
selection of the structures. The bridge selection criterion was adjusted during the
project, based on the ongoing findings and the experience gathered after each

inspection. The main aspects considered for the selection are indicated below:
3.1.1.1 Environmental Conditions

The environmental conditions at which a structure has been exposed
during its service life influence the carbonation process. The conditions under

which carbonation will more likely take place are described below:

3.1.1.1.1 Relative Humidity in the range of 50 to 70%. The air relative humidity
(RH) experiences considerably diurnal and yearly variation. Nevertheless, the
carbonation process will be more severe on those structures that are exposed to
an environment where the RH is in the range of 50 to 70% [I.1, 1.2, 1.3]. When
the RH is higher than 70%, the concfete pores tend to saturate with water
making the diffusion of CO, through the concrete very slow. On the other hand,
when the relative humidity is lower than 50%, the pores tend to become dry and
the dissolution of Ca(OH), and CO, necessary for the carbonation reaction does

not takes place.
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The annual maximum and minimum average values of RH in the state of
Florida are illustrated in the maps shown in Figure [.1-A and 1.1-B. The
information was provided by the Southeast Region Climate Center and reflects

the data obtained between 1931 and 1990.

3.1.1.1.2 High Temperatures. The carbonation reaction rate increases with
temperature. It is then expected to find higher carbonation depths on those
regions with higher nominal temperatures. Figure 1.2 shows a map with the

nominal values of temperatures in the state of Florida.

3.1.1.1.3 Low Rain Precipitation. When the concrete surface is wetted by rain,
thé diffusion of CO, is momentarily blocked as the pores get filled with water.
The diffusion of CO; will continue once the concrete starts drying. Carbonation is
then expected to be more severe in those regions with low precipitation and
particularly on those parts of the structures that remain sheltered from the rain. A
map illustrating the nominal values of annual precipitation’s in the state of

Florida is presented in Figure |.3.
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Figure 1.1-A. Annual maximum average values of air relative humidity
%(RH) in the state of Florida. The information was provided
by the Southeast Region Climate Center and reflect the
average values corresponding to the period 1931 - 1990.

14



FLORIDA

wrete fure
P TIR, o
SNty

RECILur 3gae 30

|
! 2
|

Figure 1.1-B. Annual minimum average values of air relative humidity
%(RH) in the state of Florida. The information was provided

by the Southeast Region Climate Center and reflect the
average values corresponding to the period 1931 - 1990.
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Figure 1.2.

Annual average values of temperature (°F) in the state of
Florida. The information was provided by the Southeast
Region Climate Center and reflect the average values
corresponding to the period 1931 - 1990.
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Nominal values of annual rain precipitation (in inches) in the
state of Florida. The information was provided by the
Southeast Region Climate Center and reflect the average
values corresponding to the period 1931 - 1990.

Figure 1.3.

3.1.1.1.4 High Concentration of CO,. The normal concentration of CO; in the
atmosphere is approximately 0.03%. However, in certain areas as in bridges with

heavy traffic, or close to industrial areas the level of CO, contamination may

17



reach and even exceed 0.1 % concentration [I.4]. Under these circumstances the
carbonation penetration increases proportional to the square root of the external

CO; concentration [1.3].

3.1.1.2 Age of the Structure

The carbonation depth also increases with the square root of time [1.4, 1.5,
[.6]. Accordingly, older bridges were chosen wherever possible for the field
inspection. The information regarding the year of construction and structure
characteristics was obtained from the National Bridge Inventory (NB/), and

provided by the Florida Department of Transportation (FDOT).

3.1.1.3 Structure Type of Exposure Conditions (Over land & over water)

In addition to the climatic conditions that characterize a particular region,
the type of exposure conditions, meaning whether the bridge is located over
water or over land were considered when selecting the structures. In the
following, the inspected structures will be referred as “over water” or “over land”
depending on whether it is an over water or a highway overpass bridge. Figure
[.4 and 1.5 shows an over water and an over land bridge respectively, inspected

during the project.
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Figure 1.4.  Over water structure located on the Florida keys (South
(right) and North (left) bound Bahia Honda Bridge built in
1969 and 1972 respectively).

Figure 1.5.  Over land bridge located on the city of Tampa (West bound
[-4 over Orient road, built in 1961).
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3.1.2 Site Activities

3.1.2.1 Visual Examination and Soundings

Each structure was first visually examined for evidence of concrete spalls,
cracks, and rust marks. Once the visual inspection was completed, two to three
bents were selected for further detailed examination. Hammer sounding tests
were performed on the selected locations of the structure in order to detect

delaminated concrete.

3.1.2.2 Carbonation Depth

The concrete carbonation depth (x¢) was determined by spraying a pH
indicator on freshly exposed concrete surfaces [I.7]. The pH indicator changes in
color depending on the pH of the tested solution. Two types of pH indicators
were initially tested in the field, a 1% solution of phenolphthalein in ethyl alcohol
and a solution of 0.05% thymolphthalein. The phenolphthalein turns from
colorless to red when the pH increases through the range 8.2 to 10. Likewise,
the thymolphthalein turns from colorless to blue when the pH increases through
the range 9.4 to 10.6. The phenolphthalein gave better contrast when it was
sprayed over the concrete surface and it was used in most of the applications.

Preliminary measurements of xc were performed in the field by chipping off

20



pieces of concrete at different parts of the structure and spraying the pH
indicator over these spots. Figure 1.6 shows a column where the external
concrete surface was chipped off at the edge, and sprayed with the
phenolphthalein solution. The carbonation depth is determined by the uncolored

region, measured perpendicular to the external surface.

Figure 1.6.  Field determination of concrete carbonation depth on a
column of a highway bridge (I 95 over Trout river near
Jacksonville). The measurement is taken after chipping the
concrete and spraying a pH indicator (1% solution of
phenolphthalein in ethyl alcohol) over the freshly exposed
concrete.

When the carbonation depth was measured at the edge (corner) of a

structural component, as in the case shown in the Figure 1.6, the measurement

was taken with respect to one of the flat surfaces of the column, to minimize the

corner effect.
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3.1.2.3 Electrical Resistivity Measurements

The electrical resistivity of concrete in service can be an important aid to
assess the corrosion durability of reinforced concrete structures [I.8]. The
measurement of the concrete resistivity in conjunction with half-cell potential
mapping provides a quick and inexpensive way of assessing the risk of rebar
corrosion.

Concrete resistivity measurements were performed using a C.N.S. RM
MKII four point Wenner array probe with electronic driver/analyzer set for a 1.5
inch (3.81 cm) inter-point spacing. The probe operated at a controlled current
and frequency of about 20uA and 13 Hz respectively. The contact probes were 3
mm diameter wooden tips. The readings were taken by ftriplicate at different
elevations above high tide (EAHT) and above floor level (EAFL) on over water
and on over land structures respectively. The measurements were performed
placing the probe far from the edges of the tested component to avoid errors due
to uneven current distributions. As the readings can be affected by the presence
of reinforcing steel underneath the concrete cover where the probe is positioned,
measurements were taken placing the probe array in a vertical and horizontal
position. The average value of all readings at a given elevation was considered

as the representative value of the concrete resistivity.
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3.1.2.4 Concrete Cores

Concrete cores with a diameter of 1.75” (4.44 cm) were drilled using a
hollow bit cooled with fresh water. Usually 2 or more cores were extracted from
each inspected site of the bridge. In the bridge substructure, the cores were
extracted at different elevations above high tide (EAHT) or above the floor level
(EAFL) depending if the bridge was located over water or over land. Figure 1.7
shows the coring equipment set up at 10 ft. EAHT on a prestressed pile of an

over water bridge.

Figure I.7.  Coring equipment set up at 10 f. above high tide on a
prestressed pile of the south bound Boca Chica Bridge
located at the Florida Keys.
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The cores from the bridge deck were drilled through the slab from the top
of the deck. This procedure usually required drilling two or more holes to obtain
a complete core. Appendix 3.2 shows a list of all the cores extracted, indicating
the original bridge from where they were drilled and other characteristics. The
cores were labeled, indicating the date, bent and pile number, and bridge

number and placed in plastic bags for further laboratory evaluations.

3.1.2.5 Half-Cell Potentials

The half cell potential can give an indication of the rebar corrosion state.
Half-cell potentials measurements were obtained from those locations where the
coring bit intersected rebars or prestressed tendons, leaving bare steel exposed.
The measurements were performed generally following the ASTM C- 876
standard test procedure. An electrical contact was established between the steel
and a voltmeter with high internal resistance, and the corrosion potential (Ecor)
was measured using a copper-copper sulfate reference electrode (CSE).
Potential readings were taken by placing the reference electrode tip in contact
with the concrete surface around the core hole and at different elevations
(EAHT/EAFL). In the over water structures, an additional measurement was
performed immersing the reference electrode tip in the water next to the pile or
column tested. This reading was labeled as the potential of the steel

corresponding to the high tide level (EAHT = 0).
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3.1.2.6 Internal Concrete Relative Humidity

There is a general agreement that the internal concrete relative humidity
(IRH) affects the penetration rate of aggressive species like CO; and CI into
concrete, as well as the rebar corrosion rate once it is initiated [I.2, 1.9]. The IRH
gives an indication of the moisture content and indirectly the degree of pore
saturation in the concrete [I.10-1.12]. Although, no clear quantitative relationship
between these parameters has still been presented in the literature, the IRH
nevertheless was measured for an effective depth of 1.5 in. (3.81 cm) on
different parts of the structure. A 7/8” (2.22 cm) diameter hole was drilled into the
concrete with a dry masonry bit, and a plastic fitting with a removable cap was

attached in the hole, as shown in Figure |.8.
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Figure 1.8.  Characteristics and dimensions of relative humidity probe
for the measurement of the internal relative humidity (/IRH) of
concrete.
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A first set of IRH readings were taken 48 hr. after the fitting was placed, to
allow the inside relative humidity to stabilize and approach a representative
value. IRH measurements were repeated at later visits during the year to
observe possible seasonal effects. Following the procedure of Andrade et al [1.2],
the measurements were performed after removing the cap and introducing the
sensing end of a relative humidity probe inside the cavity. The probe dimensions
were such that a tight fit with the plastic fitting was achieved during the
measurement. As the opening operation slightly modified the internal cavity
conditions and that the probe itself did not stabilize immediately, several
readings were taken at different time steps. The value of IRH was determined
extrapolating the experimental data recorded by means of a mathematical curve
fit, assuming a power law dependence of the IRH readings with time (see
Appendix 3.3). Figure 1.9 shows the relative humidity testing device during the

measurement of IRH in a concrete column of an over land bridge.

Figure 1.9.  Internal relative humidity (/RH) measurement on a column of
an over land bridge.
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3.1.2.7 Concrete Cover Thickness

The concrete cover thickness (cc) was measured directly on those cores
that exposed rebars or prestressed tendons. The cc was measured as the
perpendicular distance from the core surface originally exposed to the external
environment, up to the rebar surface (if remains attached to the core), or
eventually to the rebar mark at the cracked end of the core. As the field
inspection was not focused on the extraction of steel samples, only one third of

the total number of cores extracted (116) reached the reinforcement.
3.1.3 Laboratory Evaluation of Field Samples

The laboratory tests were performed on the cores extracted from the field.
The cores were first classified and logged according to the type of structure from
where they were extracted (reinforced - prestressed), the location (over water -
over land), and the part of the structure (deck - substructure).

3.1.3.1 Carbonation Depth
The carbonation depth (xc) was measured with more accuracy in the

laboratory repeating the pH indicator procedure utilized in the preliminary

measurements performed in the field. The core end originally exposed to the

28



external environment was cracked longitudinally and the pH indicator (1%
phenolphthalein in ethyl alcohol) was sprayed on both cracked surfaces. The
values of x¢c were recorded in mm measuring the distance between the core end
and the carbonation front (color boundary defined by the pH indicator), as
indicated in Figure 1.10. The maximum and minimum values of carbonation depth
(Xmax and x,,,,-,,) [1.7] were also recorded on those cores that presented irregular
carbonation fronts. Figure 1.10 shows a schematic representation of the
carbonation depth measured on a concrete core. The influence of the coarse
aggregate on the carbonation front was examined, determining its influence in
Xc.

COARSE AGGREGATE

CARBONATION
FRONT

CORE END ORIGINALLY
EXPOSED TO THE EXTERNAL
ENVIRONMENT

UNCARBONATED CONCRETE
SPRAYED WITH pH INDICATOR -

Figure 1.10. Schematic representation of the carbonation depth (xc)
measurement on a concrete core.

The values of carbonation coefficient K¢ (mm/y"?) were calculated using
equation (1), based on the measurements of xc and the age of the inspected

structures.

X, = Ket (1)
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3.1.3.2 Chloride Concentration Profile

Chloride concentration profiles were determined by cutting the core in
slices 0.5 mm thick the first two and 1 mm thick the remainding 4. Each slice
was pulverized and the powders were analyzed for chloride content following the
acid soluble procedure detailed in FDOT Research Report 203 [I.13]. The
chloride concentration profiles were mathematically processed for the
determination of the apparent effective chloride diffusion coefficient (Des). A
curve fitting program based on the solution of Fick's second law for a certain
value of bulk concentration (Co) and an estimated value of superficial chloride
concentration (Cs) was used for these calculations.

An approximate estimation of the time for corrosion initiation due to
chloride induced corrosion was determined assuming a typical concrete cover
thickness and a chloride threshold value for corrosion initiation of 1.2 pcy of

concrete (0.71 kg/m°).

3.1.3.3 Wet Resistivity

The electric resistivity of concrete is a function of the concrete pore
structure and the amount and type of solution present in the pores. This
parameter, conveniently calibrated or standardized to reference values, could

give information about the proportion of saturated concrete pores, which at the
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same time may give an indication of the rate of CO,and CI penetration [l.14,
1.15].

A group of cores were selected for the determination of the wet resistivity
(o). The cores were placed in a 100% relative humidity chamber and
periodically monitored taking weight and electrical resistivity measurements. The
value of p, was measured after the cores achieved constant weight. The
resistivity measurements were taken using a C.N.S. RM MKIl meter with a 4-
point Wenner array using 1 inch (2.54 cm) or larger inter-point spacing. The 4
point probe array was placed longitudinally centered on the core side as shown

in Figure 1.11.

Figure 1.11. Measurement of apparent concrete resistivity (p,,,) on a
concrete core using the 4 point probe Wenner array device
with a 2 inch (5.08 cm) inter-point distance.



Three different tangential positions around the core (120° one from the
other) were tested, to overcome the variability effect introduced by the coarse
aggregate [1.16]. The measuring device is calibrated for taking measurements on
surfaces of structures that can be considered as semi-infinite. When the
measurement is performed on a finite body as a concrete core, the device
measures an apparent value of resistivity (papp) that is higher than the real value

of resistivity (p). The value of p, should be then calculated as

K 2)

where K is defined as the geometrical cell constant and depends on the
dimensions of the core and the inter-probe spacing. For a core diameter of 1.75”
(4.45 cm) and an inter-point spacing of 1" (2.54 cm) the value of K varies from
3.15 to 2.9 for a core length of 3" (7.62 cm) and & (12.5 cm) or larger

respectively [1.16].
3.1.3.4 Aggregate Characterization

The coarse aggregate in the cores was visually examined for size
distribution and type (limestone or river rock). The porosity of a typical limestone
coarse aggregate was independently determined, running the ASTM C 642-90

standard test on three samples randomly picked from a FDOT stock pile. The
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maximum aggregate size was 3/4” (1.9 cm). The average of the three values
was considered as a representative value of the limestone coarse aggregate

porosity, and used in further calculations.
3.1.3.5 Concrete Porosity

The percentage of voids or concrete porosity, was determined on a group
of cores according to the ASTM C 642-90 standard test. The procedure consists
in weighing the concrete Samples in three different conditions; after oven drying
at 105 °C (A); efter immersion in water for 24 hr. and boiling for 6 hr.(B); and
weighing the sample immersed in cold water (C) after having implemented
conditions A and B. Calling Wa, Ws and W¢ the weights obtained in each of the

three conditions, the percentage of voids or porosity was thus calculated as:

WB"'WA

x 100 (3)

%voids =

B C

3.1.3.6 Corrosion Rate of Rebars

Electrochemical tests were performed with selected cores that had
segments of rebars that were cut during the coring procedure and remained

attached to the concrete. The good determination of the exposed metallic area
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being tested and the ease of the experiment set up made the test attractive to
estimate the rebar corrosion rate (CR). The selected cores were kept in sealed
plastic bags until the moment of running the test to preserve the original
conditions .of the concrete, preventing it from drying and from further
carbonation. A small threaded hole was made in the rebar end and a screw was
placed to allow a good electrical contact. As shown on Figure .12, the working
electrode of the potentiostat was connected to the rebar. A titanium mesh was
placed at one of the ends of the core and used as a counter electrode. A wet
paper towel was placed between the titanium mesh and the core end to improve
the electrical contact. A CSE reference electrode was placed with its tip in
contact to the concrete ét the same level of the rebar.

Polarization resistance (Rp) tests were performed with each specimen
usinga CMS100 Corrosion Measurement System manufactured by Gamry, Inc.
using a scan rate of 0.1 mV/s. Electrochemical impedance spectroscopy (EIS)
tests were performed sweeping the frequency range 100 kHz to 1 mHz. A lock in
amplifier Model 5210 and a potentiostat Model 273 manufactured by EG&G
(Princeton Applied Research) controlled by the Model 398 EIS software were
used for these tests.

The tests were run at open circuit potential. The corrosion potential (Ecor)
and the resistance (R) between the working (rebar) and reference electrode

were recorded before starting the experiment. The corrosion current density
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(i.orr) values obtained by means of both electrochemical techniques (Rp and EIS)

were compared.

CERFHRENE

Figure 1.12. Test setup for electrochemical test performed on concrete
cores that had segments of rebar that were cut during the
coring procedure and remained attached to the concrete.
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3.2 RESULTS

A total of 18 highway bridges were selected to perform the field activities.
The locations of the inspected structures are shown on Figure 1.13. The first part
of the field survey was carried out on a group of nine over water bridges, while
the second part was performed on a group of nine over land highway
overpasses. Table |.1 indicates the bridges inspected during the project,
specifying the bridge number, date of inspection, year of construction, location
and type of exposure condition. The structures are listed in the order in which
they were inspected.

A total of 144 concrete cores were extracted from different locations of the

18 structures inspected for further analysis in the laboratory.

3.2.1 Results from Field Inspection

Appendix 3.1 presents a summary of the results obtained from the tests
performed during the field inspections. Evidence of concrete carbonation in
progress was found in 16 out of 18 of the bridges examined. Concrete spalls and
rebar corrosion damage originated by concrete carbonation was found in one
highway overpass bridge located in Tampa, (bridge no. 100172; see Table 1.1).
Severe rebar corrosion damage due to chloride induced corrosion was observed

on five bridges (4 to 8 in Figure 1.13) located in the Florida Keys.
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Figure 1.13. Location of inspected bridges (see Table 1.1 for bridge
information).
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Table 1.1. List and specifications of bridges inspected.
Ident. # Bridge Name Bridge | Bridge | Inspection | Const. | County Exposure
on map Abbr. | Number Date Year. condition
1 | 95, Eastbound over 195 720011 05/05/94 1981 Duval Over water
Trout river (river)
2 Moncrief Creek over MC 700352 | 05/05/94 1965 Duval Over water
St. Johns river (river)
3 Dunn Creek over DC 720057 | 05/05/94 1973 Duval Over water
St. Johns river (river)
4 US 1, Boca Chica BCS 900003 | 10/18/94 1981 Monroe | Over water
Southbound (sea)
5 US 1, Boca Chica BCN 900037 | 10/18/94 1973 Monroe | Over water
northbound (sea)
6 US 1, Niles Channel NC 900011 10/19/94 1981 Monroe | Over water
(sea)
7 US 1, Bahia Honda BHS 900016 | 10/20/94 1969 Monroe | Over water
Southbound (sea)
8 US 1, Bahia Honda BHN 900045 | 10/20/94 1972 Monroe | Overwater
Northbound (sea)
9 A 1 A at Key West KW 900035 | 10/20/94 1960 Monroe | Over water
(sea)
10 1 275 Westbound HF 150107 | 05/31/95 1959 Hills- Over water
Howard Frankland borough (sea)
11 Orientroad & | 4 0&4 100172 | 08/03/95 1961 Hills- Over land
Westbound borough
12 22MST. & 14 2284 | 100153 | 08/03/95 1962 Hills- Over land
Westbound borough
13 Palm Av. & 1 275 P&275 | 100198 | 08/03/95 1964 Hills- Over land
Southbound borough
14 Hillsborough over HILL 100920 | 08/03/95 | 1939 Hills- Over water
Hillsborough river borough (river)
15 SR 826 & 37 ST. 8268&37 | 870034 | 03/19/96 1964 Dade Over land
Westbound
16 SR 826 & 42 ST. 826842 | 870049 | 03/19/96 1965 Dade Over land
Westbound
17 SR 826 & 47 ST. 825&47 | 870081 | 03/19/96 1965 Dade Over land
Westbound
18 SR 826 & 57 ST. 826&57 | 870053 | 03/20/96 1963 Dade Over land
Westbound
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3.2.1.1 Carbonation Depth

The preliminary measurements of carbonation depth (x¢) obtained in the
field by spraying a pH indicator over chipped concrete showed that most of the
over water bridges presented values of x¢ that were lower than 1/4” (6.3 mm).
However, in the Florida Keys bridges values of x¢ as high as 1/2" (12.7 mm)
were observed bn the higher areas of the substructure and in the deck. Higher
values of carbonation depth were typically observed on over land structures,
finding up to 1.5” (38.1 mm) on bridge no. 100172 (item 11 in Table 1.1) which

presented concrete spalls and rebar corrosion damage on caps and columns.

3.2.1.2 Concrete Resistivity

The concrete resistivity (r) measurements performed on the field (see
Appendix 3.1) showed a strong dependence on the elevation above high tide or
above floor level (EAHT or EAFL) at which the readings were taken. The values
were consistent on piles and columns of the same structure, but varied
considerably from bridge to bridge. Figure 1.14 shows the average resistivity
values as a function of EAHT - EAFL measured on piles and columns of the
same bridge. A difference of more than one order of magnitude is observed
between the values of r measured on over water and over land structures, which

are indicated with empty and full symbols in the figure respectively.
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Figure 1.14. Average values of field measurements of concrete resistivity

' (p) as a function of the elevation above high tide (EAHT) or
elevation above floor level (EAFL). Empty and filled symbols
correspond to over water and over land bridges respectively
(see Table 1.1 for bridge identification).

3.2.1.3 Half-Cell Potentials

Figure 1.15 shows the variation of the average half-cell potential values,
or corrosion potential values (Ecor), measured on piles and columns of over
water bridges exposed to marine environment, as a function of EAHT. The
values of E., in these bridges presented a common pattern, varying from
typical active values for steel in éoncrete (-5650 mV vs. CSE) at the water level,
to passive values at higher elevation (-50 mV vs. CSE). The dependence of the
E..,, values with the elevation above high tide can be approximated with the

linear relationship E.or{mV) = 58 EAHT - 560 mV. Cracks, spalls, and rust marks
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were observed in several piles and columns where active potentials were
measured. With the exemption of bridge no. 100172 (see Table 1.1) where active
potentials were found next to spalled areas, in the rest of the over land bridges

typical passive potentials values, varying between -50 and 100 mV vs. CSE

were observed.

-100
-200 3 ]

-300

400

-500

E coer MV vs, CSE)
’_

E o (mV) = 58 EAHT - 560

-600

-700 ~

EAHT (ft.)

Figure 1.15. Average values of corrosion potentials (Ec.,r) measured in
over water bridges exposed to marine environment vs. the
elevation above high tide (EAHT).

3.2.1.4 Internal Concrete Relative Humidity
Appendix 3.1 presents the measured and calculated values of internal

relative humidity (IRH) of concrete obtained from different sites on over land and

over water structures. In the case of over land bridges, two sets of readings were
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taken, one during the summer and the other during the winter, in order to reveal
the possible existence of a seasonal effect. Figure 1.16 shows a bar diagram
indicating the internal relative humidity values measured in each site during both
seasons. The average IRH value for the winter is approximately 8 points higher
than the average of readings obtained during the summer. Only one set of
readings were taken on over water bridges because of the difficulty to access to

the testing locations.

IRH (%)

100172 , ;
(SREAFL) 100172 100153 100153 . A SUMMER
(atcap) (SREAFL) (atcap) 100198

: (SR.EAFL)

100188
@tcap) 74 EAHT)

Figure 1.16. Seasonal effect over internal relative humidity (/IRH)
measurements taken at different sites of over land bridges
(see Table I.1 for bridge designation).
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3.2.1.5 Concrete Cover

Figure 1.17 shows a plot representing the cumulative % of cores that
intersected rebar during the coring procedure versus the concrete cover
thickness (cc). The data correspond to about one third of the total number of
cores examined (144). The values of cc varied between approximately 1” and
4.5" (254 mm and 114.3 mm). The lower values were usually found on the
bottom cover of cores extracted from the deck of over land bridge, while the
higher values were found on prestressed piles of over water structures. As it can
be observed in the figure, approximately 50% of the cores examined presented
values of cc higher than 2.5” (63.5 fnm) and about 10 % of the cores presented
concrete cover values that were 1.5 (38.1 mm) or less.

The current FDOT design concrete cover thickness guidelines [1.17]
specify values of cc varying from 1.75” to 2.5" (44.4 mm to 63.5 mm) for the
superstructure, depending on the type of structural component and the exposure
conditions. Likewise, the values of cc specified for the substructure vary from 3"

to 4’ (76.2 mmto 101.6 mm).

43



100 —

70 f
60 r /r

50

i
40
30 (0,

10 I

cumulative % of cores examined

0 10 20 30 40 50 60 70 80 90 100 110 120
cc (mm)

Figure 1.17. Cumulative percentage of cores examined vs. the concrete
cover thickness (cc).

3.2.2 Results from Laboratory Evaluation of Field Samples

Appendix 3.2 provides the summary of results obtained from different

tests performed on cores extracted from bridges 1 to 14 (see Figure 1.13).

3.2.2.1 Carbonation Depth

The carbonation depth measurements performed on field extracted cores

in the laboratory showed great variability from core to core, but still confirmed
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the preliminary field findings. Figure 1.18 shows the cumulative % distribution of
the carbonation depth measurements represented in a semi-log scale.

The lowest finite value of x¢ recorded was 1 mm, which was adopted as
the detection limit. Carbonation depths distinctly lower than 1 mm were recorded
as zero. Values higher than 1 mm were recorded with a numeric precision of 0.5
mm or coarser. Since the data do not follow a simple normal distribution, the
average vaIQe xc = 9.8 mm did not match the median value X¢gow) = 7.5 mm
evident in Figure 1.18.
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Figure 1.18. Cumulative % distribution of the carbonation depth (x¢) data
represented in a semi-log plot. The dashed line indicates
the detection limit below which carbonation depth is
recorded as zero.
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WATER

SUBSTRUCTURE

Figure 1.19. Average values of concrete carbonation depth (xc)
measured on concrete cores extracted from the field.

