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INTRODUCTION

In 1980, the Federal Highway Administration (FHHWA) began a 6 year research project to investigate
the effects of calcium nitrite on salt-contaminated reinforced concrete. This project was prompted by the need to
protect the Nation’s bridges and structures from damage due to corrosion. Calcium nitrite is reported to
chemically inhibit breakdown of the passivating layer of the embedded reinforcement") The initial research
focused on the long-term results of calcium nitrite in chloride-contaminated reinforced concrete, concluding that
the use of calcium nitrite was effective in reducing the rate of corrosion when the nitrite content was greater than
the chloride content at reinforcement depth,®

For the purposes of the earlier investigation, the slabs containing varying amounts of admixed
chlorides were ponded in December 1980 for 46 days with a 3 percent sodium chloride solution. After which
time, the ponds were removed, chloride concentrations in the concrete were determined at the rebar depth, and
the specimens were exposed to natural weather conditions. Routine testing performed on the specimens
included the measurement of macrocell current, driving voltage, half-cell potentials, and alternating current (AC)
resistance. Testing for the project concluded in June 1987, with the final data collected 2,429 days after initial
ponding. Affer which, the specimens remained exposed to natural weather conditions in the Washington, D.C.
area. In 1996, the slabs were transported to the Florida Department of Transportation (FDOT) State Materials
Office in Gainesville, where they were prepared for final electrochemical testing and specimen autopsy. FDOT
testing was carried out 6,170 days after initial ponding, Information obtained from these final tests was utilized
to evaluate Jong-term stability characteristics of calcium nitrite in reinforced concrete, as well as the corrosion-
inhibiting effectiveness of calcium nitrite in reinforced concrete with varying chloride contents.

DESCRIPTION OF SPECIMENS

In the original study,® 18 specimens were cast to evaluate the effects of calcium nitrite in chloride-
contaminated reinforced concrete (figure 1). The specimens measured 61 cmx 152 cmx 15 em (2 fix 5 ftx 0.5
ft) and were cast in two lifts. All lower lifts were cast from chloride-free concrete. The upper lifts were cast 1 to
3 days after the lower lifts, and contained varying amounts of sodium chloride. Calcium nitrite (Ca(NO,),) was
admixed into both liffs of select specimens in the amount of 2.75 percent of the cement weight. This
corresponds to 10.7 kg/m’ (18.1 Ib/yd®) of calcium nitrite, or 7.48 kg/m® (12.6 I/ydP) of nitrite (NO,"). The
mixing ratio for the concrete was 1 part cernent to 1.76 parts fine aggregate to 2.36 parts coarse aggregate. Table
1 lists the physical characteristics of the fine and coarse aggregates used for these specimens.

Table 1
Properties of Fine and Coarse Aggregates Used in Test Specimens
L Materal __ SpecificGravity | FinenessModulus | . Maximum Size .
- 'White Marsh Sand 264 26 0.075 mm (0.003 in)
Riverton Limestone. 207 N/A 19 mm (0.75 in)

The coarse aggregate was graded to the mid-point of the American Association of State Highway and
Transportation Officials (AASHTO) M-43 size number 67 specification. All coarse aggregates were separated



Figure 1 - FWA test specimens up aivlat FDOT Mateials fflce

into four sizes which were then batched separately to ensure gradation control. The concrete was batched in a
rotary drum mixer with a capacity of 0.31 m® (11 f*). The size of each mix was 0.25 m’ (9 ). The lower lift
was covered with wet burlap during the curing period. This lift was wire brushed prior to placement of the
upper lift. The upper lift was cured with wet burlap and polyethylene for 14 days® Mix design properties are
listed in table 2.