Table 1.2.  Average values and range of variation of the carbonation depth
measurements for different exposure conditions.
Carbonation depth (x¢ )
Exposure Part of Number of Average Range (mm)
Condition | Substructure | specimens (mm) Max. Min.
Over Water Deck 14 12.3 50 1
Substructure 20 2.1 9 <1
Over Land Deck 29 16 28 <1
Substructure 17 10.4 27 <1
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Only one over water bridge (bridge no. 900037 in Table 1.1) presented
carbonation depth values as high as 40 and 50 mm on the upper side of two
cores extracted from the deck (see Figure 1.20 (right)). However, these readings
were not representative of most specimens from this group, as both cores had
clear signs of bad concrete consolidation. Values between 20 and 25 mm were
not uncommon in cores extracted from over land bridges. Figure 1.20 (left) shows
the carbonation front on a core extracted from the substructure of an over land

bridge after spraying with the phenolphthalein indicator.

Figure 1.20. Carbonation depth measurement on concrete cores. Right,
core 27 corresponding to the upper side of the deck of
bridge no. 900037. Left, core 97, extracted from the
substructure of bridge no. 100153.

3.2.2.2 Carbonation Coefficients

The calculated values of carbonation coefficients (Kec) varied over a wide

range depending on the carbonation depth (x;) and the age of the inspected
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structure. Figure 1.21 shows a semi-logarithmic plot representing the cumulative
percentage of cores examined versus the values of K¢ (mm/4y™). The
carbonation coefficients that result from the nominal values of xc = 1 mm are

indicated with empty symbols.
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Figure 1.21. Cumulative % of cores examined versus the overall
calculated values of carbonation coefficients (Kc). Empty
symbols indicate the values of Kc determined when for x¢ =
1 mm (carbonation depth detection limit).

The distribution of the Kc values varied depending on the part of the
structure from where the cores were extracted (deck or substructure). Figure 1.22
shows the Kc data grouped as cores extracted from the deck and cores
extracted from the substructure. As it can be observed, the results from the deck

corresponds typically to higher Kc values than those from the substructure. The
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same data, but now grouped according to the type of exposure condition (over

water and over land) is shown in Figure 1.23. In this case, the cores extracted

from over land bridges presented the higher values of carbonation coefficients.
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Fxgure 1.22. Cumulative % plots of cores examined versus the

carbonation coefficients data (Kc) grouped according to the
part of the structure Inspected (deck - substructure). Empty
symbols indicate the value of Ke determined when x¢ = 1
mm (Carbonation depth detection limit).
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Figure I. 23 Cumulative % plots of cores examined versus the
carbonation coefficients data (Kc) grouped according to the
type of exposure condition (over water over land). Empty
symbols indicate the value of K¢ determined when x¢ = 1
mm (Carbonation depth detection limit).

3.2.2.3 Chloride Profiles

Figures 1.24 and 1.25 show the chloride concentration profiles obtained
from cores extracted from the substructure and the deck of over water structures,
exposed to marine environment. These structures are indicated in Table 1.1 as
over water (marine). Each profile is identified in the figure by core number as “ C

- # (see Appendix 3.2). As the cores from the deck had both ends exposed to

50



the external environment (the upper and under side of the deck), an increase in
the chlorides concentration in each end is observed in some samples. Figure
1.26 shows the chlorides profiles obtained from cores extracted from over land
bridges (represented by filled symbols) together with the profiles obtained from
cores extracted from over water (river) bridges (represented by empty symbols).
The over water (river) bridges (see Table 1.1) were not exposed to severe salt
contamination. The cores extracted from these structures presented chloride
concentration levels in the same range as for cores extracted from over land
structures. Much smaller levels of chloride concentrations were observed in this
group compared with the over water (marine) group. The 1.2 pcy (0.71 kg/m®)
nominal chloride threshold value for corrosion initiation is indicated in each plot
with a dashed line. As it can be observed in Figure |.24, the cores from the
substructure of over water (marine) bridges presented at typical rebar depths
chloride concentrations values that are much higher than the threshold value.

A computational fitting procedure was used to evaluate the apparent
effective chloride diffusion coefficient (Desr) as well as the calculated chloride
surface concentration (Cs). This analysis was not performed on cores # 46 and
# 51 as their chloride concentration profile deviated markedly from the Fick type
of profile. The calculated values of Cs and D.s for each of the cores analyzed is

presented on the master table shown in Appendix 3.2.
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Figure 1.24. Chloride concentration profiles obtained from cores
extracted from the substructure of over water (marine)
structures. The labels in the figure indicate the core number
in Appendix 3.2.
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Figure 1.25. Chloride concentration profiles obtained from cores

extracted from the deck of over water (marine) structures.
See Appendix 3.2 for identification by core number.
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Figure 1.26. Chloride concentration profiles obtained from cores
extracted from the substructure and the deck of over land
and over water (river) structures. See Appendix 3.2 for
identification by core number.

Table 1.3 shows the average values and the range of variation for the
calculated values of Cs and D¢y, obtained from the analysis of cores extracted
from over water (marine) substructures, upper and underside of over water
(marine) decks, and over land and over water (river) bridges together. Most
cores from over land and over water (river) bridges presented values of Cs that
were lower than the threshold value for corrosion initiation, reflecting mild
environment aggressiveness.

The highest values of Cs and D.s were found in the substructure of over
water bridges exposed to marine environment. The average values of Dy
observed in the bridge decks were approximately one order of magnitude

smaller than those observed in the bridge substructures. Figure .27 shows the
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average values of Des grouped according to the bridge inspected. The
calculation of D¢y based on the assumption of constant Cs values may give
misleading results on cores extracted from over land bridges where the actual
value of Cs may be instead slowly increasing with time due to chloride
precipitation from spray from seashores miles away [I.18]. This results in very
low calculated values éf De# that do not reflect the actual chloride penetration
process taking place.

Table 1.3.  Average values and range of variation of calculated Cs and
D¢+ values for the different exposure conditions analyzed.

# of Cs (pcy) D.s (in“/y)
Group specimens | Avrg. Range Avrg. Range
' tested Max./Min. Max./Min.
Over water 6 20.9 32.0/12.0 | 6.910" | 1.10/0.22
(marine)
Substructure
Over water 4 12.0 204/42 | 86107 | 0.18/0.01
(marine) Deck
Over land & Over 5 1.4 27109 9.410° | 0.03/0.003
water (river)
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Figure 1.27. Average effective chloride diffusion coefficients (D)
grouped according to bridge and bridge part (deck and
substructure). ‘

3.2.2.4 Wet Resistivity

Figure 1.28 shows the average values of wet resistivity (r,) measured on
cores extracted from the substructure and the deck of over water and over land
structures respectively. Table 1.4 indicates the average values and the range of
variation of the r,, values obtained in each group. Great variability was observed
on the r, values corresponding to over water bridges. Nevertheless, the cores
extracted from the decks of over water bridges presented the highest average

values of r,.
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OVERWATER
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Figure 1.28. Wet resistivity (p,) measured on cores extracted from the
substructure and the deck of over water and over land
bridges.

Table 1.4. Average and range of variation of r,, grouped according to
the part of the structure and the type of exposure conditions.

Pw (KW cm)
Over water bridges Over land bridges
Substructure Deck Substructure Deck
Average 6.9 17.9 6.4 7.6
Maximum 21.2 31.6 9.2 10.9
Minimum 1.5 3.5 4.6 6.3
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3.2.2.5 Aggregate Characterization

With the exception of the bridge no. 100920 in Table 1.1 (located on
Hillsborough Av. over the Hillsborough river), built in 1939, which had river rock
aggregate, the remaining structures used limestone as coarse aggregate. Almost
all the cores examined had a maximum aggregate size (MAS) of 3/4” (1.90 cm).
Aggregates of 17 (2.54 cm) MAS were found on cores from bridge no. 150107
(located on | 275 over the Tarﬁpa bay). A nominal porosity value for limestone
coarse aggregate of 14.2 % was assumed based on the results of the ASTM C
642-90 standard test performed on three samples randomly picked from a stock

pile.
3.2.2.6 Concrete Porosity

The ASTM porosity results for concrete were consistently differentiated
when the values were grouped according to the type and part of the structure of
origin. Figure 1.29 shows the porosity average values obtained from cores that
presented the same type of aggregate originated from prestressed piles,

columns, decks, and footers.
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Figure 1.29. Average concrete porosity measured in cores with limestone
coarse aggregate as a function of structural origin.

3.2.2.7 Corrosion Rate Measurements

Table 1.5 shows the values of corrosion current density and corrosion
potentials measured on rebar segments embedded in the concrete cores. The
values were obtained conducting polarization resistance (Rp) and
electrochemical impedance spectroscopy (EIS) tests. The corrosion current
densities were calculated by means of the Stern Geary equatioh assuming
activation polarization conditions where g, = g, = 120 mV.

The cores tested (# 109 and # 115) were extracted from the deck of
bridge nos. 100198 and 100920 (see Table 1.1) respectively. The concrete cover

thickness (cc) and the carbonation depth (x;) measured were cc = 1”7 (25.4 mm)
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and x¢c = 18.5 mm for core # 109 and cc = 1.5” (38.1 mm) and x¢c = 10 mm for
core 115. As in both cases the values of x¢ are smaller than the corresponding
values of cc, this would indicate that the rebar should be in the passive state
and no active corrosion is taking place. However, as the rebar may become
active at a pH higher than the one detected by the pH indicator, indications of
active corrosion may be observed even when the carbonation front has not yet

reached the rebar.

Table 1.5. Corrosion parameters from electrochemical tests.

Rp EIS

Core # 109 icor (UACM?) | 0.43 0.39
Ecorr (mVVS CSE) -419 -420

Core # 115 icorr (1A/CM?) 0.83 0.61
E,or(mV vs. CSE) -272 -270

The values of corrosion current density obtained fall in the low to
moderate range (see Table 1.9 on section 3.3.4.3.2). However these
measurements might be affected by localized active areas at the rebar edges
were bare steel is exposed from the coring procedure. In such case the

corrosion rate may have been overestimated.
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3.3 DISCUSSION
3.3.1 Discussion of the Carbonation Depth Results

The results from the field survey of 18 bridges showed carbonation in
progress in 16 out of 18 bridges inspected. Severe concrete spalling and rebar
corrosion damage induced by concrete carbonation was observed on caps and
columns of bridge no. 100172 located on 14 over Orient road in Tampa.

The results presented in section 3.2.2.1 showed that the over land
structures presented typically higher values of carbonation depth (x¢) than the
over water bridges. This was also reflected on the values of carbonation
coefficients (Kc), where the higher values corresponded typically to the over
land bridges (see Figure 1.22). The reason for this may be higher levels of CO,
concentration existing in the urban areas where the over land bridges examined
are located. Papadakis et al [I.3], indicated that the carbonation depth is
proportional to the square root of the CO, concentration. On the other hand, the
over water bridges may be affected by presence of mist or fog duri‘ng part of the
day that maintains the concrete saturated and consequently reduce the rate of
CO; penetration into the concrete.

The values of xc and Kc obtained on cores extracted from the deck of
both over water and over land bridges, were consistently higher than those

observed in the substructure. The cores extracted from the substructure of over
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water bridges presented as a group the lowest values of xc and Kc. A previous
carbonation field study [l.15], performed on structures exposed to marine
environment reported similar results, attributing the low carbonation depths to
the high moisture conditions present in over water bridges.

Appendix 3.4 presents a statistical approach to determine the probability
of finding structures presenting rebar corrosion initiated by concrete
carbonation. The study was based on the data distribution plots presented in
section 3.2.1.5 and 3.2.2.1 for concrete cover thicknesé (cc) and carbonation
depth (x¢). The xc measurements were performed on 54 cores extracted from 14
highway bridges were at least one core from each bridge was tested. According
to this analysis, there is approximately a 1% chance of finding cores haying Xc >
cc, which means that at the most one‘core out of 54 could meet this condition.
Therefore, considering that approximately 3 cores were tested per bridge, only
one bridge out of 14 may have been expected to show rebar corrosion initiated
by concrete carbonation. This expectation agrees with the observation in the
field.

The internal concrete relative humidity (/RH) values measured at a depth
of 1.5 (3.8 cm) in the concrete cover, did not evidence any significant difference
between the over land and over water structures inspected. As indicated in
section 3.2.1.4, the average of the IRH readings taken during the winter season
was nearly 83% for both over land and over water bridges. The IRH data do not

provide then any information to help explain the differences observed in the
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values of xc obtained in over land and over water bridges. As indicated by
Andrade et al [1.19], persistent influence of the external environmental conditions
on the IRH may be limited to the first 1 or 2 cm of the concrete cover depending
on the quality of the concrete. Thus, IRH measurements at shallow depth may be
best to provide information about the influence of the type of exposure
conditions on the carbona’;ion rate taking place in a concrete structure. As
shown in Figure .16, a seasonal effect was observed on the IRH measurements.
The average of the internal relative humidity readings taken on over land
structures during the winter was approximately 8 relative humidity units higher

than the average IRH value measured during the summer.
3.3.2 Discussion of Chlorides Concentration Results

The chloride concentration profiles corresponding to the cores extracted
from the substructure of over water marine bridges presented very high
concentrations all through the core length, significantly exceeding the assumed
chloride concentration threshold for corrosion initiation (1.2 pcy (0.71 kg/m®)). As
expected, evidence of corrosion damage was observed on several piles of these
structures.

As shown in Figure 1.24, several cores presented chloride concentration
profiles that deviated markedly from the ideal Fick type of distribution. These

cores were extracted from low elevations above high tide (EAHT), where the
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external concrete surface was alternately wetted with sea water. Under these
circumstances the mechanism of chlorides transport into the concrete is not only
diffusion and may be dominated by absorption or capillary suction [1.20]. In these
cores, the higher chloride concentrations were not observed at the concrete
surface but instead between 1 to 2" (2.54 to 5.08 cm) from the external surface.
This portion of the core may represent the part of the concrete cover that is
affected by the external wetting. Beyond this depth, a monotonic decreasing
trend with distance in the chloride concentrations is observed.

The chloride concentration profiles obtained from cores extracted from the
decks of over water marine structures are shown in Figure 1.25. As both ends of
the cores were exposed to the external environment an increase in the chloride
concentration was observed on each end (upper and under side of the deck),
showing the higher values on the upper side of the deck. The over land and over
water (river) bridges presented very low chloride concentrations as a result of
the milder exposure conditions.

The calculated values of chloride superficial concentration (Cs) confirmed
the relative severity of each exposure condition. The higher values of Cs were
obtained on the cores extracted from the substructure of over water (marine)
bridges. The cores extracted from the deck of over water bridges exposed to
marine environments presented comparatively milder but still high values of Cs.
Finally, the cores extracted from over land and over water (river) structures

presented the lower values of Cs. Coincidentally, higher values of Cs were
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typically associated with high values of chloride effective diffusion coefficients
(Des). The calculation of Des based on the assumption of constant Cs values with
time may conduct to misleading results particularly on cores extracted from over
land bridges where the actual value of Cs may be increasing slowly with time
(typical chloride deposition may proceed at an approximate rate of 10 to 23

g/m’y [1.18]).

3.3.3 Service Life Prediction

An assessment of the initiation period or time for corrosion initiation (t,),
for the case of concrete carbonation (indicated as tc.) and chlorides induced
corrosion (indicated as tg) is presented below based on the results presented in
section 3.2.2.2 and 3.2.2.3. An estimation of the propagation period or time of
corrosion propagation (t,) is determined based on assumed values of corrosion
rate (CR) obtained from the literature. Special emphasis is given to those cases
where the estimation of SL is lower than a structure nominal service life (NSL)

target of 75 years.
3.3.3.1 Estimation of tc, for Concrete Carbonation
As it was indicated before, the duration of the initiation period in the case

of concrete carbonation (tc,) is idealized as a function of the carbonation

coefficient (Kc) and the concrete cover thickness (cc). However, in reality these
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parameters may vary over a wide range, and the consideration of simple
average value in each individual case may be misleading. As shown in section
3.2.2.2 the calculated values of Kc vary between O and 14 (mm/y™), and
depend on the type of exposure condition (over water or over land) as well as
the part of the structure inspected (deck or substructure). In addition, the cc may
also vary significantly from part to part of a structure, and as shown in Figure
1.17, values from approximately 1” (25.4 mm) to 4.5” (114.3 mm) or higher were
recorded.

In order to obtain a representative estimation of tc,, a statistical type of
analysis was carried out where two different cases were considered based on
the data distribution plots for cc and Kc presented in section 3.2.1.5 and 3.2.2.2
respectively. These were a median case, represented by the values of Kc and
cc that exceed 50% of the measurements reported, and a severe case
represented by a high value of carbonation coefficient (Kc exceeding 90% of the
measurements reported) and a small value of concrete cover thickness (cc
exceeding 10% of the measurements reported). In the following analysis these
conditions are referred as Kcsou), and ccsoy) for the median case, and Kcgoy,
and cco%) for the severe case.

Values of tc, were calculated for several exposure situations defined by
how the carbonation coefficients were grouped. An overall estimation of tc, was
obtained by considering values of Kcgow) and Kcgow) from the carbonation

coefficient distribution plot for the entire data set presented in Figure 1.21. The
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influence of the different parts of the structure inspected (deck - substructure)
and the influence of the exposure conditions (over water - over land) were
evaluated by considering the values of Kcgowy and Kcesowy for each of the
subsets, which were represented in Figures 1.22 and 1.23. The results are
labeled by Kcr for the entire set of carbonation coefficients, and by Kcp, Kcs,
Kcow, and Kco, for each of the four selected subsets indicated above. Table 1.6
shows the calculated carbonation coefficients values that correspond to the

median and severe cases for each exposure situation.

Table 1.6. Carbonation coefficients considered for the estimation of f¢..
Carbonation Coefficients (mm#"?)
Entire Data Grouped by part Grouped by exposure
Case set of the structure condition
Kcr Kcp Kcs Kcow KcoL
severe 4.20 435 3.90 2.67 4.32
median 1.31 1.48 0.52 0.30 2.09

The concrete cover thickness (cc) values were statistically classified in
the same manner as the carbonation coefficients. Thus, the cumulative
percentage plot presented in Figure 1.17 yielded cc ~ 64 mm for the median
case and cc ~ 37 mm for the severe case. The distribution of cc was assumed to
be the same for all exposure conditions, although a more refined analysis would
need to take into consideration that the concrete cover is usually thinner in the

bridge superstructure. In the following calculations the values of concrete cover
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thickness corresponding to each case are approximated to the closest half inch
distance. Thus, values of ccsow = 2.5 (63.5 mm) and ccCowy = 1.57 (38.1 mm)

are considered for the median and severe case respectively.
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Figure 1.30. Time for corrosion initiation by concrete carbonation (fc.)
indicating the values of Kc (mm/y"?) corresponding to the
median and severe cases, grouped according to the part of
the structure examined (deck and substructure).

The values of tc, that resulted from analyzing each of the conditions
presented in Table 1.6 are represented in a log-log diagram. Figure |.30 presents
the estimations of tc, for the values of Kc grouped according to the part of the

structure (deck or substructure) that correspond to the median and severe
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cases. Analogously, Figure 1.31 show the estimations of fc, for the values of Ke
grouped according to the type of exposure condition (ovef water and over land).
The values of te, that result from considering the carbonation coefficients
and concrete cover thickness corresponding to the median case may not
represent a significant problem from the structure durability point of view aé they
already exceed the nominal service life target of 75 years. It is of more interest
to consider the estimated values of tc, that result from the severe case given by

Kcsowy and ccpoy), Which are presented in Table 1.7.
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Figure 1.31. Time for corrosion initiation by concrete carbonation (fc.)
indicating the values of Kc (mm/y"?) corresponding to the
median and severe cases , grouped according to the type of
exposure condition (over water and over land).



Table I.7. Estimated values of time for corrosion initiation due to
concrete carbonation (tz,) for the severe condition.

tc. (years)
Concrete Kcroo%) Kc praow) K¢ s(s0%) Kc owrso%) Kc oL90%)
Cover
(10%) 75 70 90 190 72

The worst conditions from the point of view of concrete carbonation are
projected for the bridge decks where the combination of Kcpgen) and ccuoy,
results in an estimated time for corrosion initiation of 70 years. On the other
hand, carbonation induced corrosion is likely to be less of a problem in the
bridge substructures where larger estimated values for ¢, were obtained.

An overall value of t¢, is obtained for the severe case when considering
the value of Kcreoy) Obtained from the entire carbonation coefficients data set

and assuming cCuoy). For this case tc, = 75 years.

3.3.3.2 Estimation of t., for Chlorides Induced Corrosion

Nominal times for chloride induced corrosion initiation (fc) were
calculated based on the average values of chloride surface concentration (Cs)
and chloride effective diffusion coefficients (Dey) presented in Table 1.3 of
section 3.2.2.3. A chloride concentration threshold for corrosion initiation at the

rebar surface of 1.2 pcy (0.71 kg/m’) was assumed in all instances. As in the
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previous section, two values of concrete cover thickness (cco%) = 38.1 mm and
cciow) = 63.5 mm) were selected for the calculations.

The initiation time was estimated using [1.21]:

cc2

C 2
4Deff l:e'f——l(l _ thrghold )}

fa = (4)

Figure 1.32 represents in a manner similar to Figure 1.30 and 1.31 the
estimated values of tg for the three conditions considered in section 3.2.2.3.
These conditions are, the substructure of over water (marine) bridges, the deck
of over water (marine) bridges and the over land together with over water (river)
bridges. As tg is inversely proportional tq cc’ , each condition is represented by
straight lines in the log-log plot.

Table 1.8 summarizes the results for the median and severe cases. The
worst results corresponded to the substfucture of over water (marine) bridges
where tg was a fraction of one year, when a concrete cover thickness of 1.5”
(38.1 mm) was considered. This condition reflects the information obtained from
cores extracted from a group of five bridges (map identification nos. 4 to 8 in
Table 1.1) located in the Florida Keys. This region of the state presents a tropical
marine type of environment which is one of the most aggressive exposure
conditions from the point of view of reinforced concrete durability. Under these
circumstances, chloride induced corrosion is the major factor limiting the service
life of structures. These results agree with a previous investigation for the

assessment of corrosion of epoxy coated rebars that included several bridges of
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comparable concrete type and construction located in this part of the State [I.21,
1.22]. The calculations for the marine bridge are presented as an illustration only,
since the data set is small and the actual concrete cover distribution is not well
established. Reference [1.21] should be consulted for a representative sampling

of substructure chloride-induced corrosion in Florida.
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Figure 1.32. Nominal time for chlorides induced corrosion initiation (f¢)
assuming a chlorides threshold value of 1.2 pcy (0.71
kg/m®). * For illustration only.

In the case of the over land and over water (river) bridges, the

combination of Cs values comparable to the threshold value (1.2 pcy (0.71

kg/m®)) and low calculated Dy, gave rise to essentially unlimited values of t.
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Table 1.8.  Nominal time for chloride induced corrosion initiation (tc) for
different exposure conditions and concrete cover thickness
(ecc). *For lllustration only

ter (years)
Concrete Over water (marine) Over land &
cover Substructure Deck * Over water
(river)
CClto%) 0.4 4.4 >10°
CCson) 1.2 12.2 >10°

3.3.3.3 Estimation of the Propagation Period (f,)

3.3.3'.3.1 Service Life Criteria. The duration of the propagation period (t,) is
governed by the rebar corrosion rate (CR) and limited by a service life criterion
that establishes the unacceptable degree of damage, before the structure must
be either repaired or replaced. The unacceptable degree of damage of a
structure due to rebar corrosion can be defined by alternative performance
criteria, depending on the user’s requirement.

A structural strength criterion assumes that t, has been reached when
the lead-bearing capability of the structure has been seriously degraded by loss
of rebar cross-section. For the purposes of this work, a 10 % reduction of the
rebar cross section (about 5 % reduction of the rebar diameter) is considered as
a limit for the structure service life.

A corrosion repair need criterion assumes that t, has been reached

when a certain fraction of the structure surface shows cracks or concrete cover
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spalls due to corrosion. This condition may not affect by itself the overall
structural integrity very much, but expensive repair may be required because of
aesthetic reasons, to avoid the onset of rapid subsequent corrosion to prevent
dangerous debris falls, or to restore traffic surfaces on a bridge deck. The
condition for this criterion is reached much sooner than for the structural integrity
case. Concrete spalls typically appear after a reduction of about 1 % or less in
the rebar diameter (approximately 2 % reduction or less in rebar cross section)

is reached.

3.3.3.3.2 Estimation of t, Based on the Structural Strength Criterion. The
internal relative humidity (/IRH) of concrete and the environmental exposure
conditions of the structure exhibit considerable variation under daily and annual
basis. These variations may also affect the CR which may show significant
variations during the structure service life [1.2, 1.4, 1.23].

Section 3.1.3.6 presented a method for measuring the CR in concrete
cores that had segments of rebar that were cut during the coring procedure and
remained attached to the concrete. Although these measurements may be
affected by changes in the original conditions of the concrete during the coring
procedure and while the specimens are stored until the test is performed, the
results provide nevertheless an estimation of the severity of the attack and of the
rebar corrosion rate itself. The values of ic., Obtained represent the particular

case of two specimens which were undergoing moderate corrosion. In order to
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present a representative scenario of the different corrosion conditions observed
in reinforced concrete, the estimations of t, were done assuming typical values
of CR obtained from the literature [l.4]. Andrade et al [1.19, .24, 1.25] has
presented a classification for different levels of corrosion damage risk, as a
function of CR, based on the type of éggressive agent initiating corrosion (CO,
or CI') and the moisture condition of the concrete. These values are shown in
Table 1.9.

The estimation of £, is a function of the original rebar diameter &. If a
rebar type No. 4 with a diameter of 1/2”. (1.27 cm) is considered, the 10%
reduction of cross-section is given by a final diameter & = 0.47" (1.20 cm).
Figures 1.33 shows the estimations of t, that result from replacing the values of
CR listed above on equation (19) for &b = 1/2” (1.27 cm) and assuming a

structural strength criterion outlined by a 10 % rebar cross section reduction.

Table 1.9.  Typical values of corrosion rate for reinforcing steel in

concrete.
Risk of Range of CR Condition
Damage uAlem? (mpy)
Very Low <0.1 (<0.05) very dry and carbonated concrete with
no chloride contamination
Low 0.1-0.5 (0.05 - dry concrete, carbonated or with mild
0.23) chloride contamination

Moderate | 0.5-1 (0.23-0.46) | humid concrete, carbonated or with mild
chloride contamination

High 1-10 (0.46 - 4.60) high humidity concrete, carbonation or
affected by chlorides attack
Very High >10 (> 4.60) high humidity and highly contaminated

with chlorides
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Therefore, the estimated propagation period (structural strength criterion)
of a reinforced concrete structure that is exposed to very high chloride
concentrations and undergoes a CR = 10 pA/em’ is approximately 2.8 years. If
the CR = 1 uA/em’, the estimated value of t, is approximately 28 years and if

CR = 0.5 yAlcm’ the estimated {, is approximately 57 years.
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Figure 1.33. Percentage of rebar cross section reduction and % of rebar
diameter reduction as a function of the time of corrosion
propagation for a rebar No. 4 with & = 1/2in. (1.27 cm).