Table 2
Concrete Mix Design

. Cement(7Bags) 390 kg/m® (658 Iblyd®)

WatertoCementRatlo(w/C) v 053
Fine Aggregate 688 kg/m" (1160 loiyd’)
r Coarse A&Q@Qate L 920 kg/m?® (1550 lolyd®)
_ Darex Air Entraining Agent 379 mUm® (981 ozlyc®)
 Unitw e 2215 kg/m® (138 Ib/e)

7% (+1.5%)
Sto8cm (2103 in)

The upper lift of each specimen contained four longitudinal pieces of Number 5 rebar, 130 cm (51 in)
long and two Number 4 transverse bars 46 cm (18 in) in length. All bars in the upper lift were tied together
with steel wire. The lower mat consisted of seven pieces of Number 5 rebar, again 130 cm (51 in) long, and
three Number 4 transverse bars 46 cm (18 in) long, All bars in the lower lift were welded. There was 1.9 cm
(0.75 in) of cover above the upper mat, 2.5 cm (1 in) of cover below the lower mat, and 5 cm (2 in) of spacing
between the upper and lower mats. The rebar used in these mats meets the specifications of AASHTO M-31.
The standard configuration of the steel reinforcement for the slabs as well as typical slab dimensions are shown
in figure 2. The connection between upper and lower steel mats no longer existed for most specimens upon
arrival at the FDOT. All remaining specimen mats that were still connected were disconnected several weeks
before testing and allowed to stabilize. Further specifics of the specimen design matrix are listed in table 3.
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Figure 2 - Standard slab design.®

TESTING PROCEDURES

All test slabs were moved to an indoor testing facility to eliminate the effects of direct sunlight and rain.
The slabs were saturated with fresh water and covered for 14 days before testing commenced. Continuity
between all top mat bars was established and maintained for a minimum of 48 hours before testing.  All bottom
mat bars were also connected and continuity was maintained for at least 48 hours. Upper and lower mats were
left disconnected from each other and allowed to stabilize for a minimum of 24 hours. Nor-destructive and
destructive tests were then performed on each slab. All slabs continued to be saturated with water and covered
overnight during the festing period.

The non-destructive testing and evaluation perforined on each slab included: Visual survey, infermat
resistance, concrete surface resistivity, half-cell potentials, polarization resistance (R,), electrochemical impedance
spectroscopy (EIS), and macrocell current.

Visual Survey

Each slab was inspected and photographed. Any exterior corrosion staining and cracking was recorded.



Table 3
Specimen Characteristies Matrix

 Slab | UnitWeight | PercentAir | Ponded | 748kghm' |-
Lo % i s L!fB Tl
M 2240 69 v
216 2260 6.0 v v
213 2240 6.4 v v
214 | 2240 6.4 v v
218 | 2270 6.8 v v v
219 | 2270 6.8 v Y v
220 | 2270 7.0 v v v
221 2270 7.0 v Y v
222 2290 6.0 v v v
2290 6.0 v v v
2340 75 v v v
2340 75 v v o
2350 7.3 v v v
2350 7.3 v v v
2310 55 Y v
— 55 v v v
2320 69
2260 6.0 Y
Intermat Resistance

The AC resistance between the top and bottom mats of each slab was measured with a four-terminal 120-Hz
AEMC Model 4500 Digital Ground Resistance Tester set up as a two-terminal device.

Concrete Surface Resistivity

A four-pin resistivity meter (CNS Electronics Model HM-247-2) was used to measure the concrete surface
resistivity of each of the top slabs. The interprobe spacing was setat 5 cm (2 in). Measurements were taken
longitudinally in the center of the slab, and longitudinally 15 cm (6 in) from center in both directions.
Half-Cell Potentials

Potentials between the top mat and a Cu/CuSO, reference electrode (CSE) were measured at 12 positions on the
top face of each slab. The same 12 positions were again used to measure bottom mat CSE potentials.



Polarizetion Resistance

Testing was performed with a Gamry CMS device on all slabs, with a CSE as reference placed on the center of
the top of the slab, the top mat as the working electrode, and the bottom mat as the counter electrode. The tests
began at the open circwit potential and produced a forward scan of 12 mV, followed by a reverse scan of 12 mV
back to the open circuit potential. The scan rate was 0.1 mV/s Afier a rest period, identical tests were run with
the bottom mat as the working electrode and the top mat as the counter. Total resistance and solution

resistance (R,) values were then derived by calculating tangent slopes of the resulting voltage vs. current plots.

FElectrochemical Impedance Spectroscopy

AC mmpedance testing using a Gamry CMS device was performed on all slabs with a CSE reference electrode:
first with the top mat as the working electrode and the bottom mat as the counter electrode, then again with the
bottom mat as the working electrode and the top mat as the counter electrode. The frequency range for each test
varied from 1 mHz to 5 kHz. The initial potential was the open circuit potential and the amplitude for each test
was 10 mV root mean square (rms). By presenting the test results on a Nyquist plot, solution resistance was
estimated and compared to those values calculated from the polarization resistance testing. Once the values were
verified, they were used in obtaining polarization resistance values by subtracting R, from total resistance.

Macrocell Current

After all other electrochemical tests were completed, a 10 minute polarization test was conducted to measure the
capability of each slab to deliver a macrocell current between the top and bottom mats. A Hewlett Packard
Model 34401 A multimeter was then connected as a low-impedance (5 €2) ammeter between both mats and
current readings were recorded every second through a serial connection to a computer. The value of the current
at 10 minutes was reported as the nominal macrocell current for the slab. The symbols I, and 1., will be
used to designate macrocell currents and current densities, respectively (nominal or otherwise), in figure axis
labels.

Destructive testing performed on each slab included: Carbonation depth, chloride content and
profiling, total and free nitrite ion profiling, and rebar condition assessment.

Carbonation Depth

A sample was removed from each slab and immediately sprayed with phenolphthalein indicator to test
concrete carbonation depth.

Chloride Content and Profiling

Concrete cores were removed from each slab (figure 3). At the rebar depth in the top and bottom mats of each
slab, chloride content was determined using an acid-soluble titration procedure in accordance with Florida
Method FM 5-516.9 These values were compared to those obtained in the previous study® to analyze each
specimen’s chloride redistribution. In addition, seven slabs (216,219, 220, 223, 224, 226, and 228) had chloride
contents evaluated at several depths to obtain total profiles.



Figure 3 - Specimens with coring aaratus.

Total and Free Nitrite Ion Profiling

Complete profiles for total and free nitrite concentrations were obtained on eight slabs (216, 217, 219, 220, 223,
224, 226, and 228). For the purposes of this report, total nitrite concentration is defined as the maximum amount
that could be recovered by leaching the powdered concrete in water. Free nitrite concentration is defined here as
the amount of nitrite present in the pore water of the concrete when the concrete has been allowed to stabilize in
a 100 percent relative humidity environment. To determine total nitrite concentrations, concrete cores were
sliced and then pulverized to pass a #50 sieve. Two grams of concrete powder were mixed with 1000 mL, of
distilled water for 24 hours and then the solution was filtered through Whatman #41 filter paper. The solution
from this first extraction was analyzed for nitrite by spectrophotometric absorption at 543 nm.”) The residue
after the first extraction was further mixed with 500 mL of distilled water for an additional 10 days. The solution
was then filtered again and measured for the residual nitrite. The sum of the amounts extracted in the first and
second extractions was reported as the total nitrite, expressed first in wt % of the concrete and then converted in
mass per unit volume using the concrete unit weight in table 2. To facilitate comparison, the results have been
shown graphically as a percentage of the initially admixed nitrite. For evaluating free nitrites, water injected into
small cavities was allowed to nearly equilibrate with concrete pore solution in the cores (which were kept in a
100% relative humidity chamber) as shown in figure 4, following a procedure described elsewhere.®® Separate
experiments have shown that the nitrite content of the water in the test cavities approaches that obtained by
conventional pore water expression methods.®) Free nitrites were then reported as the amount measured
spectrophotometrically in the cavity water and expressed as g of NO,” per 10° g of water (parts per million or
ppm). Calculation examples are provided in Appendix B.

Rebar Condition Assessment

The top lift of each slab was demolished to retrieve the six-bar steel mats (figure 5). Percentage of surface area
affected by corrosion and maximum pit depth were recorded for each bar.
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RESULTS AND INTERPRETATION

Since research performed for this project is a continuation of a previous FHWA investigation, selected
results obtained are tabulated along with earlier results reported in FHWA Report No. FHWA-RD-88-165.%
These data are included in tables 4, 5. 6, and 7.