(curves for 10, 1, 0.5, and 0.1 ,uA/cm2 corrosion rate are
represented) [1.24].

3.3.3.3.3 Estimation of t, Based on the Corrosion Repair Need Criterion.
The rate and extent of cracking and spalling caused by corrosion of
reinforcement depends on the properties of hardened concrete (quality, tensile

strength, modules of elasticity), on the corrosion products (type of rust, quantity),
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on the size (diameter) of the reinforcement and on the thickness of the concrete
cover [1.16]. It has been fouhd that in typical service conditions just 10 to 50 um
(0.4 to 2 mils) of corrosion penetration is enough to produce a visible (0.05 mm
width) crack in the concrete cover [1.19]. This in terms of rebar diameter
reduction (assuming a rebar type # 4) represents a 0.16 to 0.8 %. For the
purpose of this investigation a 1 % reduction in rebar diameter will be
considered as the unacceptable degree of cracking and spalling that limits the
structure service life.

The estimated values of t, obtained when considering the corrosion repair
need criterion outlined by a 1 % rebar diameter reduction can be visualized in
Figure 1.33. The estimated time for corrosion propagation for the different values
of corrosion rate indicated in the figure are: t, ~ 0.8 year for CR = 10 pAlcm?, t, ~
5 years for CR = 1 uAlem® t, ~ 11 years for CR = 0.5 uA/em?’, and t, ~ 54 years

for CR = 0.1 uAlcm’.
3.3.3.4 Estimation of the Service Life (SL)

The estimated service life (SL) of a reinforced concrete structure is given
by the sum of both the initiation and the propagation period (t, and t,). The
following section presents the estimated values of SL that result from

considering the particular cases analyzed previously where the time for
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corrosion initiation was less than 75 years. In all cases a rebar type No. 4 with a

diameter of 1/2” (1.27 cm) was assumed.

3.3.3.4.1 Estimation of SL for the Case of Concrete Carbonation. According
to the values of t¢, calculated in section 3.3.3.1, the only significant case where
the service life could be less than 75 years, is the so called severe case. The
severe case considerate a carbonation coefficient value (Kcsoy)) that exceeds
90% of the measurements reported and a concrete cover ccpoy) that exceeds at
least 10% of the measurements reported. Figure |.34 presents the estimations of
SL for two values of time for corrosion initiation analyzed previously (Table 1.7),
tc. = 75 years obtained when considering the entire Kc data set, and fc, = 70
years obtained when considering the worst Kc subset (Kcpgox)).

Table .10 presents the estimated values of SL that correspond to the
structural strength and the corrosion repair need criteria for the cases presented
previously, assuming typical values of corrosion rate of steel in carbonated
concrete

Therefore, when considering the structural strength criterion, the
estimated SL exceeds the NSL target of 75 years even when the reinforcement
undergoes a high corrosion rate. On the other hand, when the corrosion repair

need criterion is considered, values of SL close to 75 years are obtained.
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Figure 1.34. Estimated service life (SL) prediction for concrete
carbonation representing the values of t¢, that were obtained
for Kcowy and ccuowy, and assuming typical values of CR of
steel in carbonated concrete. A rebar diameter of 1/2 in.
(1.27 cm) was assumed.

Table 1.10.  Estimated service life (SL) prediction for concrete
carbonation based on the structural strength and the
corrosion repair need criteria.

SL (years)
Service Life tc. = 70 years tc, = 75 years
Criterion CR=1 CR=05 CR=1 CR=05
wAlem? uAem’ uwAem’ uArem?

Structural 94 123 102 131
Strength
Corrosion 75 81 80 86

Repair

Need

Consequently, the projected service life of reinforced concrete structures

presenting carbonation are governed by the duration of the initiation period, and
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only on structures that present relatively high corrosion rates, cracking and
spalling may occur before a period of 75 years. Bridges decks and over land
structures present higher risk of showing corrosion damage due to concrete

carbonation as they usually show the shortest time for corrosion initiation.

3.3.3.4.2 Statistical Implications. Appendix 3.4 presents a tentative approach
to evaluate the overall distribution of carbonation-related corrosion damage in

the present FDOT bridge inventory.

3.3.3.4.3 Estimation of SL for the Case of Chloride Induced Corrosion. As it
was indicated earlier, the most severe condition from the point of view of
chloride induced corrosion corresponded to the substructure and the deck of
over water bridges exposed to marine environment. The conjunction of high Cs
and D¢y values gave rise to very low values of tg. In addition, the higher
corrosion rate typically observed in reinforced concrete contaminated with
chlorides result in very low values of SL compared to the case of concrete
carbonation. Conversely, the over land and over water (river) structures,
presented very high estimated values of f;, and therefore values of SL that far

exceeded the NSL due to the low values of Cs and D¢ considered in this case.
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Figure 1.35. Estimated service life (SL) prediction for chloride induced
corrosion representing the values of t¢, that were obtained
from over water bridges exposed to marine environment and

% rebar diameter reduction

tp for structural
strength criterion

tp for corrosion
repair need
criterion
CR=10uA/cm?
(4.57 mpy)

CR=1uA/cm?
(0.46 mpy)

CR=0.5uA/cm?
(0.23 mpy)

assuming typical values of CR of steel in concrete

contaminated with chlorides. The initial rebar diameter is 1/2

in. (1.27 cm).

Figure 1.35 shows the representation of the estimated SL curves for f¢ =
0.4 years (case of the substructure of over water (marine) bridges, assuming cc
=1.5" (3.8 cm)) and for to, = 12.2 years (case of the deck of over water (marine)
bridges assuming cc = 2.5" (63.5 cm)). The results for three typical corrosion
rate values of steel in concrete contaminated with chloride ions (10, 1 and 0.5
mA/cm’) are represented in the figure. Table 1.11 presents the estimated values
of SL obtained for each of these conditions for both service life criteria
considered. These examples are shown for illustration only; Ref [1.21] should be

consulted for applicable information on chloride-induced corrosion forecasts in

Florida.
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Table 1.11. Estimated service life SL prediction for chloride induced
corrosion based on the structural strength and the corrosion

repair need criteria.
SL (years)
Service te; = 0.4 years te;=12.2 years
Life
Criterion | CR=10| CR=1 [CR=05| CR=10 CR=1 CR=05
wAem? | uAem® | pAem® | pAem® | pAcem® | pAem’
Structural 3.2 29 57 15 41 69
Strength
Corrosion 1.2 54 114 13 17 23
Repair
Need

3.3.4 Comparison With Results From Other Field Investigations

Results from other field investigations revealing carbonation depth and
carbonation coefficients data that were carried out by several researchers world
wide are presented in Appendix 3.5. The reported values of Kc were obtained
from carbonation depth measurements performed on different types of reinforced
concrete structures assuming a square root of time type of relationship as shown
in equation (1). In order to compare these results, the concrete characteristics
(compressive strength, water to cement ratio (w/c)) and the type of exposure
condition of the inspected structures are also specified when this information
was reported.

According to the results presented in section 3.2.2.2, the value of Kc

obtained in this work fall in the same range of most values reported in the
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literature. The low Kc values reported by Holm et al[l.15], obtained on marine
structures in the USA, are of the same order as those obtained on over water
bridges in the present investigation. The results presented by Wong et al[l.29]
for different civil construction types exposed to tropical humid environments are
higher than those obtained in the Florida highway bridges. The reason for this
may be due to the lower concrete quality (reflected in the compressive strength

values reported) of the structures tested by Wong et al[l.29].
3.3.5 Additional Aspects Analyzed
3.3.5.1 Correlation Between p and E.,,, Measured in the Field

The mapping of electrical resistivity (p) of concrete together with half-cell
potential (E.o) is commonly used for assessing the corrosion risk of reinforced
concrete structures in service [1.8, 1.31]. Figure 1.14 on section 3.2.1.2 presents
the p measurements taken in the field using a 4 point probe Wenner array. The
values of p increased as a function of the elevation above high tide (EAHT) on
over water structures, or the elevation above floor level (EAFL) on over land
structures and presented considerable variation from bridge to bridge. The same
type of pattern was observed on the E.,, measurements performed on over
water bridges exposed to marine environment, where the readings also

increased with the EAHT. In most cases, the values of E.,, varied from typical
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active potentials of steel in concrete (-450 to -600 mV vs. CSE) at EAHT below 1
ft. (0.30 m) to passive potentials (> -150 mV vs. CSE) at EAHT above 7 ft. (2.13
m). Except for underwater concrete, the incidence of rebar corrosion damage is

great on areas of the structure presenting active potentials together with low

values of p (for example 10 kW cm) [1.31].
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Figure 1.36. Correlation between electrical resistivity of concrete (p) and
half-cell potential (E..r) measured at the same EAHT on
over water bridges exposed to marine environment (see
Table 1.1 for bridge identification).

Figure 1.36 shows the correlation between the field measurements of p

and E.., taken at equal EAHT on over water (marine) bridges. The lower
readings of p corresponded to the more active potentials, providing symptoms

that agreed with the incidence of rebar corrosion on the over water bridge

substructures exposed to marine environment. This behavior was not observed



on over land bridges where the half-cell potential readings presented typical

passive values that did not vary consistently with the EAFL.
3.3.5.2 Correlation Between D.s and Wet Resistivity (o)

The determination of the chloride diffusion coefficient (Des) by measuring
chloride concentration profiles in concrete is a time consuming process that
requires careful sample analysis. It is therefore of interest to establish some
other way to estimate this parameter by means of a quicker method. The
electrical resistivity of concrete is a function of the pore solution composition and
the degree of water saturation of the concrete pores. The measurement of the
electrical resistivity of saturated concrete samples provides an indication of the
mobility of ions within the concrete. Therefore, it seems possible to obtain a
relationship between the values of D¢y and the wet resistivity (pow) measurements
performed in concrete samples. This issue has been previously addressed by
several researchers who have presented different expressions relating these
parameters.

Berke and Hicks [I.32] have obtained an empirical relationship between p
(2 cm) and Dy (in’/y) by testing concrete samples exposed to a solution

containing 3% NaCl for two years. This correlation is given as

. —_ -1.09
Deﬂ'(ﬂ’;) - 2‘7p[.(2cm} (5)
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In a theoretical study, Andrade et al [1.33] proposed a relationship where
D.r = f(Do, p,)1/p, where p, is the concrete pore solution resistivity, and D, is

the diffusion coefficients of chlorides in the pore solution.
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Figure 1.37. Relationship between effective chloride diffusion coefficient
and concrete wet resistivity.

Figure 1.37 shows the relation between the values of D calculated from
chloride profiles and the pw measurements obtained from cores extracted from
the samé bridges, at the same elevations above high tide and in some cases
from the same column. The data are grouped according to the type of exposure
condition. The filled éymbols in the figure correspond to the data obtained from
over water (marine) bridges, and the open symbols correspond to the over land

and over water (river) bridges.
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The best linear fit for the over water (marine) results gave the correlation

. —_ -1.09
Deff(_’ﬁi] - 1'57PW[.(2cm] (6)
y .

Which is represented by the solid line in Figure 1.37, together with the
relationships from reference [1.32] and [I.33]. The pw and Dy data obtained
from over land and over water (river) bridges (also shown in Figure 1.37) did not

follow the trend observed in the over water (marine) results.
3.3.5.3 Evaluation of the concrete quality

An estimation of the original mix design water to cement ratios (w/c) of
the structures inspected can be made based on the concrete porosity results
presented in section 3.2.2.5 and assuming an aggregate to cement ratio (a/c) by
volume of 2.33 in all the cases analyzed. According to the empirical relationship
developed by Powers [I.34], the capillary porosity of the cement paste (Pc) can

be calculated as

Pc=w/c-0.36 a (7)
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where « is the degree of hydration of the concrete. For the purpose of these
calculations a is considered as a = 0.8 (80 % of the cement has hydrated). The
total porosity of concrete (Py) is the result of three main components, the
percentage of air entrained (Ae), the porosity of the aggregate (A,), and the
porosity of the cement paste Pc.. The value of aggregate porosity was
determined in section 3.2.2.5 for limestone, being A, = 14.2%. Assuming that Ae
= 1%, and considering an a/c = 2.33, that is, 70 % by volume of the concrete is

aggregate, the value of P can be calculated as

Pc=(Pr-Ae-0.7A,) /0.3 (8)

From equation. (7) and (8) the w/c can be calculated as

w/c = P + 0.288 (9)

Figure 1.38 shows the estimated water to cement ratio calculated
according to this procedure, averaged for four selected structural component

classes.
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Figure 1.38. Estimated values of water to cement ratio (w/c) based on
the porosity measurements of concrete cores extracted from
different structural components. ’

These results obtained fall in the range expected for typical mix designs

used in each type of structural component. The lowest w/c value was obtained

on cores extracted from prestressed piles, while the highest were obtained on

cores extracted on cast in place footers.
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3.4 CONCLUSIONS

1. Evidence of concrete carbonation in progress was found in 16 out of 18

Florida bridges examined.

2. Only one ‘out of 18 bridges examined showed direct indication of

carbonation induced rebar corrosion.

3. Concrete carbonation depths (xc) measured in cores extracted from the

bridges examined were as high as 50 mm with an average value of 9.8 mm.

xc | t*) measured for extracted cores

4. Carbonation coefficients (Kc

ranged from 0 to 14 mm/y*.

5. The bridge decks presented higher values of xc and K¢ compared to the
substructure. This was most evident on over water bridges, where the average
values of xc were 12.3 mm and 2.1 mm for the deck and the substructure

respectively.

6. The internal relative humidity (/IRH) measurements at a depth of 1.5” (3.8

cm) in the concrete, did not reveal any significant difference between over water
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and over land structures. A seasonal variation of the IRH was observed on the

over land bridges.

7. The mést severe conditions from the point of view of concrete carbonation
induced corrosion was obtained on the decks of over land bridges (highest 10
percentile Kc> 4.35 mm/y”*). The estimated time for corrosion initiation was
approximately 70 years when a concrete cover of 1.5” (3.8 cm) and the value of

Kc = 4.35 mm/y”* were considered.

8. Cores extracted from the substructure of over water (marine) bridges
presented very high chloride concentrations at the rebar depths compared to the
assumed threshold value for corrosion initiation (1.2 pcy (0.71 kg/m®)), whereas
the over land and over water (river) bridges presented very low chloride

concentrations as a result of the milder exposure conditions.

9. The most severe conditions from the point of view of chloride induced
corrosion were observed on the substructure of over water (marine) bridges,
where the time for corrosion initiation was a fraction of a year when a concrete
cover thickness of 1.5” (3.8 cm) and a chloride threshold value for corrosion

initiation of 1.2 pcy (0.71 kg/m®) were assumed.
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Section 4. Objective (c): LABORATORY INVESTIGATION

Objective (c) is to conduct a laboratory investigation to determine the
influence of mix design parameters on the carbonation rate of concrete to be
used for future long term durability FDOT applications.

The approach to attain this objective was to select a number of old and
actual FDOT concrete mix designs. Concrete cylinders along with reinforced
concrete prisms were exposed to a carbon dioxide environment. The results
were used to determine carbonation coefficients and obtain a distribution of
carbonation severity as a function of water-to-cement ratio, 28-day compressive
strength, and pozzolanic replacement. The results were then used to obtain
projections of the length of service time before carbonation-induced corrosion
would be observed in severe exposure conditions.

The test plan was developed by first choosing a set of suitable FDOT mix
designs. After casting the concrete specimens were allowed to stabilize in lab
air conditions previous to carbon dioxide exposure. A suitable carbon dioxide
concentration was chosen to accelerate the carbonation rate and a carbonation
test chamber was designed. During the carbonation exposure, concrete
carbonation depth was measured at two different times. Carbonation
coefficients then were converted to atmospheric exposure conditions.

At the same time concrete electrical resistance and half cell potentials

were monitored using the reinforced concrete prisms. Corrosion rates of the
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embedded rebars were determined using electrochemical measurements in
selected specimens. A detailed indication of the test techniques and the

findings is given in the following subsections.

4.1 PROCEDURE

4.1.1 Concrete Specimens

4.1.1.1 Mix Design

The control concrete mix design was representative of Florida Department
of Transportation design used in moderately aggressive environments. The
cementitious content, or cementitious factor, was 444 kg/m® (752 pcy), the
coarse aggregate was Iimestohe, and a w/c ratio of 0.37 [ll.1] was used to get a
minimum 28-day compressive strength of 41.4 MPa (422 kg/em?, 6000 psi).

A cementitious content of 80% portland cement type | (OPC) and 20% FA
class "F" (by weight) was used (see Table Il.1). This mix is routinely used in
marine structures to reduce the heat of hydration. In addition the cement paste
permeability of FA concrete is lower than standard concrete, thus reducing the
chloride diffusion coefficient.

A water reducer agent (WRAD), 2.16 It/m°, was used to obtain enough

workability at this low w/c ratio.
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Table II.1. Mix design variations.

Fly Ash' Silica Fume' |  wi/c ratio Chloride
# Mix 20% | 50% | 0% 8% | 0.37 | 0.50 | Yes No
1 | Control X X X X
3 | wicvar. X X X X
5 | Cl-var. X X X X
8 | SF var. X X X X
10 | FAvar. X X X X

T Percent as cement replacement.

In addition to the control mix design, the following mix variations were

evaluated:;

A w/c variation (w/c=0.50)
of high porosity paste, thus simulating older construction practice.

A CI variation (w/c=0.50, and 1.77 kg/m® (3 pcy) of chloride ions) was
used to represent the effect of occasional chloride presence into the

concrete mix in old structures. Chloride ions were added as sodium

was chosen to study the depth of carbonation

chloride; since it aids workability no WRAD was used in this variation.

An SF variation (8% SF as replacement) was chosen to observe the

behavior of a ternary system (OPC, FA, and SF) when exposed to

carbonation.
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An FA variation (50% FA as replacement) was used to study the behavior
of high pozzolanic replacement—as in the case of massive concrete
structures where a low heat of hydration is desirable. This addresses
questions from reported increases in the carbonation depth as the amount

- of FA increases [11.2].
Due to the small size of the specimens, a maximum coarse aggregate
size of 9.5 mm (%") was selected. See Appendix 4.1 for detailed concrete mix

designs used.

4.1.1.2 Instrumented Specimens

Instrumented concrete specimens (see Figure |l.1) were designed to
monitor the electrochemical behavior of steel in concrete. Concrete specimens
were 20.3 cm (8") high, 10.2 cm (4") wide, and 5.1 cm (2") thick, with two
embedded rebars, ends protruding through the top.

The rebars were No. 3, with a nominal 9.5 mm (3s") diameter, 20.3 cm (8")
long, placed longitudinally starting 5.1 cm (2") from the bottom, and centered 2.5
cm (1") from the sides from the planar view. The first 10.2 cm (4") of each rebar
were degreased with acetone and directly exposed to the surrounding concrete.
The following 6.3 cm (2%:") long region was masked with epoxy-resin (1 cm
protruding from the concrete specimen) to avoid direct corrosion from the

external ambient. The remaining protruding region was protected from
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atmospheric corrosion by coating it with a commercial oil paint. The paint was
removed in an small area to attach a copper cable to each rebar by using a
hose-clamp. The copper cables were later soldered to standard binding posts
to make electrical connections from the test chamber. A reference electrode
(activated titanium rod (;\TR), 3.2 mm (") diameter by 3.8 cm (1'2") long), was

placed in each concrete specimen.

. { O ® O 5.4em

Rebar No. 3

¥

6.3cm

_|. Copper Cable
# 14 AWG

20.3cm

" Ref. Electrode

Figure 1.1, Instrumented concrete specimen dimensions.
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The ATR was centered in the concrete specimen between the two
rebars, and it was used for electrochemical experiments of the rebars [I1.3].

Six concrete specimens for each mix design were cast. Three of them
underwent accelerated testing at CO, concentration of 5000 ppm in air and the
results are presented in this report. The remaining specimens were set aside for

future testing.
4.1.1.3 Plain Specimens

Plain specimens were designed for physical tests and to monitor the
carbonation depth. "3 by‘6” cylinders (7.6 cm diameter, 15.2 cm long) were
chosen for the latter purpose.

Fourteen "3 by 6" concrete cylinders for each mix design were cast, 12 for
carbonation testing, and the remaining two for natural indoor exposure as control
specimens. Of the 12 specimens for carbonation testing three specimens
underwent accelerated testing at a CO, molar concentration of 5000 ppm in air
and the results are presented in this report. Of the remaining specimens, three
were used for full outdoor weathering exposure; three were used for rain-
sheltered outdoor exposure; and three were set aside for accelerated testing at
a CO, molar concentration of 40000 ppm in air. The results of these additional

tests will be reported in the future.
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At least two "4 by 8" concrete cylinders (10.2 cm diameter, 20.3 cm long)
of each mix were cast for AASHTO Rapid Chloride Permeability testing and
other related tests, and three "6 by 12" concrete cylinders (15.2 cm diameter,
30.5 cm long) were cast for 28-day compressive strength tests.

All the concrete specimens except the "6 by 12" cylinders were cured for
14 days by keeping them in their respective molds and spraying water in the
open surface. The open surface of the molds was covered with plastic bags to
retain moisture. The "6 by 12" concrete cylinders were cured for 28 days in a

100% R.H. chamber.

4.1.2 Carbonation Test Chamber

A test chamber to hold 15 instrumented and 15 plain specimens was
designed based on the scheme outlined by previous investigators [ll.4, 11.5].

A glass fish tank (121.9 cm (48") long, 31.7 cm (12%%") wide, and 53.3 cm
(21") high) was used as the test chamber. The top of the tank was closed with
an acrylic sheet lid (6.4 mm (%") thick), and sealed using weatherstrip.
Electrical binding posts were placed through‘ the lid for easy electrical
connection of the internal wiring to electrochemical equipment. Small holes (3.2
mm ('&") diameter) for hanging strings were drilled in the lid to weigh the
concrete samples without removing them from the chamber. A 19 mm (%") hole

with a PVC fitting was also fitted into the lid for insertion of a R.H. measurement
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gage. The lid also had holes for gas inlet and outlet. An internal hose was
connected to the inlet to send the gas directly to the middle-bottom region of the
tank. A fan was used to distribute the gas throughout the tank. A cardboard
deflector was installed above the fan to improve the gas distribution and to

prevent stagnant gas zones.

flow meters ‘

——@HF .\ /

mixers
regulators V

]
water

co , DRY
AIR

moisturizer

outlet

' -— deflector

TEST CHAMBER

Jooooon DO

instrumented specimens

fan —‘_>©

Figure 11.2. Scheme of carbonation test chamber setup.
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An ordinary dial hygrometer was placed inside the tank. The hygrometer
was calibrated against a digital R.H./temperature Vaisala® meter model HM34
placed 'temporarily in the PVC fitting.

To obtain the CO, concentration of 5000 ppm (mol/mol) and the desired
R.H. inside the chamber, a mix of carbon dioxide and air at two different
moisture levels was used. Three flow meters were used to control the volume of
each gas. One flow meter (maximum capacity of 1222 ml/min) was set up to
control the dry air. A second flow meter (maximum capacity of 4700 ml/min) was
used to control the wet air (see Figure 11.2). The air source was the compressed
air building supply, which provided dry air (typically 20% R.H.). From the
compressor, the air went to the two air flow meters through a regulating valve.
The air exiting from one of the flow meters was sent through a bubbling
moisturizer. The air stream exiting from the moisturizer and the other air flow
meter were mixed in the chamber inlet hose with the CO, gas flowing through the
CO; flow meter (maximum capacity 40 ml/min ) from a tank of commercially pure
CO,. The flow rate in the dry and wet flow meters were adjusted periodically to
obtain a 60%+5% R.H. inside the chamber. This R.H. value was chosen since it
was established that carbonation of concrete is fastest at this humidity range

[1.5, 11.6, 11.7].
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4.1.3 Testing During Conditioning Period

Accelerated concrete carbonation tests are not practical under normal
atmospheric environment immediately after concrete demolding because the
concrete pore network is filled with water. Therefore, a conditioning period
under ambient room humidity conditions was scheduled for both the

instrumented and plain specimens.
4.1.3.1 Mass Loss

The loss of water from drying during the conditioning period was
monitored by periodically weighing the plain specimens. A Sartorious® digital
balance model 1203MP with a 0.1 g resolution was used to weigh the

specimens.
4.1.3.2 Concrete Reysistivity

The concrete resistivity of the plain cylindrical specimens was measured
indirectly using a CNS RM MKII® resistivity meter with a Wenner four-electrode
array with adjustable inter-probe distance [I1.8]. All the measurements were
performed with an inter-probe distance of 2.5 cm (1"). The four-electrode array

was longitudinally centered on the side of the cylinders and the measurements
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were repeated for three different angular positions. The instrument resistivity
readings were corrected for deviation from semi-infinite uniform body condition
by multiplying by a geometric cell constant (Cg). The corrected values were
averaged to obtain a nominal concrete resistivity for each specimen.

The geometric cell constant (Cg) was determined experimentally by
empirical correlations from resistivity measurements with plastic concrete
cylinder molds filled with solutions of known resistivity and verified with finite
element model calculations [I1.9]. Cg was 1/1.62 for the "3 by 6" cylinders, and

1/1.26 for the "4 by 8" cylinders.

4.1.4 Other Baseline Concrete Evaluations

4.1.4.1 Rapid Chloride Permeability Test

Selected "4 by 8" concrete cylinders were cured for 90 days in a 100%
R.H. chamber in order to perform the Rapid Chloride Permeability Test (RCPT),
originally developed by Whiting [II.10], now formulated as an standard test [ll.11,
11.12].

The tests were perfofmed at the FDOT Materials Office Laboratory. After
curing the "4 by 8" cylinder was cut into slices 5.1 cm (2") thick. Apparent
concrete resistivity measurements were taken with the CNS RM MKII® resistivity

meter with the Wenner probe placed on the top surface of the slices before the
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RCPT. The instrumented readings were converted to resistivity values by using
the appropriate geometric cell constant [11.9].

In the RCPT, a measured amount of electric charge was delivered
through the specimen over a six-hour period. A potential difference of 60-volt
DC between the two flat surfaces was maintained during the test. Based on the
amount of charge (in coulombs) measured, the concrete was classified following
AASHTO ranking criteria as: very low permeability (less than 1000 C), low
permeability (from 1000 to 2000 C), moderate permeability (from 2000 to 4000

C), or high permeability (more than 4000 C).

4.1.4.2 Concrete Porosity Test

The porosity of concrete was evaluated by a modification of the ASTM C
642-90 Standard Test Method for Specific Gravity, Absorption, and Voids in
Concrete [Il.13]. Two concrete samples (80 to 100 g) per mix design were
weighed to obtain the "as received condition" weight (ARW). After that the
samples were dried in an oven at 105 C for 48 hrs, and then weighed again to
obtain the "dry condition" weight (DCW). Finally the samples were immersed in
water for 72 hrs. The surface moisture was then removed with a towel before

weighing to obtain the "wet condition" weight (WCW).
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The weight of the water inside the voids (WV) was obtained as WV =
WCW - DCW. This water was assumed to be the total water inside the concrete.

The "percentage of total voids by weight" (TVe.) was defined as

TVeu:e= 100 WV / WCW (h

4.1.5 Testing During Carbonation Exposure

During the carbonation exposure, electrochemical behavior of the rebars
was monitored with time. Also, carbonation depths were measured in the plain
specimens to determine an effective carbonation coefficient Kc for each
concrete formulation.  Electrochemical measurements of the instrumented
specimens were conducted also during the conditioning period before the
carbonation exposure. The start of the carbonation procedure was designated as
time = 0; measurements during the conditioning period are therefore reported as

negative time values.

4.1.5.1 Mass Gain

The mass of selected plain specimens was monitored during exposure in

the carbonation chamber. Those specimens were weighed with an external

mechanical triple-beam balance of 0.1 g resolution. To weigh the specimens, a

nylon net was used to hang them from the balance. The nylon string was
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threaded (taking care to minimize friction) through the small holes in the lid, so it
was no necessary to remove the specimens from the chamber.

Although the mass-gain trends were very sensitive to small variations of
the R..H. inside the chamber, the results provided nevertheless a rough

estimation of the carbonation progression.
4.1.5.2 Half-Cell Potential Measurements

In the instrumented specimens, measurements of the half-cell potential
between the rebars and the internal reference electrode were done using an
MCM® voltmeter model LC-4, with an input resistance of 200 M . Since the ATR
is not a true reference electrode [I1.3], calibration against an external copper-
copper sulfate electrode (CSE) was required. This measurement vs. CSE was
performed periodically placing the tip of the CSE on the upper surface of the

concrete prism.
4.1.5.3 Electrical Resistance Measurements
Measurements of the electrical resistance between the two embedded
rebars were performed in the instrumented specimens with a soil resistivity

Nilsson® meter model 400 (operating with square-wave alternating current at 97

Hz) using a two-point array configuration.
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4.1.5.4 Electrochemical Impedance Spectroscopy (EIS) Tests

In the instruménted specimens, EIS tests were performed using a custom
made unit [Il.14]. The tests were performed in the frequency interval 0.001 to
10000 Hz, with a typical amplitude of 10 mV peak-to-peak. A three-point array
method was implemented by using one bar as the working electrode (WE), the
ATR as the reference electrode (RE), and the second bar as the counter
electrode (CE)—also called the auxiliary electrode.

One concrete specimen was chosen from each concrete formulation, and
both rebars (identified as X and Y) were tested with one day in between to allow
the tested rebar to recover, thus avoiding unrepresentative polarization of the
specimen. The same concrete specimen was tested every time.

The rebar polarization resistance (Rpgs) was evaluated by assuming that
the system behaves as an ideal Randles circuit with a simple solution resistance
Rs and with Rpgs in parallel with a constant phase angle element (CPE) with
parameters Yo and n [l.15]. A commercially available computer package
(EQUIVCRT®) was used to obtain the values of the Randles circuit components

that provided the best fit to the EIS data.

109



4.1.5.5 Polarization Resistance Tests

Conventional polarization resistance (PR) tests were performed in the
instrumented specimens using a computer-controlled Gamry® potentiostat with
IR compensation disabled. The electrode configuration was the same as in the
impedance tests [11.15].

The same concrete specimens used in the EIS test were chosen for PR
tests. Both rebars were tested with one day in between to allow the rebars to
recover the initial open circuit potential after any disturbance created by the first
test.

Tests were conducted by varying the potential (starting from the open
circuit potential) in the cathodic direction, at an scan rate of 0.1 mV/s. The test
was interrupted when the potential reached 10 mV below the starting potential.
The polarization resistance (Rper) Was evaluated by taking the slope of the
potential-current curve at 10 mV excursion and subtracting the IR ohmic drop.
The ohmic drop was measured independently with the Nilsson soil resistivity

meter wire in a three-electrode configuration same as that used for the PR test.

4.1.5.6 Galvanostatic Step Technique

In the instrumented specimens, a custom made galvanostat was used to

obtain an indication of the polarization resistance values from the rebars. In this
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test all the rebars were tested in groups of 15 specimens at a time. A computer-
controlled voltage source produced a 5 V voltage step with respect to the WE
of each specimen. Individual large \)alue resistors connected the CE of each
specimen to the voltage source, resulting in the application to each specimen of
a closely controlled current step in the range 0.0625 pA - 0.25 pA in the cathodic
direction. The WE vs. RE potential of each specimen was monitored for a period
of 700 s before application of the step, and for 1300 s afterwards. The potential
was recorded every 40 s, thus producing a potential shift vs. time data sequence
for each specimen during the experiment. From this potential shift, and by
knowing the current step applied, an approximate value of the polarization
resistance (which will be called Rp,,) was obtained. In addition a more
sophisticated numerical analysis procedure was applied to the one of the
galvanostatic step data sets (tést 10). The procedure used the galvanostatic
step response to estimate independently the values of the parameters of the
same ideal Randles circuit employed for the EIS analysis; the polarization
resistance value thus obtained is designated as Rpegst. Detailed of this

procedure are given in the literature [I1.16, 11.17].
4.1.6 Carbonation Depth Measurement

The most common procedure for carbonation depth measurements is

based on spraying pH indicators over a freshly broken concrete surface. By
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reaction with the highly alkaline non-carbonated concrete, the indicator shows a
change in color [I1.18] revealing the carbonation front. This carbonation front is
assumed to be the boundary between the colorless concrete and the reddish
concrete.

Although there are tests to determine the extent of concrete carbonation
like Thermogravimetric Analysis (TGA) [I.19, 11.20], Quantitative X-ray
Diffraction (QXRD) [I1.21, 11.22], Scanning Electron Microscopy (SEM-EDAX)
[I1.23] these were not used since the coarse aggregate used in this investigation
is limestone rich in calcium carbonate and adequate differentiation of limestone

from carbonated cement paste would be difficult [11.24].

4.1.6.1 Phenolphthalein Solution

The most popular pH indicator used for measuring the depth of
carbonation in concrete is phenolphthalein. Its pH range is stated to be [I.25]
from 8.2 (colorless) to 10.0 (red).

Although Kishitani [l1.26] concluded that phenolphthalein solution is of
high precision to measure whether or not calcium hydroxide remains in the
concrete, this does not mean that the pH of the red concrete is above 12.
However, the phenolphthalein solution can not delimit the exact boundary
between non-carbonated and partially carbonated concrete; or the exact

boundary between partially carbonated and totally carbonated concrete.
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Because of this indetermination partially carbonated concrete may be present at
points in the concrete deeper than the position indicated by the phenolphthalein
boundary [I.19, 11.27]. Therefore, likelihood of corrosion initiation in partially
carbonated concrete exists even if the reddish boundary is still a few mm away

from the steel surface since corrosion of the rebar can start at pH below 10.

4.1.6.2 Other pH Indicators

In addition to phenolphthalein, other suitable pH indicators such as
Alizarin Yellow (pH change from 9 to 10), Thymolphthalein (pH change from 9.3
to 10.5), and Napthol Green B (pH change from 8 to 10), work with virtually
identical results to phenolphthalein [l.24]. However, color changes produced by

phenolphthalein are the most distinct of those produced by indicators [II.2, 11.28].
4.1.6.3 Procedure

An approximately 4 cm-thick slice was split from the "3 by 6" cylinders
using a chisel and a hammer. Immediately after that a 1% phenolphthalein ethyl
alcohol solution or a 0.05% thymolphthalein ethanol solution was mist sprayed
over the two freshly broken surfaces. After the change in color, eight
‘carbonation depths (unless otherwise specified) at different angular positions

(selected at random) were determined in both surfaces using a caliper. The
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carbonation depth was measured from the edge of the specimen to the
beginning of the red zone. Besides those measurements, the maximum and the
minimum carbonation depths were measured. The carbonation depth
measurements were averaged for each cylinder tested. The reported values are

the average of two cylinders.

4.2 RESULTS
4.2.1 Conditioning Period
4.2.1.1 Mass Loss

During the conditioning period all the specimens exposed to the lab air
environment were drying, thus losing mass in the form of water.

The mass loss (ML) for each mix design is plotted in Figure I1.3 as a
function of time. Each value shown is an average of 13 cylinders (see Appendix
4.2). The sets of specimens that lost most water were those of mixes 03 and 05,
with w/c 0.5. Mixes 01 and 08 with a w/c of 0.37 lost the least water. The mass
loss for mix 10 (also w/c=0.37) was actually closer to those of the mixes with w/c
of 0.50 than to those of the other mixes with w/c of 0.37.

However, not all the mass loss came from the free water inside the pore
network. To determine this amount of mass a standard concrete porosity test
was performed in concrete specimens 120 days old [I.13]. The TVy: involves
the weight percent of voids from entrained air (Vayw:), aggregate (Vagyuw:), and

pore network (Vfwsy,:). However, during conditioning, the monitored mass loss
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came exclusively from water inside the aggregate and the pore network since

the voids from entrained air were empty during casting. Therefore, a correction

factor (cfs) was developed to compute the mass loss from the free water. The

results are shown in Table 11.2.

Cfiw = ViWoue I [ TVt - Vagu: | (1)
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Figure 11.3. Mass loss as a function of time during the conditioning

period.

The drying behavior also can be described by a Water-Loss Ratio (WLR)

figured as the mass of the free water loss (Mfw) divided by the mass of the mix-

design water (MW,,x). The latter is the mass of water that needs to be added to

the mix when the aggregate is assumed to be in the saturated-surface dry (SSD)

condition.
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Mfw = cfn, ML (1)

WLR = Mfw | MW, (IV)

The WLR is shown in Figure I1.4 for all mixes as a function of time (in
logarithm scale) during the conditioning period. In this representation, mixes 05
and 10 had the extreme behavior, having lost by day 85 almost 27% of the mix-
design water. At the same time, mix 03 lost around 26%, mix 01 lost 22%, and
mix 08 only lost 20% of the mix-design water. Figure 1.4 was used to decide on
the termination of the conditioning period. The period was terminated when the
slope of the WLR with respect to time in a logarithm scale was consistently one

half or less of that of the initial trend. This condition was reached for all mixes

by day 90.
Table 11.2. Concrete porosity (weight-based).
Mix | Weight % Weight % Voids Correction
Solids® factor (cfs)
(TVoumt)® | (Vasw)' | (Vagow)' | (Viwsw)
01 93.83 6.17 0.53 2.35 3.29 0.58
03 92.59 7.41 0.55 2.41 4.45 0.65
05 90.27 9.73 0.55 2.41 6.77 0.74
08 93.16 6.84 0.58 2.36 3.90 0.62
10 | 93.39 6.61 0.81 2.38 3.42 0.59

SFrom modified ASTM C 642 test

"From Appendix 1
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Figure I1.5 shows the change in the residual w/c (RWC) as a function of
drying time. This RWC is figured as the mass of the mix-design water used

minus the mass of the free water loss, divided by the mass of the cementitious

material (Mcm).
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Figure Il.4. Water-loss ratio as a function of time.

117



E S
e | Mix 01
T 2‘\’% ) —+—
T Mix 03
0.40 o
% {é:\ E #-#F; Mix 05
R e L e
\\\:ﬁﬁ % -l Mix 08
<2.0.30 R e ﬂ\iiémg 3
S Eer S et | Mix 10
T
)
RS
2 0.20
ot
0.10
0.00

1 10 100
Time after Demolding (days)

Figure 11.5. Change in the residual w/c as a function of drying time.

RWC = [ MW, - Mfw ]/ Mcm (V)

At the end of the conditioning period, the RWC for mixes 03 and 05 was
about 0.37. For the mixes with low w/c (mixes 01, 08, and 10), the final RWC
was between 0.27 and 0.29. Notice that during the first 10 days after demolding
the slope for mix 10, which had an initial w/c of 0.37, was different from that of

mixes 01 and 08, both having an initial w/c of 0.37.
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4.2.1.2 Concrete Resistivity

While drying, the specimens experienced a concurrent increase in their
resistivities as shown in Figure 11.6. Each value is an average of 13 cylinders
(see Appendix 4.3). Notice that, although the resistivity of mix 10 was in the
same order as the resistivities of mixes 01, 03, and 05 at the beginning of the
conditioning period, the resistivity of mix 10 increased to reach and exceed that
of’mix 08 after 30 days. At the end of the conditioning period the resistivities of
mixes 01, 03, and 05 were very similar regardless of the design w/c value. The
resistivity of mix 10 was almost twice the resistivity of mix 08, and more than four
times the resistivity of the mix 01, 03, and 05 group.

The resistivity trends with time of the selected specimens kept in the
100% R.H. chamber (Figure I1.7) were quite different from those exposed to
laboratory air. All specimens at 100% R.H. increased their resistivities in the
logarithm scale linearly with time for about 30 days after demolding (45 days
after casting). This behavior may reflect the progress of pozzolanic reaction of
FA with calcium hydroxide. After this period all the resistivities remained nearly
stable. Notice that the behavior of the resistivity of mix 10 (50% FA) was

different from the others.
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Figure I1.6. Concrete resistivity of specimens during the lab air
environment conditioning period.
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Figure I1.7. Concrete resistivity of specimens in the 100% R.H. chamber.
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At the beginning of the wet conditioning period, the resistivity value of mix 10
was in the same order as that of the other mixes without SF (~4 kQ2-cm) although
the resistivity of mix 08 was about 10 kQ-cm. However, after the wet
conditioning period the resistivity of mix 10 was in the same order as that of mix
08 (~30 kQ=cm)—two times more than those of the other mixes with 20% FA

(~10 kQ-cm).

4.2.1.3 Rapid Chloride Permeability Test

90 days after demolding the RCPT was performed at the FDOT Materials
Office Laboratory with a set of selected "4 by 8" specimens that had been
continuously kept in a 100% R.H. environment.

The results showed that mixes 03 and 05 had chloride permeability
values in the "Low" classification (from 1000 to 2000 C), while mixes 01, 08, and
10 had permeability values in the "Very Low" classification (less than 1000 C).
The results are plotted in Figure 11.8 as a function of the resistivity (p) at 100%
R.H. of each concrete mix at the time of RCPT determination.

There was a close correlation of the RCPT coulomb values with the
resistivity values of each mix measured in the fully wet condition before the
RCPT. The correlation matched well the resistivity-RCPT test relationship
(p=4887 C°%%) obtained by Berke and Hicks [11.29], denoted by the solid line in

the figure.
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Figure 11.8. Correlation between concrete resistivity and Rapid Chloride
Permeability Test results.

4.2.2 CO, Exposure Environment

4.2.2.1 Mass Gain

The masses of the selected "3 by 6" specimens monitored during the CO;
exposure period are plotted as a function of time in Figure [1.9. This exposure
started immediately after the conditioning period. The mass gain reflected the

reaction with the carbonating environment. Notice that the mixes with high w/c
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(mixes 03 and 05) gained more mass than the mixes with low w/c (01, 08, and
10). The mass of the specimens showed also sensitivity to the small variations

of the chamber R.H. within the control range (60%+5%).
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Figure 11.9. Mass gained of "3 by 6" concrete specimens during
carbonation in a 0.5% CO, environment.

4.2.2.2 Half-Cell Potential Measurements

During the conditioning period the rebar potentials from all mixes became
more positive with increasing time (see Figure 1.10). The more positive
potential at the end of this period was found in mix 08, although at the beginning
of the testing period this mix had the less positive rebar potential. The average

potentials at the end of conditioning of mixes 01, 03, and 10 were near -50 mV
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vs. CSE. The less positive potential was found in the chloride-contaminated mix

05 (near -80 mV vs. CSE).
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Figure 11.10. Evolution of rebar potentials during the conditioning period.
Each value is an average of 12 specimens.

During the actual testing (exposure to 5000 ppm of CO,) period the
average potentials for each mix remained stable for abo.ut 170 days (Figure
I1.11). The chloride-contaminated mix 05 was the first concrete mix where the
rebars showed the onset of a trend toward less positive values (day 175 of
accelerated testing). Concrete mix 03 was the second to show a transition (day
190 of accelerated testing), but after a small potential shift ( 25 mV) in the less
noble direction, the rebar potentials became stable again. Concrete mix 10
experienced a transition in day 200 of accelerated testing. The rebar potentials

in this mix showed a continuing shift in the less noble direction, but at a slower
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rate than that of the rebars in mix 05. The potentials of the rebars in mixes 01
and 08 did not show significant variation. See Appendix 4.4 for the detailed

listing of results.
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Figure I1.11. Evolution of rebar potentials. Negative time values
correspond to the conditioning period; positive time values denote
exposure in the accelerated test chamber (0.5% CO,). Average of
6 specimens.

4.2.2.3 Electrical Resistance Measurements

The interbar concrete resistance of the instrumented specimens is plotted
as function of time in Figure 11.12. Each value is an average of 3 concrete
prisms. Notice that the slope of the curves for the mixes 01, 03, 05, and 10
changed at the time that the specimens were put in the accelerated test chamber

(around 90 days after demolding). Also, the slope of the curve for mix 03 began
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to change again after 150 days in the chamber, and the curve surpassed that of
mix 08 after 280 days in the chamber. The resistance of mix 03 increased nearly
10 times during the period in the chamber. During the same period the
resistance of mixes 01, 05, and 10 increased more than 4 times, and the

resistance of mix 08 increased more than 3 times.
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Figure 11.12. Average interbar concrete resistance per mix design of
instrumented specimens. '

4.2.2.4 Polarization Resistance Measurements
The Rp.p results from the galvanostatic step technique (GST) tests are

shown in Figure I1.13. Those results are the average of 6 rebar specimens per

mix design (see Appendix 4.5).
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The average Rp,p, values in all concrete mixes had generally increasing
trends, except for mixes 05 and 10 that experienced a trend reversal starting
around day 200. The relative change in trend was greater in mix 05 than in mix
10. Notice that these changes correlate well with the potential behavior
transitions (Figure 11.11) observed for the same specimen groups at the same

time.
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Figure 11.13. Average Rp., as a function of time. Steel area = 31 cm?.

Figure 11.14 shows the impedance response of a rebar specimen in
concrete mix 01 (20% FA, w/c=0.37, no chloride) at different dates. This
response was typical of specimens having high polarization resistance values
(by either of the various methods used). In contrast, Figure 1.15 shows the

response of a rebar specimen in concrete mix 05 (20% FA, w/c=0.50, chloride
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contaminated), typical of specimens showing low polarization resistance values.
Both specimens had concrete resistance values of the same order. Notice that
because of the position of the ATR, the concrete resistance values from the EIS
diagrams are half of those reported in Figure 11.12 for the same mixes and times.

The Rpeis was evaluated using the low frequency portion of the spectrum
(f<10 Hz). The results for data obtained near day 300 are given in Table II.3.
The upper limit of detection of Rpgs was ~4 MQ. All reported values are in Q.
To convert to area-normalized impedance, the reported values can be multiplied

by the nominal steel area in contact with concrete (31 cm?).
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Figure 1.14. Typical Nyquist plot of a rebar specimen in concrete mix 01.
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A summary of the Rpms, Rppr, and Rpgsr results near day 310 of
accelerated testing is presented in Table il.3. The three methods gave
consistent results in most cases, considering that the admittance of the
corrosion reactions was often very small. The best correlation was between

Rper and Rpgs resuits in the range 10 - 100 kQ.
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Figure 11.15. Typical Nyquist plot of a rebar specimen in concrete mix 05.
Table 1.4 shows the average values of Rpest and the CPE constants (Yo

and n) evaluated near day 310. Each value is an average of six rebars per mix |

design. The behavior of Yo and n with time is presented in Figure 11.16. Those
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Table I1.3. Rp values from different tests near day 310 of accelerated testing.

Rp values (k)

Concrete Mix Specimen EIS PR GST
01 011X 600
012X 910 430 560

013X 840

011Y 940

012Y >4000 650 1200

013Y 2000

03 031X 2500 . 680 1600
032X 1800

033X 1300

031Y >4000 940 1300

032Y 1400

033Y 900

05 051X 27 25 48
052X 21 17 33

053X 17 16 31

051Y 25 24 22

052Y 18 15 16

053Y 82 52 61

08 081X >4000 580 700
082X 1600

083X } 1200

081Y >4000 1100 2400

082Y 1400

083Y 1200

10 . 101X 1900 450 600
102X 1100

103X 300

101Y 3700 230 380

102Y 500

103Y 400
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values were evaluated from EIS results and are the average of two selected
rebars per mix design. Notice that the Yo values were decreasing with time for
each mix design but mix 01. On the other hand, n values for mixes 03, 05, and
10 were decreasing with time. The values of Yo and n from EIS results (Figure
11.16) were generally consistent with those obtained from GST (Table 11.4) at day

313. The only severe discrepancy is in the results obtained from mix 05.

Table 11.4. Average values of Yo and n from GST tests at day 313.

Mix Rp (kQ) 10* - Yo Ovo n R
01 1000 8 1.26 0.82 0.02
03 1400 3 0.68 0.76 0.04
05 35 12 5.80 0.70 - 0.13
08 1400 7.5 1.54 0.85 0.02
10 550 4 0.80 0.71 0.04
ZZZZ: AN ‘\.\‘-'/- E«“ 0.9 MIOJ
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Figure 11.16. Values of Yo and n as a function of time from EIS tests.
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The values of Rp,p, (N0t shown in Table 11.3) were in good agreement with
the results from the other procedures for mix 05. As expected, the polarization
resistance was somewhat underestimated by Rp., in the other mixes for which
the admittance of the corrosion reactions was small [I.15]. Rps, was
nevertheless useful for_comparison purposes (as in Figure 11.13) and was used

for ease of computation in this preliminary processing of the results to date.

4.2.3 Carbonation Depth Measurements

At the end of the conditioning period, two cylinders per mix design were
split open and tested with both phenolphthalein and Thymolphthalein indicators,
to determine the depth of carbonation. Those specimens were previously
designated as controls, and the results are shown in Table I1.5, as an average of
two specimens—each one in turn an average of seven measurements around

the cracked section perimeter.

Table I1.5. Carbonation depth at day O of accelerated testing.

Mix 01 Mix 03 Mix 05 Mix 08 Mix 10

Average (mm) 1.1 2.2 2.5 1.4 2.6

These results showed an increasing carbonation depth as the cement

content decreased when going from mix 01 to mix 08 to mix 10. The carbonation
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depth increased as the w/c increased from 0.37 in mix 01 to 0.50 in both mixes
03 and 05 (§ee Table I1.1 for mix designs). There was no difference in the
measured carbonation depth when either phenolphthalein or thymolphthalein
was used. However the color changes when using phenolphthalein were better
defined, specially when examining concretes containing SF. Based on the
above, thymolphthalein was not used for carbonation testing in the rest of this
study.

After 120 days of accelerated testing, two specimens per mix design were
split open and tested with phenolphthalein indicator. The results are shown in
Table 11.6. Each value is an average of the total carbonation depth of the two

specimens—each one in turn an average of eight measurements.

Table 11.6. Carbonation depth at day 120 of accelerated testing.

Mix 01 Mix 03 Mix 05 Mix 08 Mix 10

Average (mm) 8.4 12.2 12.6 11.1 13.7

The correlation between carbonation depth (after subtracting the initial
carbonation depths in Table 11.5) and cement content is plotted in Figure 17A.
Notice that for concretes with the same w/c (mixes 01, 08, and 10), the
carbonation depth varies as a function of the cement content. On the other
hand, for concretes with the same cementitious content (mixes 01, 03, and 05),

the carbonation depth varies as a function of wic, as plotted in Figure 11.18A.
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Figure 11.17. Carbonation depth (initial carbonation depth subtracted) as
a function of the cement content at A) 120 days of accelerated
testing, B) 260 days of accelerated testing.

After 260 days of accelerated testing two specimens per mix design were

tested with phenolphthalein indicator to determine the carbonation depth. The

results are shown in Table I1.7.

Carbonation Depth (rmm)
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Carbonation Depth (mm)

MX 01

h
MIX 01

1.00 050

Waoler —fo-Cementitious Rotio

0.50 1.00
Water -fo—Cementilious Ratio

Figure 1.18. Carbonation depth (initial carbonation depth subtracted) as
a function of the water-to-cementitious ratio at A) 120 days of
accelerated testing, B) 260 days of accelerated testing.

134



Table 11.7. Carbonation depth at day 260 of accelerated testing.

Mix 01 Mix 03 Mix 05 Mix 08 Mix 10

Average (mm) 12.0 17.4 19.0 15.2 21.2

Figure 11.19 shows a picture of the phenolphthalein test for a sample of
each concrete mix after 260 days of accelerated testing. The picture was taken
just after spraying the pH indicator on the freshly broken surface of the samples.
The specimens are arranged by increasing carbonation depth (from left to right).
In that order, the concrete mixes are 01, 08, 03, 05, and 10. Notice the higher'
carbonation depth for the samples with high w/c (mixes 03 and 05) or high
pozzolanic replacement (mix 10), compared with the carbonation depth of the

control mix 01.

Figure 11.19. Carbonation depth determination using phenolphthalein.
Determination at 260 days of accelerated testing. From left to
right, mixes 01, 08, 03, 05, and 10.

The trends of carbonation depth (after subtraction of initial carbonation

depth) as a function of the cement content, and as a function of the w/c are

plotted in Figure IL.17B and Figure [1.18B, respectively. These and previous
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results (at days 0 and 120 of accelerated testing), indicate that the carbonation
depth increases as the cement content decreases, and as the w/c increases.
The carbonation depth (after subtraction of initial carbonation depth) as a
function of the 28-day compressive strength test is shown in Figure I20. The
carbonation depth decreased as the compressive strength increased when the

cementitious material was the same (mixes 01, 03, and 05).
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Figure 11.20. Carbonation depth (initial carbonation depth subtracted) as
a function of the 28-day Compressive Strength, at 260 days of
accelerated testing.
The maximum, mean, and minimum carbonation depths per mix design at
day 260 of accelerated testing are plotted in Figure I1.21. The large variation
between minimum and maximum carbonation depths underscores the variability

of the carbonation depth, reflecting the existence of preferential gas transport

paths as for example through porous aggregates. The carbonation penetration
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depth in the instrumented specimens is expected to have been comparable
(although a detailed analysis would be needed to account for the differences
between the prismatic and cylindrical geometries). Notice that although in only
one concrete formulation (mix 10) the average carbonation depth exceeded the
steel concrete cover depth in the prismatic specimens (20.6 mm), the maximum
carbonation depth values in mixes 03 and 05 also surpassed that value. This
observation may account for the electrochemical activity observed in those three

mixes as shown in Figures 11.11 and 11.13.
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Figure 11.21. Maximum, average, and minimum carbonation depth for
each concrete mix at day 260 of accelerated testing.

On first approximation the carbonation progress under uniform
exposure conditions may be expressed by the empirical relation:
x=K-t* (V1)

which can also be derived from simplified theoretical treatment (Appendix 4.6).
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In eq. VI, x is the carbonation depth in mm; t is the carbonation time in
years; and K is the carbonation coefficient in mm/y”. Typical values of K in
actual structures exposed to atmospheric CO, [1.30, 11.31] are on the order of 3
mm/y” (dense concretes) to up to 10 mm/y” (less dense concretes).

To determine the carbonation coefficient of each concrete mix, the
carbonation depths were first nominally converted from carbonation depths in a
cylinder to carbonation depths in a flat surface. The procedure to make the
conversion is shown in Appendix 4.7. This conversion was needed to overcome
the corner effect penetration in the cylinder specimens. The converted
carbonation depths at 120 and 260 days are presented in Table 1.8 (see

Appendix 4.8).