Visual Assessment

Visual slab inspection and steel reinforcement assessment data are summarized in table 4 for the 18
specimens. Photographs showing specimen and top steel mat conditions are in Appendix A. These samples
were visually inspected, and in most nstances, slab conditions were in close agreement with the visual
assessment in 1987.

Figure 5 - Top mat of steel removed from alil slabs for analysis.
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Table 4
Visual Assessment of Concrete Surface Conditions and Top Reinforcement Mat Analysis

[ R | NUMBER OF | MEASURED | MA’
| | BARS | %SAREA | -
5 G : : ASSES AFFECTED. |-
: 1987 | No cracking, no staining + t t + T
- 2171957 [No cracking, no staining LIGHT 4 45 0.13 1
_ ) 1987 | No cracking, no staining + + + 1 T
- 218 74097 | No cracking, no staining NONE 0 0 0 0
“hel 1887 | Moderate cracking, minor staining + T 1t T t
213 ™557 | Moderate cracking, rinor staining ADVANCED 6 55 022 3
Moderate cracking, no staining t 1 + t 1
Moderate cracking, no staining ADVANCED 6 0.29 3
Moderate cracking, minor staining 1 T + 1 +
Moderate cracking & delam, minor staining LIGHT 4 58 0.22 1
No cracking, ho staining ' + t + t
No cracking, no staining LIGHT 3 2.1 0.29 1
No cracking, minor staining t 1 + 1 T
No cracking, minor staining LIGHT 4 40 0.27 1
Minor cracking, no staining T T + T +
Minor cracking, no staining LIGHT 5 3.2 0.28 1
Minor cracking, minor staining E 1 ki 1 1
Moderate cracking & delam, minor staining MODERATE 5 24 0.18 2
Severe cracking, moderate staining 1 + T + 1
Severe cracking & delam, moderate staining MODERATE 6 49 0.19 2
o Extrerne cracking & delam, moderate staining 1 t t + 1
24 71997 | Extreme cracking & delam, moderate staining ADVANCED 6 45 026 3
1987 | Severe cracking & delam, severe staining 1 T 1 T 1
1997 | Severe cracking & delam, moderate staining EXTREME 6 84 034 4
1987 | Extreme cracking & delam, severe staining 1 + T t t
1997 | Extreme cracking & delam, severe staining EXTREME 6 96 0.33 4
1987 | Severe cracking & delam, severe staining + T T T 1
1997 | Severe cracking & delam, moderate staining EXTREME 6 92 0.33 4
Cooneml 1987 | Bxtreme cracking t t T T t
215 ™ 1997 | Extreme aracking & delam, minor staining EXTREME 6 100 0.56 4
) 1987 | Extreme cracking & delam, severe staining 1 T t T T
228 "5a7 | Bxtreme cracking & delam, moderate Staining EXTREME 6 100 042 4
S| 1987 |No cracking, no staining T + 1 T T
’;"'212'_;5}: 1997 | No cracking, no staining NONE 0 0 0 0
S0 1987 | No cracking, no staining 1 t T T +
27 Meer |Ne cracking, no staining NONE 0 0 0 0

*  CLASS is an incremental scale from 0 to 4, with 4 being most extreme. It is derived from the log of the multiplied product of Measured %
Surface Area Affected and Maximum Pit Depth.
1 Not performed as autopsies were conducted in 1997.



Electrochemical Corrosion Assessment

Table 5 includes intermat resistance, concrete surface resistivity, EIS solution resistance, and Rp test
results, including an apparent corrosion current density (ACD). Average intermat resistance values from the
previous FHWA study® are listed for comparison.

The results of the intermat resistances were 86 percent greater, on average, than in the original study,
with the exception of specimens 212, 223, and 228. Specimens 223 and 228 exhibited an increase in resistance
by as much as 27 times the original test results. This may be attributed to separation between the upper and
lower concrete lifts and to extreme cracking and delamination. Neither calcium nitrite nor chloride contents
appear to have had a significant effect on the intermat resistance of the specimens.