Table I1.8. Converted carbonation depths assuming a flat surface.

Mix 01 Mix 03 Mix 05 Mix 08 Mix 10
at 120 days 8.0 11.5 11.8 10.4 12.8
at 260 days 11.3 15.9 171 14.1 18.7

The values of Kc (carbonation coefficient under accelerated testing
conditions) from the converted carbonation depths are presented in Table 11.9.
These values were also corrected from initial carbonation prior to accelerated
exposure following the procedure shown in Appendix 4.6. Notice that these

carbonation coefficients are for test chamber exposure to a CO, molar
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concentration of 0.5% (5000 ppm) in air. Conversion to atmospheric exposure

conditions is given in the Discussion section.

Table 11.9. Values of Kc at CO, = 0.5% (in mm/y”).

Corrected for geometry and pre-existent carbonation.

Mix 01 Mix 03 Mix 05 Mix 08 Mix 10
at 120 days 13.9 19.6 20.1 18.1 21.8
at 260 days 13.3 18.7 20.1 16.6 22.0

4.3 DISCUSSION

4.3.1 Conditioning Period

Fraay et al. [11.32] showed that the pozzolanic reaction of the FA class "F"
begins in wet concrete typically after about 2 weeks of casting, when the OH
concentration becomes high enough to dissolve the fly ash particles. The
presence of this effect in the specimens kept in a 100% R.H. chamber was
supported (Figure 11.7) by the observed increase in the resistivity of all mixes for
a period ending at 45 days after casting (30 days after demolding). This
increment in resistivity due to the pozzolanic reaction has been reported by Bijen
and Pietersen [I1.33]. All this implies that during the first days the FA behaves
mostly as an inert material.

Therefore, when the specimens were exposed to the lab air environment
immediately after the 14-day curing period, they had an excess of water (from

the wic mix design), since the FA has not starting to react. This was true

139



especially for mix 10 (50% FA). The mass loss after demolding for mix 10 differs
from the others (Figure II.3)§}, in that during the first 10 days the mix 10
specimens lost water at the same rate than specimens from mixes 03 and 05,
both also with w/c=0.50; but after a transition from day 10 to day 30, the rate of
water-loss of mix 10 resembled that of mixes 01 and 08, both with w/c=0.37.

Because of drying, the specimens conditioned in the lab air environment
experienced a concurrent increase in their resistivities. However, two well
defined stages can be observed in Figure I1.6. The first one involves the first 30
days after demolding, in which the increase in resistivity is most likely due to
both drying of the outer concrete layer and further hydration of the inner
concrete core. This early behavior resembles that of the selected specimens
kept in the 100% R.H. condition (Figure 11.7). Once the hydration of the concrete
reached a very low rate (almost negligible) after 30 days of curing, the increase
in resistivity for the specimens in the lab air environment can be expected to
have been primarily due to drying. |

Notice that the resistivity in mix 10 surpassed that of mix 08 at the end of
the test period (Figure 11.6). Also, the resistivity behavior of the mix 10
specimens in the lab air environment differed from that of the mix 10 specimens
kept at 100% R.H. (in the 100% R.H. chamber the resistivity of the mix 10
specimens did not surpass that of mix 08 specimens); and that could be
explained by the excess of water lost during the first 10 days after demolding
due to the unreacted FA. This implies that less electrolyte (for this concrete mix
with a w/c=0.37) was held in the pore network, therefore a lower conductivity
concrete was obtained.

Additionally to the scope of this investigation the correlation between the
RCPT and the resistivity measurements verified the findings of Berke and Hicks

[11.29]. Therefore, it is suggested that instead of performing a time-consuming
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semi-destructive RCPT, the same results can be obtained for this type of
concretes from a quick non-destructive measurement of the concrete resistivity.
However, care should be exercised while trying to correlate corrosion-risk
prediction with resistivity or RCPT results without considering concrete porosity,
degree of water saturation, pozzolanic replacement, and pore solution
compositioh [11.34]. Further research involving different types and amounts of

pozzolanic replacement is needed to thoroughly confirm these findings.
4.3.2 CO; Exposure Environment

Although the weight gain in the chamber gave a rough indication of the
progression of the carbonation process, the results need to be complemented by
further analysis of the decomposition of CH and C-S-H by CO,. The weight gain
method is helpful when looking for complete carbonation which is reached when
the specimens achieve constant weight [I1.35].

The electrochemical behavior of the rebars in the control mix 01 indicated
that the steel was still passive ét the end of the testing period (Figure 11.11). The
potentials remained stable at noble values in agreement with the high
polarization resistance values obtained. Both the potential and Rp,, trends
matched the expected behavior based on the average carbonation depth shown
in Figure 11.21. According to the carbonation depth measured at the end of the
testing period, there was no carbonation in the plain specimens at the depth
where the steel surface is located in the instrumented specimens, and therefore
no corrosion was expected.

The potential data for steel in mix 03 showed erratic behavior after 190
days in the CO, chamber. The likelihood that this behavior was due to the

carbonation front having reached the steel surface is supported by the total
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carbonation depth shown in Figure 11.21. However, this potential behavior was
not matched by a transition in the Rp,, trend (Figure 11.13). This may be
explained by the high concrete resistance which at'the end of the testing period
surpassed that of SF mix 08. According to Alonzo et al. [I1.35], large Rp,, values
are commonly observed when the concrete resistance is high. In the case of the
steel in the high concrete resistance (mix 03), the high baseline Rp., values
could overshadow a small variation due to the carbonation front arrival.

Alonzo et al. [I1.35] showed that there was a linear correlation (in a log-log
scale) between corrosion current density and the electric concrete resistance for
rebars embedded in carbonated mortars regardless of the amount and
composition of the pozzolanic replacement. Feliu et al. [I1.36] noted that
although the resistivity and Rp are not necessary a function of each other, both
depend on the degree of humidity of the concrete. Therefore, it was assumed by
Feliu et al. [I.36] that the corrosion attack in carbonated concrete will be limited
to the metal zones in contact with the pore solution and be negligible at the
relatively dry zones. The authors proposed that the measured value of Rp is
inversely proportional to the fraction of wetted surface and that if the corrosion
rate of rebars embedded in carbonated concrete were under resistive control,
then the application of the Stearn-Geary equation would not be valid. However,
they concluded that it is not the case because, due to the low R.H. (less than
85%‘) normally observed in carbonation-induced corrosion processes, diffusion
transport of oxygen (needed for the cathodic reaction) is not likely to be limiting
the rate of the corrosion reaction. Any variation in the R.H. affects the moisture
inside the concrete, thus changing the anodic reaction rate. Glass et al. [I1.37]
stated that in carbonation-induced corrosion processes the anodic reaction rate
is under resistive control and the overall corrosion rate is under anodic control.

All the above arguments appear to be applicable to the findings of this
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investigation, and in summary it may be proposed that the corrosion rate is
limited by electrolyte availability.

In the chloride contaminated mix 05 the steel potential data showed é
continuous shift toward less noble potentials after 175 days of testing. At the
end of the testing period the potential data showed values typically associated
with steel depassivation. This change was observed also in the Rpap trend that
showed a continuous decrement after the same time. The assumption that both
these changes were due to the carbonation front arrival was supported by the
carbonation depth measurements (Figure 11.21). Due to the chloride
contamination, low concrete resistance was observed in spite of the high
carbonation depth measured. The chloride contamination provided additional
ionic charge carriers and the hygroscopic properties of the salt may have caused
more water to be retained by the concrete [1.37]. Therefore a larger amount of
electrolyte which was also more conductive was available (compared with mix 03
for' the same wi/c ratio). Although already during the first PR tests the steel
rebars in mix 05 showed low Rp., values, these decreased by more than a half
after the’concrete was carbonated. This two-fold increase in the apparent
corrosion current may be explained by assuming that the carbonation process
released the bound chlorides [11.38], thus increasing further the amount of free
chlorides in the pore solution. Since the carbonation process decreased the pH
of the pore solution (which means a reduction in the concentration of OH’), the
CI/OH  ratio is expected to have increased as a result therefore elevating the
corrosion risk even more [I1.39, 11.40].

The electrochemical behavior of steel in mix 08 showed no change during
the testing period. The rebars in this concrete mix had the more noble potentials

and the highest Rp,, values among all mixes. However, it was confirmed in this
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investigation that SF concrete experienced higher carbonation depth than the
control FA concrete mix 01 [I1.45].

The potential data from steel specimens in mix 10 showed a continuous
shift toward less noble values after 200 days. At the same time the Rp., values
decreased although only moderately. This could be explained by the high
concrete resistance of mix 10, that increased the Rp,, values as discussed
earlier [I1.35]. An assumption that the potential and polarization resistance
behaviors were due to the carbonation front arrival was supported by the
average carbonation depth measured in this mix, which was highes‘t than in any
other (Figure 11.21). Notice that due to pronounced drying during the
conditioning period (as discussed in previous section 4.3.1), this mix had also
the highest concrete resistance among all mixes, which generally means low
electrolyte amount in the pore network (although low pH pore solution may have
also contributed to high resistivity). Therefore, in spite of the onset of corrosion,
the corrosion rate was likely to be limited by the high concrete resistivity.

The influence of w/c ratio on the carbonation process was evident only
when the cementitious content and cement percent replacement was constant,
as for mixes 01, 03, and 05. For those mixes, the higher the w/c ratio, the higher
the carbonation rate. This was expected due to the high porosity of mixes 03
and 05 compared with mix 01, that allowed for a faster influx of CO,. On the
other hand, for the same cementitious content and w/c ratio, the rate of the
carbonation process decreased with the cement content, as for mixes 01, 08,
and 10. Let's assume that the final product of the carbonation process is
primarily calcium carbonate, and recall that there was more calcium per unit
volume (due to the cement content) in mix 01 than in mix 08, and more in mix 08

than in mix 10. Therefore, more CO, would be needed per unit volume (a higher
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value of M in the terminology of Appendix 4.6) to react with all the carbonatable
products, thus lowering the carbonation rate for a given CO, concentration.

Due to the geometry of the plain specimens a conversion from the
carbonation depth in a cylinder to carbonation depth in a flat surface was needed.
The conversion was calculated as shown in Appendix 4.7.

The calculated flat-front carbonation depth at day 260 is plotted in Figure
11.22 as a function of the water-to-cement ratio (w/c) instead of the water-to-
cementitious ratio. The penetration depth appears to be determined primarily by
the cement content (notice nearly linear dependence with w/c’) and not by the
extent of pozzolanic addition, which varied significantly between mixes (correction
of the carbonation depths to account for the small amount of pre-existing
carbonation at the beginning of the test yielded essentially the same results). This
suggests that the pozzolanic material behaves as an inert material for the
carbonation process in spite of the increase in resistivity and compressive strength,
and the decrease in porosity that usually results from pozzolanic replacement.

No correlation was found for the carbonation depth as a function of the 28-
day compressive strength except for mix groups with the same cementitious content
and percent replacement. This behavior paralleled the behavior from carbonation
depth as a function of w/c described in Figure [1.18.

This lack of correlation was expected since both the w/c and the 28-day
compressive strength are related to the concrete porosity under the same

conditions (i.e. curing time). It is worthy to mention that no correlation between
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the 28-day compressive strength and the carbonation rate was found when

different amounts and/or types of pozzolanic replacements were used in other

investigations [11.42, 11.43].
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Figure 11.22. Flat-front corrected carbonation depth for 260-day exposure

at Pco, = 0.005 Atm., as a function of the water-to-cement ratio.
Visual inspection of the freshly broken concrete surface after spraying
phenolphthalein (during carbonation depth measurements) showed a very
irregular carbonation front, specially where coarse aggregate was l|ocated.

Presumably, this aggregate was very porous and quickly lost the water inside,
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allowing the air to flow deeper into the concrete. Experiments using a different

type of stone (river-rock) are now in progress to clarify this issue.

4.3.3 Implications for Service Life Prediction

The end of the initiation period of carbonation-induced corrosion can be
assumed to occur when the carbonation depth exceeds the rebar cover
thickness Xe. The nominal time te for corrosion initiation is then given by eq.
(6.6) in the Appendix 4.6.

tc = Xc° | Ka | (V1)

where Ka is the carbonation coefficient under atmospheric exposure conditions
(CO, about 0.03%). The value of Ka can be estimated from the accelerated
exposure tests by using the simplifying assumptions of Appendix 4.6 that yields
Kc (Cco,)”. Since in the experiment Cco, = 0.5%, then Ka = (4.08)" Kc. This
correlation was used also by Papadakis et al. [I1.5] while comparing carbonation
depths from different investigators. The values of the carbonation coefficients

thus estimated for natural exposure under adverse R.H. conditions are
presented in Table 11.10. Carbonation coefficients estimated from the shallow
carbonation depth experienced during the atmospheric conditioning period at
65% R.H. are also presentéd in Table 11.10, showing good agreement despite

the relative short conditioning time and changing concrete conditions.
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In a reinforced structure with a concrete cover of 5.1 cm (2"), and a
desired service life of 75 years without steel depassivation, the carbonation
coefficient should be less than 5.8 mm/y* [I1.44]. Under those assumptions all
the concrete mixes tested had a low-enough carbonation coefficient even at the
severe 60% R.H. regime used (see Table I1.10). However, if the concrete cover
for the same structure were only 2.5 cm (1"), the required carbonation coefficient
should be less than 2.9 mm/y*. For a 2.5 cm cover, mix 01 (20% FA) would start
to show steel depassivation after 54 years. For mix 08 (20% FA + 8% SF
cement replacement) the steel would start to show depassivation after 34 years.
By increasing the FA replacement from 20% to 50°A) the steel depassivation
would begin after only 21 years. In other words, the corrosion initiation period
would be reduced by 60% when increasing the FA content (as cement
replacement) from 20% to ‘50%; by 50% by increasing the w/c from 0.37 to 0.50;
and by 35% by adding 8% SF (as cement replacement). The calculated effect of
reducing cover lends support to establishing specifications for thick concrete
cover, such as those used by FDOT [l1.45] that required 5.1 cm (2") of cover for
Cast-in-Place superstructures and 7.6 cm to 10.1 cm (3" to 4") for Cast-in-Place
substructures. The calculations suggest that with proper construction control,
new structures reflecting present design may be expected to be free of
carbonation-induced corrosion over long service lives.

The estimated Ka values are likely to be representative only of inland

concrete structures covered from rainfall. Actual Ka values ranging from 1 to 5
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mm/y* were obtained from measurements in inland concrete bridges in Florida
[1.31). An average Ka = 3 mm/y”* was found in the substructures, and an
average Ka = 2.5 mm/y” was found in the superstructures of those bridges. The
somewhat lower Ka values found in the field (compared with those in Table 11.10)
may be attributed to the wet periods due to rainfall and to variations in R.H. A

worst-scenario case was used in this investigation (no wet periods and R.H. of

60%).
Table 11.10. Average converted values of Ka (in mm/y’™).
Mix 01 | Mix 03 | Mix 05 | Mix 08 | Mix 10
From accelerated exposure 3.4 4.7 4.9 4.3 5.4
From initial conditioning 2.3 4.4 5.0 2.7 52

4.3.4 Comparison with other Investigations

The correlation between carbonation depth and the w/c described in the
previous section can be discussed in terms of the carbonation coefficient Ka.
The advantage in doing so is that the results can be compared with results from
other investigators. The Ka values are shown in Figure 1.23 along with trends
extracted from the results by Loo et al. [I.46] and Ho and Lewis [I1.47]. The
results from those investigators were converted to Ka values using the same

procedure described in the previous section. The research from Loo et al. was
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done using a CO, concentration of 7%, R.H. of 65%, and w/c ranging from 0.40
to 0.70. No FA was used in that investigation. The research from Ho and Lewis
involve a CO, concentration of 4%, R.H. of 50%, w/c ranging from 0.40 to 0.80,
and FA replacement from 0% to 40%. Similar trends of dependence of Ka with
w/c (although at somewhat different offsets) were found for the results of those

investigations and the present work.
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Figure 11.23. Flat-front corrected carbonation coefficient Ka as a
function of the water-to-cement ratio.
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4.4 CONCLUSIONS

1. For concrete mixes with 20% FA replacement and 444 kg/m® of
cementitious material, the carbonation depth increased directly proportional as

the water-to-cementitious ratio increased from 0.37 to 0.50.

2. For concrete mixes with a 0.37 water-to-cementitious ratio and 444 kg/m’
of cementitious material, the carbonation depth increased as the percent of

cement content decreased from 80% to 50%.

3. For concrete mixes with 20% FA replacement and 444 kg/m® of
cementitious material, the carbonation depth decreased as the compressive

strength increased.
4, For concretes with pozzolanic replacement carbonation depth increased
nearly linearly as the water-to-cement (as opposed to water-to-cementitious)

ratio increased.

5. The combined effect of chloride and carbonation-induced corrosion was

synergetic even in the low relative humidity test environment used.
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6. The estimated corrosion initiation period can be shortened by about 60%
if the amount of FA is increased from 20% to 50% (as cement replacement); by
about 50% if the water-to-cementitious increased from 0.37 to 0.50; and by

about 35% if 8% of SF is added as cement replacement.

7. Comparison between carbonation coefficients obtained in the accelerated
test exposure and initial atmospheric conditions agreed approximately with a

square root dependence of Kc with PCO,.

8. Extrapolation to atmospheric conditions of the Kc values obtained in the
accelerated test resulted in atmospheric carbonation coefficients in the range 3
< Ka < 5 (in mm/y*). Those values compared favorably with the range of values

obtained in the field investigation presented in Section 3.
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STATEMENT OF BENEFITS

The investigation described in this report assessed the extent of concrete carbonation in
FDOT bridges and the potential for carbonation in candidate concrete mix designs for
future FDOT construction. The results indicate that concrete carbonation is in progress at
a moderate rate in most bridges, but that carbonation-induced corrosion affects only a
small fraction of the present bridge inventory. Durability projections for existing structures
indicate that, except for a few extreme cases, carbonation induced corrosion should not
become an important maintenance issue during the normal service life of the bridge. The
findings benefit planning for future maintenance needs by indicating direction of the FDOT

resources to the more pressing problem of chloride-induced reinforcement corrosion.

Because the FDOT bridge inventory is large, the results of this investigation suggest
nevertheless that routine tests for concrete carbonation be performed when periodically
assessing the integrity of existing bridges, especially for older structures at inland
locations. Direct benefits from this practice derive from identification of structures in need

for maintenance which otherwise would have pass unnoticed.

The results from the laboratory investigation provided important confirmation that concrete
mixes with moderate amounts of pozzolanic additions (a key component in the present
FDOT strategy to combat chloride-induced corrosion) do not show undue susceptibility for

carbonation. This finding benefits the FDOT materials selection effort by removing
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uncertainty in the expected performance of these candidate concretes. The findings also
provided a warning against excessive pozzolanic replacement in high performance
concretes, a result that is beneficial by avoiding design choices that could have caused

durability reduction.
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Report on the background
of carbonation of concrete
structures

by C. Andrade



BACKGROUND

Present report corresponds to the Contract between the University of South Florida and the
Consejo Superior de Investigaciones Cientfficas, no.subagreement #21-04-201-LO-A.

AIM
The aims of present report are the following:

1) To summarize a state-of-the art on the processes developing during carbonation of the
concrete, on the concrete itself and on the rebars. '

2) To collect a list of bibliographical references on the subject.

3) To describe calculation methods of the carbonation rate.

1. SUMMARY OF THE STATE-OF-THE ART
1.1. CARBONATION REACTIONS
1.1.1. Carbonation of the solid phése df the cement paste

The action of CO2 of the hydrated cement paste leads to some relevant changes on
cement microstructure which causes the slow modification of the properties of the -
concrete.

When taking account the reaction mechanism of cement components it is necessary to
distinghish between anhydrous and hydrated cement. Anhydrous cement is carbonated
when it is stood in contact with the atmosphere. This contact makes the cement
particles to be hydrated superficially and in consequence, they may become carbonated
developing some kind of aggregation. The phenomenon is known as the meteorization
of the anhydrous cement. ‘

More specially important are the reactions experienced by the solid components of the
hydrated cement when those components suffer carbonation. Thus, as S.L. Meyers 1)
suggests that the hydrated SCs reacts with the COzto form calcium COs and hydrated
Si02, while the SCz reacts directly with the CO: to create the same type product.

Other authors state (2)(3)(4) that in the carbonation of the hydrated SCs (tobermorite) it
reacts directly with the COz to produce CaCOs + SiO: + H20. Other authors suggest
that this carbonation takes place in two stages (5) (6). In the first stage the tobermorite
reacts with the CO: forming calcium carbonate, water and monocalcic hydrated silicate,
according to the reaction. ‘
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CsSH + CO:2 = CaCO3 + CSH + H20 . [1]

In a second phase of the process the CSH (hydrated monocalcium silicate) reacts with
the CO: in presence of water producing CaCOs and hydrated silica (amorphous silica).
This takes place following the reaction: ‘

CSH + CO2 + H20 — CaCOs + SiO2(0OH)2 (2]

In this process the CaCOs appears mainly in the allotropic form of calcite, since this is
more stable than the aragonite variety. '

The hydrated aluminate (CsAH) also experiences a carbonation of the type 3@
4C3AH + 4CO2 — 4 CaCOs + 2 Al(OH)s + 10 H20 [3]

This aluminum hydroxide evolves forming aluminum oxide (Al:0s) which is much
more stable. Carboaluminate also appear as an intermediate reaction product. This
compounds decompose when more CO:z appears to form (CaCO:s - AL20s3).

It is important to state here that carbonates act as regulators of the setting process when
are added to the clinker instead of gypsum. The carbonates have the ability to react
with hydrating aluminates and form carboaluminate and alumina.

The carbonation of ettringite is also of interest. Ettringite results from the hydration of
cement when it reacts with gypsum and the aluminates. The process suggested for this
case is: (7)(8)(9)(10). .

C:A(CS)s H + CO2 — CaCOs + ALOs + H20 + CaS0s4- 2H20 4]

The hydrated calcium ferro-aluminates (FeACsH) in the reaction with the CO:
decompose to form iron oxides, aluminum oxides (alumina) and CaCO:s (8).

When concrete carbonates it suffers a variation of some of its properties (11) in
addition to experiencing a microestructural modification as a result of the chemical
transformations mentioned before. Properties affected include the mechanical
resistance, the resistance to aggressive environmental agents, surface hardness,
porosity, shrinkage, etc. Numerous authors (11) have found that the mechanical
resistance increases with carbonation, both in tension and in compression. The tensile
resistance increases and the elastic modules increases also.

The resistance to the combined tension-flexion first decreases but then increases. It has

been found (12) that with carbonation there is an increase in the hardness of the
concrete surface. Because of carbonation the resistance to sulfates increases but no
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improvement to the resistance to the action of acid waters has been observed. Porosity
decreases since part of the pores pecome filled by the CaCO: formed during
carbonation. Verbeck (13) studied the shrinkage due to carbonation. He concluded that
the shrinkage is produced by the water released by the reaction and is function of the
humidity, CO2 concentration and porosity.

It is also important t0 emphasize that carbonation of most of the greater part of the
cement is concurrent with a weight increase, because CO: is used to form CaCOs and
H:0.

1.1.2.Carbonation of the aqueous phase of the concrete pores

Most carbonation studies have addressed the carbonation of the solid phases of
hydrating cement disregarding the carbonation of the aqueous phase contained in the
concrete pores. This aqueous phase is highly alkaline, so it will also experience a
carbonation process.

When mention is made of the carbonation of water phase (3)(8) it is often only in terms
of the carbonation of Ca(OH)2:

Ca(OH): + CO2 — CaC0s + H20 [5]

Since the CaCOs formed by this reaction has very low solubility, the carbonate will
precipitate and the amount of carbonates in solution will be very small. The result is 2
water phase which is practically pure water.

Relatively few authors have taken into account the previous existence of alkalines (Na*,
K™*) in the aqueous phase of concrete, when mention to the alkalines is made (14), little
notice is given to the possible appearance of bicarbonates, see Figure 1. Only in few
papers reference is made to the possible formation of bicarbonates in the carbonation
process of the aqueous phase. Thus, Niels Aschan (15) (figure 2) proposes 2
carbonation mechanism of the water phase where the formation of bicarbonates is
considered, although nevertheless the presence of KOH and NaOH is ignored. The
reactions proposed by this author are:

Ca(OH): + CO2 — CaCO:+H20 [6]
CaCOs + COz2 + H20 — Ca(HCO3)2 71
The Ca(HCOs) formed is in solution, so that in addition it may happen that:

Ca(HCOs): + Ca(OH)2 > 2CaCOs + 2H:0 81
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Figure 2. Model proposed by Nils Aschan for the advance of the carbonation front.

Other authors (2)(16) do consider the presence of alkalies in the medium, taking into
account that they react with the CO: forming the corresponding COs=/HCOs~ of Na and
K. They observe that it is Ca(OH)2 which is carbonated the fastest forming calcite,
aragonite or vaterite. The appearance of one or of the other compound 1S attributed to:
the quantity of Ca(OH)z, the state of hydration of the cement, and the quantity of water
in the concrete pores and the carbonation rate.

In another proposed mechanism (17) the CO: reacts with the alkalies forming the

corresponding carbonates, which in turn react with the Ca(OH): forming CaCO:s and
also with the silicates and aluminates to give the compounds already described above.
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Extensive work has been done by Alonso (see bibliography in 2) in this subject. The
results obtained indicate the importance of the of alkalines, Na*, K*, as their
carbonates/ bicarbonates are soluble. The evolution of pH, potential, corrosion rate and
amount of carbonates, has been monitored. This allowed to explain the phenomena
happening in concrete and to state that Na* and K* ions ought to be removed from the
pore solution for noticing a pH value decrease, otherwise the final pH should be around
10.5.

1.2. VARIABLES INFLUENCING THE CARBONATION RATE

Among the factors determining the rate of carbonation advance, the following are
emphasized:

- Those factors of which the total amount of acid necessary for neutralizing the concrete
until a certain depth, depend: 1) the cement composition and the mix design of the
concrete.

_ Factors from which depends the CO: permeability of the concrete: 2) porosity, 3)
concrete compaction, 4) curing conditions and 5) relative humidity.

1.2.1. Cement composition and concrete mix design: since hydrated cement is the
carbonatable component of the concrete, the carbonation depth is inversally
proportional to the cement content. In addition, the amount of CO2 needed to react
with the alkaline components of the hydrated cement depends on the type of cement.

According to Bakker (17) for the same rate of diffusion of CO», the carbonation
depth is related to the amount of alkaline components of the concrete, mainly the
CaO.

Several authors (6)(21) consider that the rate of carbonation of a mortar, everything
else kept being the same, is faster for blended cement than for unblended portland
cements. Some authors state (22)(23) that a fly ash mortar carbonates -about fifty
percent faster than a portland cement mortar.

M. Venuat (7) also indicates that cements with large quantities of additions
carbonate more faster, specially if the concrete has not been kept wet since the
beginning of the curing process.

The carbonation rate of a mortar increases as the quantity of cement decreases. This
can be seen in figure 3 in which the depth of the carbonation layer is shown in
function of the square root of times for concretes where the cement factor varies
from 200-400 kg/m’. |
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1.2.2. Porosity

The concrete porosity is controlled by the w/c ratio (6). Not all the mixing water is
used in the hydration reactions, but some of it remains free. As this water
evaporates after the curing process, it induces the formation of a network of
channels and pores, which make the concrete permeable to certain gases.

The porosity of the concrete therefore increases as the w/c ratio does, which
indicates that the rate of carbonation will also increase as the CO: diffuses more
easily through the pores. Also, as the porosity increases, the diffusion of other
elements that play a role in the carbonation process, such as Ca(OH): also increases.
In figure 4, it can be seen now the thickness of the carbonation layer increases as
the w/c ratio increases for a concrete conserved or exposed to the atmosphere over a

3 year period (7).
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1.2.3.

1.2.4.

The porosity depends also on the grain size distribution of the aggregates. This
explains how a cement paste carbonates slowly and a mortar much more rapidly,
more than concrete. The reason for this is that normally a mortar is not as densily
compacted as concrete. A defficient joint between the aggregate and the cement
paste may lead in a very irregular carbonation front, with deep inroads in the
contact zones of the two phases mentioned above (6)(17).

The porosity of a concrete depends also partly on the type of cement. Thus, slag
cement give lower porosity than portland ones (24).

Concrete compaction

Concrete must be well compacted, otherwise the zones more permeables than other
would develop voids which will conduct to a rapid carbonation of that zone.

Curing conditions

Curing conditions affect considerably the carbonation rate in a concrete (25)(26).
For the same composition and at 2 given temperature, the pore permeability depends
on the degree of hydration. As this increases, the permeability decreases. This is
however true only if there is not water loss, which supposes curing under high
humidity conditions (27). If there is loss of water, the degree of hydration is
inferior, which would in turn increase the carbonation depth. This curing effect on
carbonation can be seen in figure 5 for concrete cured at different degrees 29).
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1.2.5. Relative humidity

In addition to the factor mentioned above carbonation depends also of variables of
the environment, specially on relative humidity, since it is the humidity within the
pores of the concrete which eventually determines the permeability to COz.

This internal humidity depends in turn on the ambient relative humidity.

As indicated earlier, carbonation in practice,. nearly takes place in either dry
concrete or water saturated concrete, which means that only a concrete not saturated
with water could carbonate.

Maximum penetrations appear when RH is between 50 and 65% as shown in figure
6, where the extend of carbonation is plotted in function of the RH (7).

GRADO DE CARBONATACION

1 1 1 []

20 40 60 80 100%
HUMEDAD RELATIVA DEL AIRE

Figure 6

For humidities below 30% the carbonation phenomenon does not take place or is
very slow (24)(30). This fact confirms the expectation that the hydrated components
of the concrete carbonate by formation of intermediate alkaline hydroxides in
solution (31)(32). At elevated humidities, carbonation cannot take place due to the
slow rate of the CO: diffusion in water compared with that in air.

For each relative humidity in the atmosphere there is an equilibrium humidity in the
concrete that tends to be approached, although the time for equilibritation may be
very long when the concrete is dense and the cover thickness is considerable (33).

In any event a minimum amount of water is necessary for carbonation becomes
possible starting at 0.5-1% of water by concrete weight in the concrete pores (7).
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Should also be considered that the process of carbonation may increase the humidity
of the pores as water is liberated during the reaction of hydrated components and
the CO2. This could in turn, facilitate the carbonation process.

1.3. METHODS TO OBTAIN THE DEPTH OF THE CARBONATED LAYER

The most precise determination of the carbonated layer depth has been obtained by
microscopic observation. Cured cement paste appears dark when observed through crossed
polarizers, as it is common with isotropic materials. The double refraction properties of
calcium carbonate cause it to appear bright under crossed polarization. This permits
positive evaluation of the penetration of carbonation through the concrete.

Due to the pronounced change in pH that accompanies the carbonation process (figure 7), it
is also possible to make sufficiently exact determinations by means of a 1% solution of
phenolphthalein in alcohol. Applied over a freshly fractured concrete surface, an opal red
zone is observed where the carbonation has not reached, and a colorless zone is seen in the
carbonated region. This procedure is often used because of its simplicity. Simultaneous
use of several indicators with different color tone pH intervals allows more precise
determination of the pH of the carbonated material (35).
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Figure 7. Schematic sketch of concentration profile for concrete carbonation.

Due to the changes in microstructure and chemical composition that result from the
carbonation reaction, its advance can also be followed with a scanning electron microscope,
by x-ray diffraction, or by neutron radiography (the latter, because of the moderator effect
of the water freed during the carbonation reactions) (2)(7). It is also possible to determine
the degree of carbonation of concrete by means of thermo gravimetric tests at different
distance from the surface of the specimens (7)(15). TGA involves starting with a dry
concrete sample and subjecting it to an increasing temperature ramp with time, in a thermal
differential balance. The corresponding loss of weight is recorded. This loss of weight is
ascribed to the "loss of free water" and the decomposition of calcium hydroxide, which
takes place between 100°C and 550°C, as well as the loss of CO: from the CACOs between
700°C and 900°C.
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1.4. CARBONATION OF CRACKED CONCRETE: TRANSVERSE AND
LONGITUDINAL CRACKS.

The appearance of cracks in reinforced concrete structures is a result of the low tensile
strength of concrete. This is inherent to the nature of the material and cannot be avoided,
only controlled. Carbonation penetrates much faster toward the concrete interior along
cracks. Carbonation affects the edges or lips of the cracks. The carbonation process in
cracked concrete can be described by the scheme in Figure 8. The diffusion of carbon
dioxide along a crack depends on the following:

- Size of the crack
- Permeability of the space within the crack
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Size of the Crack

Structural design can be used to control the size of cracks which are perpendicular to the
reinforcing bars, but no procedures are available to control the width of cracks parallel to
the reinforcing steel bars. Structural cracks transverse to the rebar direction are permitted
by design criteria, depending on the aggressiveness of the surface environment. For
environments with low relative humidity, crack sizes between .3 and .4 millimeters
(36)(37) are allowed for non-aggressive atmospheres. For high humidity conditions, the
maximum crack opening must not exceed 0.2 millimeters. For highly aggressive industrial
or marine environments, the recommended crack size is less that 0.2 millimeters. The
most restrictive values for crack openings are between 0.3 and 0.4 millimeters, and are
usually the result of aesthetic structural concerns rather than the need for extended

durability (38). This was illustrated by Schiessl showing that after 10 years the crack width
does not control the corrosion produced (figure 9).
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Figure 9. Mean corrosion on reinforcement as a function of the crack width after ten years
exposure.

Permeability Within the Crack

Permeability within the crack depends mainly on the amount and type of deposits that form
inside. These deposits depend in turn on the diffusion of alkali from the interior of the
concrete toward the crack (17). Variations in humidity increase the extent of water
transport toward the crack, and it is especially during the drying processes that the
dissolved alkali are transported together with the water. When these alkali reach the
surface of the crack, they carbonate while the water evaporates. To determine the
thickness of the carbonated layer in cracked concrete, in addition to the parameters that
effect the carbonation rate in the bulk, one must consider the influence of the parameters
just mentioned (opening of the crack and permeability of the deposits within the crack).
This situation is more complicated, and it is more difficult to propose an equation that takes
into account all the parameters with the desired accuracy.
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1.5. CARBONATION OF CONCRETE BY WATERS WITH HIGH CO; CONTENT

Waters with high contents of H,COs make up the most important group of natural waters that
react with acids. Only one percent of the CO; dissolved in water is in the form of bicarbonate
ions. The rest is gaseous CO, dissolved in the water. When the pH of a water is > 8.5, the
quantity of dissolved CO, is negligible, since practically all of the CO2 is in the form of HCOs-
(39). If the free CO, amount is greater than the equilibrium amount of carbonic acid, the
water will attack concrete. If the free CO, content is equal to the H,CO; equilibrium amount,
a state of equilibrium with exist. If the free content of CO, is smaller than the equilibrium
amount of carbonic acid, calcium hydroxide will precipitate.

H,CO;5 resulting from the dissolution of CO; in water dissolves the CAOH , of the hardened
cement paste. Therefore, waters that have an H,CO; content such that the pH is <7 will tend
to attack concrete. The proposed attack mechanism (39) for these waters can be described in
the following fashion:

For the aqueous phase:

H,CO; + Ca(OH), =~ CaCOs; + H,0 _ [9]
For the paste:
(the silicates): C;SH + H,CO3 - CaCOs + HSi0; [10]
(aluminates): | C;AH + H,CO; = CaCOs + Al(OH); | NE

-

According to A. Steope (40), the carbonic acid after the dissolution of carbon hydroxide,
attacks the dehydrated calcium silicate from the hardened cement until only the insoluble silicic
acid remains.

1.6. DIFFERENCE BETWEEN NATURAL AND ACCELERATED CARBONATION

The material addressed above refers only to natural carbonation of concrete, either due to
atmospheric carbon dioxide or to natural waters that contain a high content of CO2.

Because natural carbonation is slow, laboratory studies use accelerated conditions, consisting
often of increasing the concentration of CO, above the natural levels, sometimes reaching
100% CO,. The use of atmospheres saturated with CO, can result in carbonation rates 3,000
times greater than those that would be observed in a regular atmosphere. The formulas to
calculate advance of the carbonation rate indicated earlier are not expected to be accurate.
Although laboratory conditions allow for an easier control of the exposure, the diffusion rate
and mechanism of CO, may have changed considerably from natural conditions, in part
because the diffusion rate of CO, can change dramatically with pressure and concentration of -
the gas in the carbonation chamber. As a result, in an accelerated carbonation test, the crystal
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size of final products such as calcium carbonate (which appears in the form of calcite) is much
smaller than in the case of natural carbonation. The carbonation of the solid phases of cement
in an accelerated test gives products which are different form those that appear in natural
carbonation processes. The pH of the aqueous phase in the accelerated carbonation case is
lower than that observed in natural carbonation, possibly even smaller than neutral, because
the bicarbonates are present in greater concentration as a result of additional dissolution of
calcium carbonate provoked by the excess of CO,. Calcium bicarbonate is very soluble (15).

It is necessary to take into account these differences in behavior when attempting to interpret
the results of laboratory carbonation tests for the purpose of extrapolation to actual surface
conditions.

1.3. MODELS OF ADVANCE OF THE CARBONATION FRONT
1.3.1. Semi-empirical models

Many authors (13)(14)(27)(28) in their concrete carbonation studies have proposed models
of how the carbonation front progresses, Niels Askhan (27) proposes that carbonation takes
place in the manner described in figure 2 involving three stages. In the first stage the
Ca(OH): dissolves in water, reacts with the CO2 also dissolved to form CaCOs. The CaCO:s
later reacts with the excess of CO: forming Ca(HCO:s)2 which is soluble and penetrates
through the pores of the concrete and when it encounters uncarbonated concrete it reacts
with Ca(OH)2 forming CaCQs. Thus, resulting in the advance of the carbonation front.

Alexeyeev in (20) proposes also diffusion of Ca(OH)2 towards the exterior and proposes
several methods of calculating the progression of the carbonation.

According Venuat and Alexandre (7) the carbonation rate is initially constant dx/dt=k.
By integrating x= Axt, where x= carbonation depth and t=time.

The authors also suggest, that after a relatively short time and over a subsequent period of
years, the carbonation front advances proportional to the Vtime. This is expected since if
the diffusion of CO: is the controlling step of the global process, the CO2 must travel
through the already carbonated layer before finding new material suceptible to carbonation.

The obstacle to this transport is excepted to be proportional to the thickness of the
carbonated layer. Therefore, dx/dt=k/x, which by integration gives x=aVt + b, where a
and b are coefficients which incorporated the effect of parameters described earlier. This
equation approximates a parabolic behaviour.

Parabollic growth has also been proposed for formulations not based on the diffusion of
CO-, but on the mechanical strength on the concrete (27). In equation of the type:
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x=a[lv—/£—b} Vi - [12]

is proposed in which: x= depth of carbonation, t= time of carbonation, w/c=
water/cement ration, Rt= compression strength in concrete in days, a and b are constants
which depend on the carbonation conditions. For example, for a carbonatin process without
taken into consideration rain time, a=250 and b= 625, whereas in a carbonatxon process in
a sheltered environment, a= 180 and b= 780.

Later other authors (30)(34) tried to modify this equation calculating the value of the
diffusion coefficient by application of Fick’s laws obtaining expressions of the type:

@Dﬁg@) 3

C»

where X is the carbonation depth in millimeters, D is the diffusion coeﬂiment of C02 in
millimeters per year, C the concentration of CO; in the atmosphere, which is 0.69 g/m’, C, is
the amount of CO, per m’ concrete, and t is the carbonation time in years. The carbonation
coefficient is defined as

c=_ 0% ~ 4]
C

and the equation reduces to C=x/ Jt, where C's units are millimeters per square root of
year. For small values of C, the concrete is more resistant to carbonation, which will imply a
longer service life. D is usually not time or depth independent. In fact, equations whereby x is
proportional to the square root of t are not justified in fundamental terms. The resulting
formulas of that type are only empirical.

According to Smolczyk (41) this equation provides good agreement with experimental data
and theoretical predictions for the range 5 to 30 years. However, this simple relationship does
not give good results in situations in which other factors are in play. These factors include
variables dependent on time, such as the variation of porosity with the degree of hydration,
and the moisture content. To address these shortcomings, variations to the basic equation:

x= A%t [15]

have been proposed, such as, for example, N is a variable greater than one, which is found
tabulated in the literature (41). Other authors have proposed different values for A in
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Table 3

" AUTHOR

n=0,0491r -0,000374p%-1,01

EQUATION COMMENTS
LE SAGE DE ' RED 28 DAY
FONTERAY. Xeo, = 0,435 - 04)12(t - 1) + 0.1 CURED 28 DAYS
NOT CURED
Xoo, =0,53(2 0,212 +0,2
t1 = INDUCTION
DAIMON ET C TIMET =
Al, 1971 XCO, — A \/(t . ti)T0,75 ~I 'IE}/IPF:(ZI%)ATURE
’ C, C1 = [CO:] IN THE
: AIR
C: = COMBINED
[COi)
VENUAT, 1969 XCO2 — 15‘\/; + 2
XCOZ = 12\[; + 2
Xco, =3Vt +2
Xco,™ 5\/;
Xc02 = 5\/— -2
BOB, 1990 '
: 150CKd
XCOz = \/;
- Jc
K = 1,00NDOOR)
K = 0,7(OUTDOORSHELTERED)
K =0,5(OUTDOOR)
K =0,3(DAMP)
d = 1,000,03%C03)
d =2000,1%C0;) |
BETONTECHN ’ 10a/c
ISCHE X = 7{ -0,175},/t—(),50
T = 5+0,003——~—-N5 ~ 100,
_ 10a/c
X =| 84,62 afc _ 064% 16347 +0,95
PARROTT, K04 d = carbonation
1991 d=1875——-" depth (mm)
C K= aix:l?crmeab.
where: ao =

r = relative humidity
(%)

C = ccment content

(Kg/m)
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Table 2

AUTHOR EQUATION COMMENTS
NISCHER, 1984 SHELTERED
X = 10,3707 Fu FROMRA
€0, ’ NON SHELTERED
Xc‘o — 3,48—0,034%,, FROM RAIN
LE SAGE DE AT TWO YEARS
FONTENAY, -1.5
oo Xeo, = 680 (R, +25) - 0,6
SCHOLZ Y AT 1 YEAR
WIERING, 1984 B C
X, =1~ +
’ JR NCaO-46
SCHUBERT Y
BERG, 1979 0’ 508
Xco, =( -0,047] 365t
V R35
SMOLCZYX, a
1976 - ‘
Xeo, =0,846 ME%7 ~0,193-0,076a/c |12t +0,095
7
MATTEEWS, Xeo, =73,74 - 1,69R ;.
' Xco, = 63,00-1,30R,,
Xeo, =13,94-0,30R,,
X0, =11,00-0,2523R,,
Xco, = 65,14 - 1,2384R,,,
Xco, = 61,0972~ 1,1140R,,,
Xco, (5 — 8years) = 50,00 - 0,8865 R,
X co, (5 — 8 pears) = 46,2995 - 0,8686 R,
Xeo,(5 - 8years) = 15,30 -0,1972R,,
Xco, (5 — 8years) = 7,7993-,12092R,,
MOPU, 1985

(mm) = 16,98 - 0,0399R,,

X co,
Xco, (mm) = 24,73 - 0,0546R,,

AT 1 YEAR

AT TWO YEARS
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Equation [15] for the estimation of the penetration depth (see Table 1). Other authors have
also correlated the value of 28 days compression strength and the carbonation depth (Table 2).

Finally, Table 3 presents other relations in which parameters such as the water/cement
relation, temperature, carbon dioxide concentration, and others are contemplated.

Table 1
X CO, = A\[f—
AUTHOR COEFICIENT A COMMENTS
KISHSTANI v
KASAMI ET AL, 1986 By SEE TABLES 4,5y 6
HAMADA, 1968
R
ekl SEE TABLES 7y 8
VK
R=p *r a *r 5
a
_ 0,3 1,15+3—
c
K =
a 2
——0,25
c
NAGATAKI ET AL, SEE TABLE 9
1986 a
¢ A = f(CURED)
ByC = f% FLY-ASH)
VESIKARI, 1985 ,
a
2,6 (_ -0, 3) +0,16 SHELTERED FROM RAIN
c
2
a
—=0,3| +0,07 . NON SHELTERED FROM
c RAIN
SMOLCZYCK, 1968 1 ] B = CHEMICAL STRENGTH
al —— — = AT284d
vB B, Be = LIMITING RESISTANCE
TO CARBONATE (CTE.)
SMOLCZYXK, 1976 ajc N = Chemical strength at 1 days
a iy OUTDOOR INDOOR
N a: 250 180
Viv, b 625 780
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Table 4

Ambient Indoor

Outdoor

o 1,7

1

Standard deviation 0,61

Table 5

INDOOR

OUTDOOR

TYPE OF FINISHING

5

[
w
+

6

7

1,0

0,79 0,41 0,29 0,15

0,12

0,57

1.0 0,28 0,80

0,07

0,15 0,23 0,23 0,11

0,14

0,24

0,01

' TYPE OF FINISHING

1.NONE

2.GYPSUM
3.MORTAR AND GYPSUM
4. MORTAR
5.MORTAR AND PAINT

6.TILES

7.PAINT

Table 6

WATER/CEMENT > 0,60

WATER/CEMENT < 0,60

R (A/C - 0,25)

(0,31(1,15+3 A/C)™*

y =037 R (4,6 A/C-1)
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Table 7 '

CEMENT TYPE OPC BFSC POZZ. CEMENT FLY ASH
' CEMENT
Initial Slags
Resistance Fly ash
) Normal High 30-40% 60% 20%
1 00 14 22 1,7 1,9
AGGREGATES aggregates river sound river
Gravel: Pumici-ta . Pumicita Cinder
(ra) 1 1,2 2,9 3.3
ADMIXTURES WITHOUT AIR- PLASTIFIER
ADMIXTURES ENTRAINING
(rs) 1 0.6 0,4
Table 8
Coefficient R
SAND AND LIGHT SAND AND LIGHT
CEMENT AGGREGATES SAND AND GRAVEL WEIGHT GRAVEL WEIGHT GRAVEL
ADMIXTURE N AEA DA N AEA DA N AEA DA
orc 1 06 0,4 1,2 038 0,5 2,0 1,8 1,1
RAPID HARDENING
0,6 0,4 03 0,7 0,4 0.3 1,8 1,0 07
BFSC:30-40%
BESC: _ 60% L4 0,8 0,6 17 L0 07 41 2.4 1,6
SILICA FUME 2,2 1,3 0,9 2,6 1,6 1,1 6,4 3.8 2,6
CEMENTO CON CENIZAS 1.7 1,0 07 2,0 1,3 0,8 4,9 3,0 2,0
(FLY ASH:20%)
1,9 1,1 08 3,3 1,4 0,9 5.5 3,3 2,2
N : WITHOUT ADMIXTURES

AEA: AIR - ENTRAINING AGENT
DA : PLASTIFIER
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Table 9

EXPOSURE F/(C+F) A | B o B y
CONDITIONS (* Water curing)
’ (%)
0 0,55 . 4211 | 1,831
OUTDOOR -1 0,25
30 0,77 3311 | 1,177
0 1,50 | 1,00 (7 days*) 1656 | 0622
INDOOR 0,5
‘ 30 161 | 0,78(O1days® | 1445 | 0,619

1.3.2. Rigourous models

They are based in Fick’s laws of diffusion. Considering that the neutralization reaction of

concrete, for which the reactant is immobilized, is very fast when compared with the

process of diffusion, it may be assumed that there is an equilibrium between the free and

the fixed reactants. In the simplest case, the concentration of the immobilized substance, is
S=RC [16]

where R is a constant and C is the concentration.

When diffusion is accompanied by the chemical reaction of the diffusing substance, the

2
o _ ,o*C 8

— e e

ot ox? ot , 17

equation in one dimension has the form:

oC _ D 5°C .
ot R+1 dx? [18]

Assuming that the diffusion coefficient D is constant, and substituting, one obtains:
If the relation between S and C is not linear, for example,

S=R.-C [19]
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with R and n as constants, then the solution to this problem can only be obtained by
numerical integration methods (42). In practice, approximations are used that greatly
simplify the computation of the prediction of the carbonation front advance. Next, several
of these models are presented.

Rased in diffusion models Schiessl, (24) (figure 10), was the first to propose an expression
that took into account a variation of D with carbonation depth, indicating that diffusion is
increasingly more difficult as the carbonation front progresses. Thus, Schiessl defines a
carbonation retardation factor, which is the one that controls the rate of the process. In this
model the carbonation depth tends toward a finite limit. The model, however, does not take
into consideration the diffusion of alkaline substances (although this factor may be of only
limited importance) (figure 7), or the effect of humidity gradients within the concrete.

In his model, the amount of CO: which penetrates the concrete cover is given by the
equation:

dg=¢, FEC2 4
X

where dq=  amount of COz which has penetrated (kg)
Dc= diffusion coefficient of COz at 90 days (m*/s)

F= cross section (m?)

C:1-C2= concentration difference of CO: between the air and the carbonation
front (kg/m?)

X = carbonation depth (m)

t= time (S)

D00

transporte por difusion /

Bt > > —> €« < é""?)/

¢0z | CO2+CalOHa)y 0y~ C&CO3+H20 CalOH 7
' —> 3> D> - - €

l Superficie

t

Figure 10

In.turn, the amount of CO2 needed to carbonate the concrete constituents is:
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dq = adv [20]

being a= amount of alkaline components (kg/m’) and dv= concrete volume (m>).
By substitution it is obtained:
Do ELC2 gt = adv = aFdx
X

Assuming that De and C1-C2 are constant, it can be arrived to a lineal dependence of x with
the square root of time x= f(Nt). However, Dcis dependent on the time and depth.

Schiess! introduced as mentioned earlier, the factor f, which figures this dependence with
the depth and a “retarding factor” b, which depends on the amount of alkalines diffusion
from the interior to the exterior.

By this way, from Dcat 90 days (Dw), it can be obtained:

Ci-C>

Y

dq = Doo(I1- fX)Fp dt | | [21]

which by integration gives:

_ Dao(C1-C2) [22]
b+ fDop(Ci1-C2)

“Schiess! considered that the retarding factor is not dominant, while Bakker (28) opposes to
this, as although the diffusion of alkaline substances may be negligeable, is not the same
with the effect of the humidity gradient also encountered in the retarding factor b.

Bakker (28) suggested that the observed discrepancy between the actual carbonation rates
and those predicted by simplified application of a fixed law may be due to the latter not taking
into consideration a variable diffusion coefficient. He indicates. that the moisture profile and
the concrete permeability depend on both time and distance from the surface, and also that the
reaction between the CO, and the concrete components complicates the response compared to '
the case of a pure diffusional process.

In atmospheric exposure of concrete, the diffusion coefficient of the various levels within the

concrete, is strongly dependent on the presence of periods of rain and/or high relative
humidity. During the latter, the concrete absorbs water again, which means that the
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carbonation depth is not parabolic with time (figure 11), but instead is a function of the finite
limit . This limit value can be estimated as follows: a: assuming that concrete absorbs water
more easily than it loses it, and b: assuming that the time between consecutive periods of
waiting is constant (Figure 12). For example, at time t;, the carbonation depth is x;, and if -

after that there is a wetting period, when the drying process starts again, the carbonation front .

will move into position xi.;. The effective length of the carbonation period is each time
smaller, and the longer the concrete is wet during the curing period, the more slowly the
concrete will dry out, and the less it will become carbonated.

Drying depth

Carbcnatlon depth

K if not wetted
..:.//

; e |
7 e Carbonation depth
/ [
t, t, , | time

Figure 11. Shifting of the carbonation curve due to wetting

A more refined model to determine the carbonation limit (45), was proposed in which the
diffusion coefficient of water vapor was taken into consideration, in addition to the variations
of the diffusion coefficient of CO, addressed above. The resulting equation for the
carbonation depth was as follows:

[23]

2D ' I 2
| xn‘=\/ ac(Clcz)(td]+ tdZ(xloverb)2+td3(—x-b—g-) ...... +tdn(}_c£'{))

2D,
b= 5 —2(c3c4)
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x = carbonation depth
a = CaO content in the concrete
b = amount of water which evaporates from concrete

D. =diffusion coef. of CO: at a particular RH

Dy = diffusion coef. of water vapour
C-C.= difference of CO. concentration between air and concrete

C.-C.= difference in RH between air and concrete

depth
//
Carbonation depth .

if not wetted

\
Drying depth -~ Carbonation depth

% N ,/"/’J/

] /"/’f'j {
i 7 ] §
il s
A
AT P
Pl

/y
{ i ;

f]
f
i
H
!
: time

Figure 12. Carbonation front reaching the limit
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In this formula:
[24]

Xn-l \2
(B)

represents the time necessary to evaporate the water after N-1 wetting periods with their
corresponding N-1 drying period. The wetting time is neglected by assuming that wetting

takes place instantaneously. The variables in the two formulas are:

X= carbonation depth and time, t

Tn- length of N drying periods
X.=carbonation depth after N drying periods

Two square roots

Dc=future coefficient of CO, for a given moisture content in the pores
Dv- diffusion coefficient of water vapor at the given moisture content in the pores

A= alkaline content in the concrete
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C-Cs- the difference of CO, concentration between the air and the carbonation front
Cs-C,- the difference in moisture between the air and the evaporation front.

As it can be seen in this model, Fick's diffusion equation is used twice, once to describe the
drying period of carbonated concrete, and another to address the carbonation of dry concrete.
If drying terms were not considered, one would arrive at the expression, X=A~t; however,

because of the wetting periods, there is a limit that will depend on the length of the drying
period. This limit is expressed by Xy = D vty, and is reached as long as

Xml g2 25
tn(B) 0 [25]

and therefore, if T = 0, this presupposes that there is no drying, and if X = O, there is no.
carbonation (26) (figure 13). '

30
((1:1‘:;? . no wetting
twice a year
20
18
once a month
10
8 once a week
O i i L 3 1 1

0 10 20 30 40 : 50 60 70
time (years)

Figure 13. Influence of wetting and drying on rate of carbonation.

The relationships described above to determine the rate of carbonation take into account in
one way or another the influence of one or more selected variables that may effect the
carbonation process. However, no single expression has yet been defined that includes all
relevant parameters. An exact theoretical relationship, predicting the carbonation depth, is
therefore not available, in part because some of the relevant parameters are not practically
measurable.
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Tuutti (16) also proposed a diffusional model for carbonation rate. It is based in the
concept of moving boundaries, which considers the diffusion plus a complete reaction
(inmovilization) of the CO2 (figure 14).

Mot CO, /Mol Cal
1 ¢
Depth of carbonction

| _J {Phenotphihalein solution)

/-Ccrbonohon tront

05p

v
1
!
I
|
|
{
I
t
1
t
Min i
i
]
[}

1 [ 1 i . i 3. 1 ] 1, H i i i

2 4 6 8 W0 2 W B 8 20 22 24 26 28
' X. mm

Figure 14. Measured CO2/Ca0 in carbonated concrete designated 25 D concrete

He arrives to the following expression:

C «/‘[xi/[] exp/ ]ef(xi,‘_f [26]

where:

C. = CO: concentration in the atmosphere

C: = amount of bound CO: (cement phases pore solutlon) mol/m?
D = CQ: diffusion coefficient

x = Carbonation depth

t=  time

An example of plots log x-logt is shown m figure 15.
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Figure 15

Papadakis (43)(44) model is based in chemical considerations. He tries to model the
kinetics of the expected reactions of the CO2 with the cement phases in combination with
the hydration reactions of the cement. However, he does not take into account the alkaline
hydroxides of Na and K, which supposes an important defficit in his model.

He proposes an expression, in which the carbonation constant K. is function of the reaction
ability of the cement constituents.

= Z[CO.?]DCOZ
” \/[Ca(OH)2]+3[C35]+2[C2S]J; [27]

Finally, Parrott (45) proposes a completely empirical model, based in the fitting of a
parabollic curve to carbonation data obtained in a large set of real structures. This fitting

was made with a 90% of confidence. That is, by leaving out only 10% of the results (see
figure 16).
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Figure 16. Carbonation depths normalized to 30 years plotted against 28 day compressive
strength. Outdoor exposure sheltered from rain.
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He arrives so to an expression:

x= ak0'4tn /CO.S [28].

where:

k=

(in units of 10m’ is the air permeability of cover concrete and depends upon the
relative humidity, r% in the cover concrete (10,11). If k is unknown it can be
estimated from the permeability of a test specimen dried at 60% relative humidity, ke
(11) using the equations:

k= mkeo

m= 1.6 - 0.00115 r - 0.0001475r

orm= 1.0 if r<60

n= is a power exponent that is close to 0.5 for indoor exposure but decreases as the
relative humidity rises above 70% to account for the slower rates of carbonation
observed under wetter conditions (1,6).
n= 0.02536+ 0.01785 r - 0.0001623 r*

c= is the calcium oxide content in the hydrated cement matrix of the cover concrete (in
kg/m® of cement matrix) that can react with and effectively retard the rate of carbon
dioxide penetration; it depends upon the cement composition, exposure condition and
the proportions of cement reacted. Some estimates of ¢ are given in Ref (45) for a
range of relative humidities and different European (EN 197) cement types, together
with corresponding values of m and n.

a= is a coefficient that can be assigned a value of 64.
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3. EXAMPLES OF COMPARATIVE CALCULATION OF
CARBONATION RATE

3.1. MODELS CONSIDERED

‘Only three of the different above mentioned models have been selected to make a
comparison. Thus the main features of the proposals of Bakker (B), Tuutti (T) and Parrott
(P) are described and after calculations for several conditions, are made. Finally some
comments on the differences found are presented.

Bakker proposal (B)

The formula to be used is:

X = A\,

2D
Azw/—aﬁ((hCz)'

where:
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x = carbonation depth

a = CaO content in the concrete =

b = amount of water which evaporates from concrete

D. =diffusion coef. of CO: at a particular RH

Dy =diffusion coef. of water vapour

C.-C. = difference of CO. concentration between air and concrete
C-C.= difference in RH between air and concrete

The main aspects to be commented in this formula are:

1. It considers steady state condition (applies first Fick law).

2. It considers cycles of wet and drying in the humidity. This introduces an attenuation -
factor much higher when these cycles vary connnuosly, (short period), than if the
wet-dry periods have a longer period although are equal in total length/year.

3. It needs for the calculation the following parameters: De (COz), Du(H20), (Ci - C2),
(Cs- Cs), wet period length, dry period length (for the meanings please consult
Bakker's paper) and alkaline and water content.

Tuutti proposal (T)

It is the mathematical solution for a non-steady-state diffusion process where the

penetration rate is combined with a reaction of such importance that the profile of

concentration is very sharp (carbonation front) (42).

The expression is:

(———)
& J_[zf] o erll 5

C. = CO: concentration in the atmosphere

C. = amount of bound CO: (cement phases pore solution), mol/m®
D = CO:. diffusion coefficient

x =  Carbonation depth

t = time
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X%Kc«/f

Once calculated K. from this expression, the penetration rate is:
The main comments to be made are:

1. It considers non-steady-state conditions.

2. It does consider an average mean humidity (not moisture cycling although this
could be introduced after ke is obtained, even using the same assumptions than
Bakker).

3. It needs for the calculation the following parameters: Doz, cement and CaO
content, degree of hydration (w/c ratio), and CO: concentration in the atmosphere.

Parrott proposal (P)

As was mentioned, this expression is:

O - A M
]

1.

_64.K%. 4"

X
03

carbonation depth in mm

oxygen permeability coefficient in 107 m?
time in years

CaO content in the concrete in kg/m®

Following previous comments, the main in this case are:

It is empirical, however based in real data. It should give conservative design
values. It does not predict rate of carbonation, but gives a safe value of concrete
cover to avoid risk of carbonation at the rebar level in the 90% of the cases.

It considers variation in humidity by introducing the root power n (attenuation
factor) to an averaged humidity.

It needs the following parameters: oxigen permeability, relative humidity
(average), alkaline content of the cement.

208



NUMERICAL EXAMPLES

1)

It has been used as reference a concrete with the following composition.

cement content - 320Kg/m’
degree of hydration - 50%

Ca0-65%

water content - 192 Kg/m’

service life - 75 years

The referenée relative humidity used is of 60%. The service life taken is of 75years.

Example 1

[B] Dcox = 4x10° m*/sec
Dmo = 4,8x107 m*/sec ~ (Ci1 - C2)= 0.00066 kg/m
HR= 60% — no wetting period (Cs- Co= O 0062 kg/m’

[T] G=1, 23x10° Kmol CO2/m?
Cx= (320/56)(0.65)(0.5)= 1, 85 Kmol/m?
Dor= 4x10® cm?/sec

[P] Doz= 2,833 x 10% K" — Kg = 1.453 X 1076
RH= 65%
CE= 743 Kg CaO/m’ matrix

Example 2: The same than 1 but using Dcoz = 8x10® m%/sec

. Example 3: The same than 1 but using Dco2 = 2x10® m*/sec

Example 4: The alkaline content is reduced to the half in the reference concrete.
Example 5: Half a year cycle (6 months dry - 6 months wet)

Example 6: month cycle (one month wet-oné dry)

With these assumptions the reéults obtained are presented in Table 10 and plotted in
figure 17.
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Figure 17
Table 10
Cement - 320 kg Water - 192 1
Degree Hyd - 50% CaO0% - 65%
Reference RH - 60% t= 75 years
BAKKER
Exam. Dcoz Duzo a b Ccoz Cuzo X(mm) tary twet
' (days) | (hours)
1 4x10°® 4.8x107 | 82 119.2 0.00066 0.0074 39 27375 0
2 8x10* 4.8x107 | 82 119.2 0.00066 0.0074 55.2 27375 0
3 2x10°% 4.8x107 82 119.2 0.00066 0.0074 27.6 27375 0
4 4x10°® 4.8x107 | 41 119.2 0.00066 0.0074 55.2 27375 0
5 4x10°® 4.8x107 82 119.2 0.00066 0.0074 27.5 13650 | 327600
6 4x10* 4.8x107 | 82 119.2 0.00066 0.0074 342 21075 | 151200
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PARROTT

Dcor -

Examp. Koo HR CE terr (Bak)

1 4x10® 1.453x10%¢ 60 - 371.5 35.18

2 8x10® 3.083x10* 60 371.5 47.53

3 2x10% 0.685x101¢ 60 371.5 26.04

4 4x10°% 1.453x10°¢ 60 185,75 49.75

5 4x10® 1.453x10°¢ 60 371.5 24.61 37.35

6 4x10°® 1.453x10% 60 371.5 29.39 52.81

TUUTTI
Examp. Dcoz Cs Cx X ter(Bak)

1 4x10°% 1.23x10° 1.85 35.46
2 8x10°® 1.23x10° 1.85 50.1
3 2x10% 1.23x107 1.85 25.0
4. 4x10* 1.23x10° 0.928 50.1

5 4x10°® 1.23x10° 1.85 25.0 37.35
6 4x10*® 1.23x10° 1.85 29.7 52.81
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2)

Another example is presented next. Here, the situation is the reverse: what is known
is the carbonation depth in real structure and what is calculated by the three
formulae is the diffusion coefficient D. Thus, the structures selected was made with
two types of cement (At having 64% CaO and As having fly ashes and CaO=
46%). They were held indoors (60% RH) and outdoors (averaged RH= 80%).

amount of cement - 400 kg
% Ca0 - At-0.64

As - 0.46
water content - 150 1

- Degree of hydration - 50%

R.H. - 60% and 80%
The carbonation depth after 3 years of storage were (Table 11):

Table 11

x(mm) (Experimental)

60% RH 80% RH
At 7,21 2,36
As 7,71 2,74

From these real penetration depths, the D value are calculated by means of Parrot and
Tuutti formulae. In the case of Bakker, a D value is assumed and x is calculated.

It is interesting to notice that the diffusion coefficients obtained by means of the three
models (Table 12) are quite similar, giving a value of D= 5x10°®m?s for indoor conditions
and of D= 0.5x10"® m%s for Madrid outdoor environment not sheltered from rain.

Table 12. Results of calculation of Dcoz with the three models.

PARROT TUUTTI BAKKER

CE Ko D G| D D a | b Chx X

At-60%RH | 460,1 2.22x107| 5,9x10% | 2,28 | 5,1x10° 5x10°% 100,6 | 59 | 0,0074 | 7,9
x=7,21

At-80%RH | 483,1 | 0,34x10" 1x10°® 2,28 | 0,54x10® | 0,5x10% 100,6 | 59 | 0,00352 | 2,5
x= 2,36 . '

As-60%RH | 330,7 | 1,74x10%¢ | 4,72x10% | 1,64 | 4.2x10% | 4,2x10% | 72,3 | 59 | 0,0074 | 8,5
x=7,71

As-80%RH | 347,2 | 0,32x10" 1x10*® 1,64 | 0,53x10% | 0,5x10% | 72,3 | 59 | 0,00352 | 2,9
x=2,74
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3.2. CONCLUSIONS

If properly applied the three formulae give very similar results, which shows that the three
may be reliably used.

Also, it has to be stressed that the concept of effective time of carbonation ter, can be
incorporated to Parrott and Tuutti’s models which enables to avoid the estimation of a COz
diffusion coefficient for each humidity, although on the other hand, may complicate the
calculation as the lengths of the wetting-dry periods are needed.

It can be then summarized that the preference of one of the models will depend on the
possibility of knowing the different parameters introduced in the formulae.
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APPENDICES FOR SECTION 3
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APPENDIX 3.1 SUMMARY OF RESULTS FROM TEST PERFORMED IN

THE FIELD
BRIDGE BENT- | EAHTor | RESIST. | HALF-CELL | CARB.D, IRH OBSERVATIONS
NUMBER | COLUMN | EAFL (ft.)| kohmem {mV) (inch) (%)
700352 6-A 3 <1/16
6-A 6 <1/16
6-D 5 <1/16
6-K 5 . <1/16
720011 15-A 45 40 <1/8
16-A 15 <1/8
15-A 2 30 -130 1/2
15-A 9 1/16 - 3/8
15-B 15 1/16 - 3/8
19-A 6 1/8 - 3/8 Spall & Crack on column
720057 9-E 5 62 <1/16
9-CAP 6 85 <1/16 Cracks on pile
12-A 4 38
12 - CAP 5 35-45 <1/16
14-A 5 <116
900003 3-2 2 38 -304
3-2 4 45 -280to -307 1/4 [80.7] [IRH] taken after 7.5 hrs.
15-2 6 455 -138 to -222 1/4 [74.5] [IRH] taken after 5.5 hrs.
900037 15-2 5 -1891t0-205 | 1/4t0 3/8
28-2 5 -2801t0-319 | 1/4t03/8 Cracks on pile
28-2 2 235 -451 :
28-2 4 335 -315 Cracks on pile
28-2 6 424 -2714 1/4to 3/8
900011 6-A 3 6.7 -403 Spall & Crack on column
4 9.2 -332 [77.9] [IRH] taken after 10 hrs.
5 123 -339 3/8to1/2
6 12.9 -335 3/8101/2
7 -265
6-A 4 75 -336 Cracks on piles
5 94 -330 3/8to1/2 [71.2] [IRH] taken after 5.5 hrs.
6 13 -217 3/81t01/2
7 -11
900016 4-3 1 -424 Cracks on pile
2 -416 Cracks on pile
3 -413
4 -405
5 -338 1/8to 1/4 [89.0] [IRH] taken after & hrs.
6 -222 1/8to0 1/4
800045 4-3 1 15 -424
2 29 -369
3 34 -334
4 7 -286
5 14 -205 1/8 Cracks on pile
6 14.8 -141
29-A 2 1.9 -515 1/810 1/4 Spall & Crack on column
RESIST. = Resistivity EAHT = Elevation Above High Tide
CARB. D. = Carbonation Depth EAFL = Elevation Above Floor

IRH = Internal Relative Humidity of Concrete

[IRH] = Measured value of IRH in the field

IRH* = Calculated value of IRH according to Appendix 3.3
Note: See Table 1.1 for bridge identification
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APPENDIX 3.1 (Continued)
BRIDGE BENT - | EAHT or | RESIST. | HALF-CELL | CARB.D. IRH OBSERVATIONS
NUMBER | COLUMN | EAFL (ft) | kohm cm mv) {inch) (%)
900045 : 4 2 -431 1/8t0 1/4
5 2.1 -324 1/810 1/4
900035 Only concrele cores were extracted from this bridge
150107 158 - A 3 30 1/16to 1/4 Spall & Crack on column
4 36.4 11610 1/4 |[81.2]|89.0*| [IRH]taken after 24 hrs.
5 43 11610 1/4 IRH winter
6 54.9
164- A 3 5.6 1/16to 1/4 |[80.1]|80.7*| [IRH] taken after 24 hrs.
4 20.2 1/16to 1/4 Cracks on column
5 60 1/16to0 1/4 IRH winter
6 66.2
4. [74.3]182.7*| [IRH]taken after 24 hrs.
167 - A 3 49 -440 (cp) [77.3]| 78.4*| [IRH] taken after 24 hrs.
4 60 -220(cp) IRH winter
5 80 -140(cp) 1/16to 1/4
6 87.7 -50 (cp) 1/16to 1/4
100172 1-C 1 53 72.0*188.5*| IRH winter | IRH summer
2 112 Concrete spalls and
3 493 rebar corrosion
4 1338
5 1632 11/2
CAP 1 77.1*184.9* | IRH winter | IRH summer
100153 1-A 1 282
2 1690
1-B 1 357
2 586
3 750
4 896 172
5 929 42 to 50 1/2 72.3*183.9" | IRH winter | IRH summer
CAP 42 to 50 3/4 74.3*| 80.5* | IRH winter | IRH summer
100198 1-B 1 64
2 321
3 753
4 868 1/4t0 1/2
5 1950 1/4t01/2 | 71.4*|80.5% IRH winter | IRH summer
76.8*180.2*| IRH winter | IRH summer
100920 1-C 1 54
2 56
3 96
4 136 1/4
5 333 1/4 76.3* | 82.9* | IRH winter | IRH summer
870034 1-C 1 29.5
2 287.5
3 1463
5 -87 to -102 5/8 IRH probe placed

RESIST. = Resistivity

CARB. D. = Carbonation Depth
IRH = Internal Relative Humidity of Concrete
[IRH] = Measured value of IRH in the field

IRH* = Calculated value of IRH according to Appendix 3.3

cp = structure under cathodic protection

EAHT = Elevation Above High Tide
EAFL = Elevation Above Floor

Note: See Table 1.1 for bridge identification
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APPENDIX 3.1 (Continued)
BRIDGE BENT - EAHT or | RESIST. | HALF-CELL | CARB.D. IRH OBSERVATIONS
NUMBER | COLUMN | EAFL (ft.)| kohmcm {mV) (inch) (%)
870049 1-B 1 41
2 417
3 1597
5 3/4t01 IRH probe placed
CAP 3/4
870081 1-C 1 99.5
2 377
5 -10to-72 3/4 IRH probe placed
CAP 12
870053 1-C 1 60.5
2 115.5
3 570
4 1501
5 3/4 IRH probe placed
CAP 3/43/4 t0 1

RESIST. = Resistivity
CARB. D. = Carbonation Depth

EAHT = Elevation Above High Tide
EAFL = Elevation Above Floor

IRH = Internal Relative Humidity of Concrete

[IRH] = Measured value of IRH in the field

IRH* = Calculated value of IRH according to Appendix 3.3
Note: See Table 1.1 for bridge identification
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APPENDIX 3.3 INTERNAL RELATIVE HUMIDITY DETERMINATION.

EXAMPLE OF INTERNAL CONCRETE RELATIVE HUMIDITY CALCULATION |

Bridge: Howard Frankland P158 Elevation from Footer at 2 ft.
DATA INPUT:
84.0 30 o
_ | 86.0 .= | 80 Value of RH % measured at
88.6 | 180 t intervals of time (t in seconds)
89.1 300
RHO = 80.5 , Initial value of RH.

<T> } Function assumed for modeling
the variation of RH with time.

s(A,T) = Z (RHJ._ - F(ti A ,13))2 - Square error ﬁmction. -
i

A= 5 Guess value of ARH.
. Solve Block.
Given .
s(A,1) =0 Setting square error = 0
£(1) = Minerr (B) ~ Creating (1) such that gives
value of A that satisfies S(A,7) =0
3 1= 0..10 " ' '
Ty = 50 + 3 Iterating through different values

of time constants (7).

t+h
3]

3 = £ <tj>
Colf > Calculating square error for each
= 8 . . '

( 33 value of A and 1.
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APPENDIX 3.3  (Continued)

kj = J.f(gj—m,j ,O>

in = | k]| in= 8

ARH = ‘fin& ARH = 8.569
T = ’Ein T = 58

ERR = gj, ERR = 0.016

RHF = RHO + ARH

DATA OUTPUT:
RHF = 89.069

Calculating the minimum error.

Calculation of the index of minimum error

Index must be: 0 <in < 10.

Calculated value of ARH.
Calculated value of time constants 7.

Minimum error

Value of RH when t tends to infinity.

S0

89

F(ti ,QRH ,T) 86

83
0 100

200 300 400

ty

Figure 46.  Representation of the variation of IRH with time (boxes are measured
data points and dashed line is the minimum square root error fit).



APPENDIX 3.4 STATISTICAL APPROACH FOR ESTIMATING THE
EXTENT OF CARBONATION-INDUCED CORROSION
DAMAGE IN THE PRESENT FDOT INVENTORY

The calculations in this appendix are aimed to a simplified statistical
indication of the extent to which carbonation-induced corrosion may be present
in the current FDOT bridge inventory. This is a tentative approach based on the
limited statistical information available.

For simplicity, an initial assumption will be made that the cores examined
in this study are representative of the conditions of the 18 bridges examined.
"~ The overall distribution of concrete cover thickness (cc; Figure 1.17) and
carbonation depths (x.. Figure 1.18) are also assumed to be similarly
representative.

For these calculations, the cumulative percentage distributions (O to 100
%) in Figures .17 and 1.18 are expressed in terms of a fraction (0 to 1) functions
N’r(cc) and N'c(x,;) respectively. Thus, given a specific concrete cover value x,
N'r(x) is the fraction of the total number of cores examined that have cc<x.
Furthermore, the actual distributions N’r and N’c will be replaced by idealized
continuous mathematical functions Nr and Nc that approximately fit the discrete
results from the limited number of cores examined. In addition, the probability
distribution function Pc(x) will be defined as Pc(x) = dNc(x)/dx. It will also be
assumed that the following discussion applies to a large core population where
every core has been drilled to intersect a rebar segment.

The functional form chosen for Nr is that of a cumulative normal
distribution function. The form chosen for Nc is a combination of exponentials of
X. that provides reasonable fit to the empirical distribution. These function, as
well as the resulting Pc function are detailed later in this Appendix.

From the definitions of Nc and Pc, the fraction f(x,dx) of total cores having
X<X<x+dx is

f(x,dx) = Pc(x) dx (1)

From that fraction, the sub-fraction of cores that has rebar covers x.>x+dx
(or simply x.>x in the limit) will be considered to be experiencing carbonation-
induced corrosion. Calling that sub-fraction fc(x+dx) and from the definition of
Nr.

fe(x,dx) = Pc(x) Nr(x) dx (2)

Repeating this procedure for every value of x from 0 to « (or a value well
in excess of the highest rebar cover and carbonation depth expected) and
integrating the results, provides the value of the fraction Fc of the total core
population expected to include rebar with carbonation-induced corrosion:
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APPENDIX 3.4 (Continued)

Fc:OjOPc(x)Nr(x)dx
0

This calculation has been performed in the following printout, yielding Fc
=0.015

The idealized calculation results indicate that an extensive survey of the
bridges examined could turn approximately one core with rebar undergoing
carbonation-induced corrosion for every hundred cores (with rebar) extracted.
Since less than 50 cores that were extracted contained a rebar piece, it is not
surprising that no instances of carbonation depth exceeding rebar cover
occurred in this investigation.

The 18 bridges examined in this study are not a large unbiased sample of
the overall FDOT bridge inventory. Nevertheless, these bridges are
representative of a group of structures with an average age about 28.5 years.
Extrapolating to the entire bridge inventory (assuming an average age of 3
decades), the results of this survey suggest that carbonation-induced corrosion
may be at present affecting roughly 1% or less of the nominal surface of
exposed reinforced concrete. Actual carbonation-induced spalling of concrete
cover would require furthermore that the propagation stage should be exceeded.
Since the estimated propagation stage is on the order of one decade (Section
3.3.3.3, assuming moderate corrosion rates), then some fraction of the areas
undergoing corrosion would not be expected to have reached at present the
spalling stage. *

These statistical inferences can only be used as a crude estimate of the
FDOT inventory given the small sample size and selection bias of the bridge
population in this study. However, the results suggest that only a small fraction
of the exposed reinforced concrete surface is affected by carbonation-induced
damage. It is likely that the dispersion in the variables of importance in
determining carbonation damage (concrete cover, concrete quality) is more on a
bridge-to-bridge basis than as a distribution among the components in each
individual bridge. In that case, these results can be interpreted as indicting that
only a small fraction of the bridges in the present FDOT inventory is likely to be
showing extensive signs of carbonation-induced corrosion damage. The
observation of damage in only one of the bridges examined in this survey lends
credence to this interpretation.
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APPENDIX 3.4 (Continued)

i = 1..100C Graphing Array for Continuous functions
ji=0.46 Graphing Array for Discrete Functions
nce = mean(cc) Mean of the concrete cover data set
nee = 67.296
scc = stdev(cc) Standard Deviation of the concrete cover data set
occ = 23.612
150i
X, = —
1000
X; - nce
Nc; := cnorm =
oce Curve fit to the normal distribution

FRACTION

0.4

02

0 20 40 60 80 100 - 120
CONCRETE COVER (mm)

Figure 3.4.1: Cumulative normal distribution function (smooth) and

experimental data (boxes) describing concrete cover.
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APPENDIX 3.4 (Continued)

Carbonation Depth

k:=0.79 Graphing Array for Carbonation Values
1001 . .
L= ——— Graphing Array for integral
25 o phing Array for integ
Uy =10 Exponential parameter describing Xc data
u, =2 Parameter describing Xc data
u =2
1

Parameter describing Xc data

g BT

@

Experimental Curve fit of data

FRACTION

0 f | | | ] |
0 20 40 60 80 100 120
CARBONATION DEPTH (mm)

Figure 3.4.2: Experimental data (boxes) and empirical distribution function

(line) for xc.
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APPENDIX 3.4 (Continued)

Xe(i) = <1 - e‘°‘9°9>{<1.925e2"72> + J
Xg(z) = <1 - e“"”gﬂ (1.925&‘72) + 1}

Pxc(z) = :(1 _ e“o)_Kul.e%) . 1}
z

1 -z -z -z\\ Y -z
Pxc (z) = —-exp(»~>-<ul-exp(-> + 1) - <1 - exp<—~>>-——-exp<w>
Y Y% \Y Y/ % \% Probability

Distribution
of Xc

500
Fc := J cnorm<—{:—ﬂgg>-ch(z) dz
6CC
0

Fe =0015 1.5 % chance of finding core with Xc>cc (see above).
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APPENDIX 3.5 CARBONATION COEFFICIENTS REPORTED IN THE
LITERATURE
[REF. #] SURVEY EXPOSURE COMPRESSIVE | CARBONATION STRUCTURE
RESEARCHERS LOCATION CONDITION STRENGTH COEFFICIENT |CHARACTERISTICS
(MPa) {(mm/Ay1/2)
{1.15] USA (VA) MARINE LWC 0203 Concrete
HOLM et al. ENVIRONMENT 35 Ship
[1.15] USA (MD.) MARINE Lwc 0.2to1.4 Top of Bridge Deck
HOLM et al. ENVIRONMENT 24 0.8t02.2 Bottom Bridge Deck
[1.15) USA (NY)) MARINE Lwc 1.3 Top of Bridge Deck
HOLMet al. ENVIRONMENT 27 2.6 Bottom Bridge Deck
[1.26] USA (WA)) IN LAND 35 26 Bottom Bridge Deck
VAYSBURD et al
[1.27} SEVERAL 15t0 20 441077
PARROT UK ENVIRONMENTS 3510 40 621009
45 to 50 111003
[1.27] SEVERAL 1510 20 111003
PARROT GERMANY ENVIRONMENTS 25t0 35 9.7t00.3
450 50 6.5100.2
[1.27) SCANDINAVIA SEVERAL 32 5.1t0 4.0
PARROT ENVIRONMENTS 44 0.3
[1.15] JAPAN MARINE LwcC 23 37 Bridge Deck
HOLM et al. ENVIRONMENT LWC 26 4.1 Bridge Deck
.27} JAPAN 30 2.8t0 16.6 Harbor
PARROT Structures
[1.27] MIDDLE IN LAND 4t011.9 In Buildings
PARROT EAST
[1.27} MIDDLE IN LAND 28 03to3 in Buildings
PARROT EAST (w.c =0.5)
[1.27) MIDDLE IN LAND 251063 In Buildings
PARROT EAST wic=0.7)
{1.28] AUSTRALIA IN LAND 20t0 25 41065 In Buildings
HO and LEWIS 6.5t011.5 Bridge
[1.29) 19.8t0 14.3 421013.2 Administ. Building
WONG, SINGAPORE TROPICAL 27.5t0 11.3 411017.2 Industrial Building
CHIEW MALAYSIA HUMID 36.6t011.4 24t014.4 Commercial Buildings
and HO ENVIRONMENT 14.0t0 12.9 3310129 Residential Buildings
[1.30]) INDIA 35 1.3t01.6 Prestressed Beam
PARAKASH et al 25 3.1t038 Reinforced Concrete

REF. # = Reference Number
LWC = Light Weight Concrete

Administ. = Administrative
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APPENDIX 4.1. CONCRETE MIX DESIGNS
Mix 01

BATCH ID # Sag #1 BATCH SIZE 1.5 CF DATE ffég/z. Zw

W/C SELECTED .37
GAMMA = 62.215
DESIGN ATR = 2.0 %

DESIGN WEIGHTS (LBS) BATCH WEIGHTS (LBS)
CEMENT ’ 601.6 33.4
ASH/SLAG 150.4 8.4
SILICA FUME 0.0 , 0.0
WCOR 0.0 0.0
OUNCES OF DCT 0.0 ' 0.0
WIDCI 0.0 s © 0.0
WATER | 278.2 ' ©14.3
FINES 1 1119.8 61.9
COARSE 1669.9 . 94,2
UNIT WGT. ; 141.5 1b/cf
WRDA 78 56.40z 3.loz
g1.7
MATERIALS
PROPERTY cosrsz FINES
SPECIFIC GRAVITY 2.44 2.63
ABSORBTION 5.04 0.50
TOTAL MOISTURE 6.58 0.00
FREE MOISTURE . 1.54 ~-0.50
$AIR__MNA
TEMP
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APPENDIX 4.1. (Continued)
Mix 03

BATCH ID # Sag #3 BATCH SIZE 1.5 CF

W/C SELECTED .50
GAMMA = 62,215
DESIGN AIR = 2.0 %

DESIGN WEIGHTS (LBS)

e L s T AR, T2 A A s s B S il 4 g o Dk o G W W i e ER TR W D WD PN AT A WA O ST A e e e it

CEMENT 601.6

ASH/SLAG | 150.4

SILICA FUME 0.0

WCOR 0.0

OUNCES OF DCI 0.0

WIDCI ' - 0.0

WATER 376.0

FINES 862.7

COARSE 1669.9

UNIT WGT. 135.6 1bjcf

WRDA 79 56.402

MATERIALS

PROPERTY . . comRsE
~ SPECIFIC GRAVITY 2.44

ABSORBTION ' ~ 5.04

TOTAL MOISTURE 6.58

FREE MOISTURE 1.54

st 20

TEMP

$AIR J.

232

DATE f{l{)z@g

BATCH WEIGHTS (LBS)

33.4
8.4
0.0
0.0
0.0
0.0

19.7

47 .7

94.2

0 W e e S e G2t R e



APPENDIX 4.1. (Continued)
Mix 05

BATCH ID # Sag #5 BATCH SIZE 1.5 CF oate_4/71/9¢

W/C SELECTED .50
GAMMA = 62.215
DESIGN AIR = 2.0 %

DESIGN WEIGHTS (LBS) BATCH WEIGHTS (LBS)
CEMENT 601.6 3.4
ASH/SLAG 150.4 8.4
SILICA FUME 0.0 0.0
WCOR 0.0 0.0
OUNCES OF DCI 0.0 0.0
WIDCI 0.0 0.0
WATER 176.0 | 19.7
FINES 862.7 47.7
COARSE 1669.9 94.2
UNIT WGT. 135.6 lb/ct
WRDA 79 56.402 3.10z (Wb WIDA 79 AT@E&)
MATERIALS 124G g Ael
PROPERTY cosE  FNEs
SPECIFIC GRAVITY 2.44 , 2,83
ABSORBTION 5. 04 ‘ 0.50
TOTAL MOISTURE 6.58 0.00
FREE MOISTURE 1.54 -0.50
o T
TEMP
$ATR ], 2
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APPENDIX 4.1. (Continued)
Mix 08

BATCH ID # Sag #8

" W/C SELECTED .37
GAMMA = 62.215
DESIGHN AIR = 2.0 %

" BATCH SIZE 1.5 CF pATE_4/)2 /94

DESIGN WEIGHTS (LB3) BATCH WEIGHTS (IBS)

CEMENT 541.4 30.1
' ASH/SLAG 150.4 8.4 |
STLICA FUME 125.8 7.0 StuReY
WeoR 65.6 3.6 (o ppeps Fion SLUR?{B
OUNCES OF DCI 0.0 6.0
WIDCT 0.0 0.0
WATER 278.2 10.7
FINES 1098.1 60.7 .
COARSE 1669.9 94,2
UNIT WGT. © 140.7 lbjof
WRDA 79 56.402 3,10z

| MATERIALS |
sROPERTY conRsE  FINES
SPECIFIC GRAVITY 2.44 2.63
ABSORBTION 5.04 10.50
TOTAL MOISTURE 6.58 0.00
FREE MOISTURE -0.50
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APPENDIX 4.1. (Continued)
Mix 10

BATCH ID # Sag #10 " BATCH SIZE 1.5 CF DATE 5i{/afqg

W/C SELECTED .37
GAMMA = 62.215
DESIGN AIR = 2.0 %

DESIGN WEIGHTS (LBS) BATCH WEIGHTS (LB3)

CEMENT ' 376.0 20.9

-ASH/SLAG 376.0 20.9

SILICA FUME ' 0.0 0.0

WOOR . 0.0 0.0

ODUNCES OF DCI 0.0 . 0.0

"WIDCI 0.0 © 0.0

WATER 278.2 14.3

FINES 1044 .4 57.7

COARSE - 1669.9 | 94.2

UNIT WGT. 138.7 1b/cf

WRDA 789 56.40z . 3.102
MATERIALS

PROPERTY coarsE  FINES

SPECIFIC GRAVITY 2.44 - 2.63

ABSORBTION - 5.04 ‘ 0.50

TOTAL MOISTURE - 6.58 0.00

FREE MOISTURE 1.54 -0.50

e A

TEMP

$AIR /. %
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CONCRETE WEIGHT DATA (g)

(Conditioning Period)-
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APPENDIX 4.2. (Continued)
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APPENDIX 4.2. (Continued)
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APPENDIX 4.3. CONCRETE RESISTIVITY DATA (kQ-cm)

Mix 01
St. Dev.
0101
o102
0103
0104
0105
0108
0107
0108
0108
0110
o111
o112
0113
Avg.

Mix 03
St. Dev.
0301
0302
0303
0304
0305
0306
0307
0308
0308
0310
0311
0312
0313
Avg.

Mix 08
St. Dev.
0501
0502
0503
0504
Q508
0506
0507
0508
0508
0510
0511
0512
0518
Avg.

4/27/04
Y

0.27
3.83
3.40
4.07
3.33
3.40
3.58
3.70
3.89
3.27
3.40
3.64
3.46
3.15
3.55

0.46
247
253
2,28
2,22

247

2.28
2.22
2.35
2.18
3.95
222
241
2.28
245

0.18
290
3.64
3.27
.27
.21
3.09
3.15
3.33
3.09
321
3.27
3.48
3.21
3.24

(Conditioning Period)

16

0.66
14.42
14.07
14.22
14.09
18.77
14,65
13.35
14.05
13.33
15.66
14.26
13.15
13.80
14,05

0.60
11.28
10.27
10.91
10.45

.86

9.65

8.44

9.12

9.84

9.96

9.5%
10.45
10.29
10.09

0.67
12.20
11.21
11.46
11.21
1051
10.64
10.80

9.96
10.97

9.7
10.80
1175
11.03
10.94

5/19/94
22

0.89
18.15
17.86
18.02
18.91
17.57
18.74
17.14
18.50
17.22
18.46
18.32
15.83
17.92
17.98

0.66
13.40
13.05
13.99
13.77
13.48
12,53
12,37
11.60
12.30
13.25
13.29
1278
12.82
12,97

0.88
14.12
13.81
13.60
14.24
12.51
18.87
12.80
12.08
14.05
13.25
12.65
14.71
14.66
13.58

5/25/94
28

1.07
24.07
22.47
23.46
24.07
24.88
24.81
22.66
24.84
23.70
26.48
24.32
23.40
23.02
24,05

1.37
19.51
16.32
20,83
2074
18.40
17.85
17.04
18.79
18.09
18.83
17.28
19.81
17.53
18.61

1.39
20.00
12.51
18.52
18.40
17.41
18.95
19.88
16.67
20.37
17.90
17.53
2173
18.20
18.93

See key in Appendix 4.2

5/31/94
34

1.26
26.69
27.00
271.74
26.98
28.35
28.19
25.41
25.83
25,58
27.45
28.44
2576
27.94
27.33

1.04

8.1t

21.48
23.17
22.72

21,63

21.63
20.78
19.81
20.12
21.40
22,14
21.67
20.84
21.58

1.58
23.62
2178
21.91
22.39
19.40
20.99
21.34
19.47
22.08
19.30
18.7¢
23.35
22.14
21.27

6/08/94

42

1.81
30.78
20,88
3272
33.31
33.23
3483
27.67
3272
28,79
3212
33.62
3117
31.48
31.78

1.68
25.27
24.22
27.67
27.41
24.14
24.53
24,18
22.30
24.30
26.01
23.58
27.24
23.35
24.94

1.47
25.99
27.61
26.26
24.71
23.68
24.98
25,62
23,47
25.31
23.58
23.81
26.65
27.43
25.29
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6/21/84
55

2.82

39.51
41.07
43.93
44.24
45.95
38.19
45.58
40.74
45,78
43.07
30.84
45.84
42.81

2.50
38.52
34.88
39.85
39.32
35.06
36.46
32.80
33.1%
33.15
37.26
33.21
34.88
33.05
35.48

256
26.15
36.83
35.68
37.35
32.63
33.40
34.53
3158
35.39
31.07
33.42
28.42
39.26
35.05

€3

266

46.77
47.45
49.40
47.57
A7.86
44.51
4811
44,86
52.49
50.62
42.70
47.88
47.53

4.16
45.64
37.48
47.37
49.38
43.50
41.11
41.46
37.86
38.27
37.76
38.42
39.73
36.48
41.11

3.18
41.26
43.83
41.42
40.45
36.87
38,29
40,27
33.85
41.09
34.77
37.59
4438
40.7¢
39.60

7/12/84
76

3.30

54.28
54.12
54.42
56.95
57.51
55.04
59.94
53.19
61,95
60.27
5111
53.62
56.03

371
57.16
5147
53.97
62.53
55.16
54.55
5272
5274
50.47
6265
48.18
52.84
48.89
53.32

4.25
54.84
50.60
48.19
49.44
45.80
46.95
49.30
41.28
47.63
41.01
45.53
§8.19
49.40
48.09

7/20/94
84

§.49

51.30
55.00
§1.54
8247
62.33
5144
86.05
57.86
65.82
67.00
55.49
60.49
59.74

5.56
$4.32
50.43
53.50
72.20
£0.53
56.17
55.33
58.11
£5.10
62.86
59.47
61.75
54.44
58.02

4.66
53.46
50.56
46.54
59.14
50.64
54.53
54.34
44.12
£4.86
48.09
50.14
59.96
55,31
52.44



APPENDIX 4.3. (Continued)

Mix 08
St. Dewv.
0801
0802
0803
0804
0805
0806
0807
0808
0809
0810
0811
0812
0813
Avg.

Mix 10
St. Dev.
1001
1002
1003
1004
1008
1006
1007
1008
1008
1010
1011
1012
1013
Avg.

4/27/34
o]

0.45
9.26
8.70
8.83
9.01
9.69
9.88
8.89
9.63
8,83
9.81
.69
9.38
.88
9.34

0.20
4.69
4,57
4.63
4.32
4.32
4.38
4.57
4.32
4.94
4.38
4.63
4.63
4.26
4.51

5/13/94
16

1.36
35.04
35.04
37.85
36.28
34.38
37.14
38.85
38.68
37.35
36.77
37.63
36.13
36.67
36.73

0.88
29.59
31.42
20.44
28.89
28.77
30.47
28.64
30.99
29.77
30.95
30.16
30.12
29.96
29.94

5/19/¢4
22

1.32
45.86
45.66
45,12
42,22
43,07
45,12
45.49
46,17
46.73
44.51
48.11
45.62
468.63
45.25

1.61
40,70
40.53
41.42
41.40
37.43
38.87
40,88
38.37
39.75
43,23
42.51
38.92
40.82
40.45

5/25/24
28

2.61
56.60
57.41
61.36
61.48
59.67
58.64
61.73
85.19
61.60
56.91
61.60
63.83
59.38
60.41

2.46
63.77
€5.06
62.84
61.54
60.37
61.30
63.02
61.54
€4.32
67.22
66.73
62.04
£8.02
£3.68

See key in Appendix 4.2,

5/31/94
34

3.46
70.08
66.30
74.81
69.73
67.65
67.67
73.68
76.83
72.43
64.44
7012
70.37
70.49
70.36

2,63
75.74
80.78
74.79
7418
73.62
70.91
77.92
75.086
75.82
76.98
77.24
80.00
75,12
76.01

6/08/94

42

3.44
81.15
79.49
85.64
83.99
83.11
82.80
89.90
80.53
88.87
82.39
81.79
83.91
82.82
84,34

4.15
91.42
101.95
100.29
$0.51
93.64
95.76
g7.08
93.15
95.93
103.00
102.70
87.30
96.48
96.93

6/21/94

85

4.08
102.00
102.49
107.28
107.06
106.56
101.86
113.56
113,13
107.59
101.75
102,74
108.77
104.65
106.09

5.40
148.15
151.44
143.00
139.30
139.09
143.83
146.71
142.80

149.18.

153.09
158.02
145.88
147.12
146.74

6/29/94
63

4.74
117.28
121.8t
122.02
126.54
108.26
113.58
122.63
123.46
118.72
114.40
116.26
116.87
116.26
118,38

7.29
186.60
171.60
176.31
162.55
179.84
176,54
178.60
174.90
172.43
181.56
184.16
176.138
182,72
177.84

7/12/94

76

12,94
134,36
131.28
139.71
13210

$3.00
1381.68
140.95
147.94
137.65
127.57
131.48
134.16
137.65
132,27

7.25
228.40
241.36
229.84
225.10
227.98
227.57
228.60
232.51
237.04
243.83
247,94
227.16
238457
233.22

7/20/94

84

10.83
132.82
135,19
134.77
155.35
143.21
148,77
165.64
151.85
155.56
139.30
151.03
158.44
161.63
148.77

12.82
239.51
2561.65
226,75
254.32
262.96
286.17
262,14
268.93
256.97
264.20
276.34
265.84
263.37
257.55



APPENDIX 4.4. REBAR POTENTIAL DATA (CSE Scale, mV)

(Starting at day 150 of the accelerated carbonation exposure)
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APPENDIX 4.5. APPARENT POLARIZATION RESISTANCE Rp,, DATA (Q)

06/11/84 06/26/94 07/09/04 08/04/94 09/24/84 11/20/94 1/30/95 2/20/95 4/22/95  6/05/95

-46 -31 -18 8 59 116 187 208 269 313
Polarization Resistances (ohms}
011X 146308 170171 189321 192363 230214 254666 267873 260780 262253 285219
012X 131976 152588 170870 170830 206767 231812 250420 243630 245084 267251
013X 173535 211280 248285 250450 295984 327868 345605 341027 338083 376604
031X 170602 206686 232688 232993 280491 305017 329898 342036 403358 490349
032X 168153 211108 237632 242943 294894 323902 335697 342961 339810 4908979
033X 170609 310896 352513 363799 439408 477048 500786 508463 658358 692174
051X 80253 00843 103215 111953 139804 163261 152267 143302 29012 37155
052X 60531 74359 82772 87151 105888 122107 1384412 131423 29830 31384
053X 15979 17124 21605 24027 34957 47109 53534 53670 17777 23784
081X 143509 177718 204177 214020 266439 304257 327569 319682 314803 354188
082X 164371 372112 403694 412693 475124 496044 520005 510139 551341 600015
083X 163588 256218 294599 351096 440338 471520 468558 469185 321847
101X 162714 209998 262558 233869 288431 318748 326144 328869 331185 284726
102X 161623 249921 279714 282785 337304 372514 380928 381453 379920 412355
103X 198421 224962 229689 282893 314165 329091 302767 201383 191503
o11Y 166439 238829 247117 249048 302079 304731 350878 321816 368997 357694
o12Y 167885 22213¢ 230110 231970 282381 282847 334110 311122 323380 3139983
013Y 168926 365107 442655 447549 534132 518025 604334 513855 630270 616257
031Y 257990 324475 333612 343102 414944 404545 450603 447985 524022 494771
032Y 205285 264141 271234 279678 347208 338464 403688 387896 415264 485146
033Y 271037 344113 361313 369657 458899 460161 537501 505774
051Y 106641 123145 145480 144470 185503 192704 157236 102706 61872 16024
052Y 53723 87012 89605 102723 137178 149314 80008 37288 12574
053Y 80606 103217 113416 125214 169120 164806 207747 167287 51661
081Y 321115 395728 406662 417303 500126 489628 544743 491631 586611 574582
082y 272178 346279 358582 372029 452804 455094 526697 488356 529199 518599
083Y 202003 267639 278517 206875 376152 378401 449135 419706 439465 430400
101Y 123303 154742 151088 157649 201015 186448 236023 209286 221887 173375
102Y 195698 245746 252313 256794 328103 325584 391385 361017 279171 283766
103Y 176407 216556 224345 234998 295546 285316 350236 320497 284232 285167

Average Polarization Resistance (kohms) )
MiX 01 159 227 255 2587 309 320 359 332 361 370

MIX 03 207 277 298 305 373 385 426 423 468 531
MiX 65 66 83 93 99 130 140 133 108 57 29
MIX 08 211 303 324 343 410 427 473 449 482 467

MIX 10 164 213 232 233 289 300 336 317 283 263

Stand. Dev. (kohms)

MIX 01 16.34 75.16 97.30 98.64 116.85 102.89 127.39 96.51 139.78 127.84
MiX 03 46.61 58.92 £8.09 61.26 75.99 73.21 85.46 76.12 125.27 90.34
MIX 05 30.82 36.09 41.20 41.71 55.83 50.93 54.24 39.89 55.92 14.50
MIX 08 70.61 82.92 79.59 86.57 85.22 73.47 80.06 70.70 97.88 115.89
MIX 10 26.56 34.82 45.34 41.80 48.34 82.57 55.55 60.08 66.52 86.17

See key in Appendix 4.4.
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APPENDIX 4.6. PARABOLIC CARBONATION PROGRESSION

Parabolic proaression of the carbonation thickness

The following simplifying assumptions are made:
- one dimensional system, fixed CO, concentration Cs at the surface.
- CO, diffuses through the carbonated layer obeying Fick's first law.
Jco, = - D-aCco,/ dx (6.1)
where Jco, is the flux of CO, through the concrete
D is the effective diffusion coefficient of CO,
Cco, is the surface concentration of CO,
x is the carbonated concrete distance from the surface
- carbonation of concrete progresses at a rate determ?ned only by how fast CO, is
diffused to the carbonation front (i.e. CO, reactions at the carbonation front are
instantaneous).
- Pco, is negligible at the carbonation front (i.e. CO, is completely consumed at the
reaction place).
- diffusion of CO, through the carbonated concrete proceeds as if in a succession
of steady state regimes (i.e. the carbonation frbnt moves véry slowly and the CO,
concentration at any point inside the carbonated concrete can be treated at each
moment as if it were the solution of a time-invariant value with boundary conditions
determined by the position of the carbonation front).

- D is constant in time and space.
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APPENDIX 4.6. (Continued) |
- the magnitude M = dn / dV is constant in time and space, where dn is the number
of moles of CO, needed to carbonate a volume of concrete dV.

Based on the above assumptions, the problem statement can be summarized

graphically in the following figure.

; M X
i
|
|
i
|
gas :
1 | Uncarbonated
|
» Concrete
Area A i
|
— et —
dx

Figure 24. Problem conditions.

Between t and t + dt, a carbonated volume equal to dV = A-dx has been
created. The amount of CO, needed to carbonate that volume is JCO, A-
dt. The CO, concentration gradient is (0-Cs) / %, thus Jco, = D-Cs / x. Therefore,

the amount of CO, needed to carbonate volume dV is M-dV = M-A-dx.
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APPENDIX 4.6. (Continued)

Thus,
Joo,A-dt = M-A-dx (6.2)
(D-Cs / x) dt = M-dx (6.3)
dt = (M/ D-Cs) x-dx (6.4) |
[odt=(M /D-Cs) [, xdx (6.5)
t=(M/2:D-Cs) X (6.6)
by calling K=(2D:Cs/M)* (6.7)
then,
x = K-t* (6.8)

which indicates (under the above assumptions) that the carbonation distance x is
proportiohal to the square root of time. Notice that the depth of penetration is

proportional to the square root of the concentration of CO, at the concrete surface.

Carbonation progression after an initial carbonation layer is present

If a system is examined between time t1 and t2, then by adapting (6.5):
[2dt = (M /D-Cs) [, xdx (6.9)
and by (6.6) o
(x2% - x1%) = K® (12 i t1) (6.10)
If a system exhibits a carbonated layer of thickness x1 at the beginning of the
test, and that layer is assumed to have characteristics similar to those of the
carbonated concrete formed subsequently during the test, then the carbonation

coefficient using the condition of the test is given by
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APPENDIX 4.6. (Continued)

K = (x2% - x13)% [ (1')* (6.11)
where t' = t2 - t1 is the duration of the test. Under t‘he above assumptions, eq (6.11)
is valid even if the initial carbonation layer had developed at a faster or slower rate

than in the present test.
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APPENDIX 4.7. FLAT-FRONT CARBONATION DEPTH CALCULATION FROM

CYLINDRICAL FRONT MEASUREMENT

Carbonation proaression in a concrete cylinder

The following simplifying assumptions are made:
- Specimen is a cylinder of length L, with an external radius re (see Figure 25
below), where L)re; Cs is the CO, surface concentration, and the CO,
concentration is equal to 0 at the position of the carbonation front (radius=rf).
- CO, diffuses through the carbonated layer obeying Fick's first law. Therefore,

from rf to re:

Jico, = -C(r) - C(r+dr) D (2-1rr) L (7.1)
' dr

‘where Jt‘c:o2 is the integréted flux of CO, through the concrete (outWard positive,
inward negative)
C(r) is the CO, concentration at radius r
C(r+dr) is the CO, concentration at radius r+dr
D is the effective diffusion coefficient of CO,
- The magnitude M = dn/ dV is constant in time and space, where dn is the number
of moles of CO, needed to carbonate a volume of concrete dV.
Jico, dt = drf (2-11rf) L'M (7.2)

- The other assumptions made are as in Appendix 4.6.
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APPENDIX 4.7. (Continued)

Figure 25. Cylindrical front problem.

From (7.1)

-dC D (2:rrf) L = JcO,
dr »

- [£¢dC = Jco, (1/ 21D-L) [4° (1/r)dr
-C,. +C = (JCO, / 2:11-D-L) In(re/rf)
fCs=0

Jco, =2-D-L-C,, / In(re/rf)
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APPENDIX 4.7. (Continued)

From (7.2)
(drf/dt) 2-1erf-L-M = -2-D-L-C , / In(re/rf) (7.7)
dt = (M/D-C,) rf-In(rfire) drf (7.8)
t=(M/D-C,) [ rfIn(rfire) drf (7.9)
Analytically:
[ rfIn(rf/re) drf = Yarf? In(rfire) -Varf? (7.10)

Assuming that at t=0, rf=re, then:

t= (M/D-C,) [%rf In(rffre) -Va(rf? -re?)] (7.11)

Carbonation progression in a flat-front

From (6.6) in Appendix 4.6

t=(M/2D-C) ¥ (7.12)
Calling the penetration depth:

in a cylinder p,=re-f,

in a flat-front p=xf
Therefore, for a given time t and calling K= 1/(M / 2:D-C.)*

t = K2 [(re-p) |n(1-p/}e) “Y4(p? -2-pre)] | ‘ (7.13)

t=K?pf (7.14)
If K is the same for the flat and cylindrical specimens, then the carbonation

depth for the same exposure time can be corrected as using p&=cfy - p,, where cfy

is the correction factor (see Figure 26).
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APPENDIX 4.7. (Continued)

0.8

0.8

0.7

Correction Factor for Corbonation Depth

0.6

0.5

‘Figure 26. Correction factor (cfy) for carbonation depth as a function of
a normalized penetration depth p = p, / re in a cylinder.
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APPENDIX 4.8. CONCRETE CARBONATION DEPTH DATA (mm)

Time

Mix 01

Mix 03

Mix 05

Mix 08

Mix 10

Time

Mix 01

Mix 03

Mix 05

Mix 08

Mix 10

Spe. 1
Spc. 2
Avrg.
Spec. 1
Spc. 2
Avrg.
Spe. 1
Spc. 2
Avrg.
Spc. 1
Spc. 2
Avrgd.
Spc. 1
Spc. 2
Avrg,

Spc. 1
Spc. 2
Avrg.
Spe. 1
Spc. 2
Avrg.
Spe. 1
Spc. 2
Avrg.
Spc. 1
Spc. 2
Avrg.
Spc. 1
Spc. 2
Avrg.

g0
Depth

1.18
1.08
1.13
2.02
2.36
2.19
2.59
2.4
25
1.41
1.3
1.36
2.64
25
2.57

80
Depth

1.18
1.08
1.13
2.02
2.36
2.19
2.59
24

- .25
1.41
1.3
1.36
2.64
2.5
2.57

Raw Carbonation Depth

3St. Dev.

0.18
0.33
0.26
0.43
0.58
0.505
0.6
1.07
0.835
0.38
0.48
0.43
0.49
0.55
0.52

Flat Carbonation Depth

210
Depth

8.75
8.18
8.44
12.25
12.13
12.19
13
12.25
12.63
10.81
11.39
11.1
13.25
14.13
13.69

210
Depth
8.382
7.6962
8.0391
11.4681
" 11.4681
11.4681

12.1158.

11.4681
11.7729
10.1346
10.7828
10.4394
12.4587
13.1064
12.7635

251

St. Dev.
1.04
1.89

1.465
1.83
1.87
1.85
2.14
1.738

1.935

1
2.68
1.84
1.49
1.43
1,48

350
Depth

12.32
11.63
11.98
17.73
17.15
17.44
20.07
17.98
19.03
13.84
16.46
15.15
21.08
21.34
21.19

350
Depth

11.4681
11.1252
11.3157
16.2306
15.621
15.9258
17.9832
16.2306
17.1069
12.7635
15.0114
14.0589
18.5547
18.8214
18.7071

St. Dev.
1.88
1,78
1.83
2.59
1.37
1.98
2.06
2.34

2.2
1.37
1.42

1.395
3.48
2.06
2.77