In addition, a review of the concrete surface resistivity data does not seem to indicate any significant
differences between specimens which contain calcium nitrite and all other specimens. Nor are there any
apparent differences between specimens which contain chloride and the control slabs. One-third of the
specimens exhibited noticeably higher resistivity values than the others, which may be attributed to cracking and
delamination of these slabs due to corrosion.

Polarization resistance measurements give a relatively inverse indication of corrosion activity. These
measurements were performed when the mats had been disconnected from each other for at least 2 days, so that
an independent assessment of each mat could be done. An apparent corrosion current density (ACD)
representative of the average conditions over the mat surface can be obtained from the measured value of Rp by
applying the Stearn-Geary equation to the measured values:

ACD=0026V Ag' Rp! | (Eq. 1)

where Ay is the surface area of the rebar mat (0.297 m? for the top mat and 0.511 m? for the bottom mat) and
0.026 V is an empirical value for the Stearn-Geary constant commonly used for steel in concrete” With the
exceptions of Slabs 211, 215, and 228, the highest observed top mat ACD values (typical of those observed in
actively corroding steel)® generally coincided with observations of severe corrosion deterioration. For slabs
showing indications of top mat corrosion, the ACD values of the lower mat were typically much lower than
those of the top mat. This was to be expected since chloride contamination was much more severe in the top lift.

Average potentials versus CSE for top and bottom mats and the computed potential difference
between mats are included in table 6. For specimens containing calcium nitrite, the top mat potentials became
more negative as the initial chloride contents increased. The bottom mat potentials in 1980-1987 followed trends
comparable to those of the top mat potentials. The 1997 bottom mat potentials tended to be more positive than
in 1980-1987. This change may reflect a combination of extended electrical decoupling between both mats, and
of an increasing nitrite content in the bottom lift (see nitrite analysis results).



Table 5
Results From Non-Destructive Testing

2°C INTERWAT | TOPMAT | TOPMAT | TOP MAT | BOTTOM | BOTTOM | BOTTOM
. A ‘i “Rs ot Rp L ACD - | MATRs | MATRp :| MATACD
by L g e B () € 7 (uAfeny.
i 19601987 t t + + t +
1997 19 093 9.38 175 84 0.104
O t t t + + +
: 1997 48 253 0.0345 1.2 136 0.064
 ;7213 1980-1987 T T T + + +
1997 26 12 7.27 114 63 0.138
‘21‘4 1980-1987 + t+ t t +
- 1997 38 1.51 5.82 133 78 0.112
 ' ,'218 | 19801987 + + + + + +
g 1997 53 63 0.138 130 52 0.168
ot 1980-1987 110 t + t t + + t
2 1997 27.1 10 5.1 95 0.0918 13.1 131 0.067
220 | 1801987 124 t t t + + t t
= 1997 240 54 6.0 42 0.208 15.1 82 0.106
o 1980-1987 123 + t t + t +
1997 24 75 106" 64 0.136 145 84 0.104
| 10801087 153 + + t + + t t
S 1997 317 6.4 6.0 14 0623 12.6* 65 0.134
1980-1987 59.1 t + t t t + t
. 1997 1612 7.7 35 09 9.70 123* 218 0.04
a | 10801967 146 + + + + t t t
1997 188 48 1.3* 2.8 312 11 34 0.26
o 1980-1987 130 + t + + t t +
1997 164 58 058 29 3.01 6.0 N/A N/A
; 226 1980-1987 11.0 t t t + T t +
G 1997 19.1 21 6.1 8.1 108 9.0 % 0.088
| 19B0tE7 109 t t t + t t t
e 1997 146 50 37 33 2.73 50 101 0.086
L R 135 + + + t t t t
: 1997 316 58 76* 8.54 1.02 110 24 0.364
228' | 19801987 635 t + t t t t +
T 1997 711 35 185 25 0349 999+ 619 0.14
- 1980-1987 133 + + T t + t t
- 1997 107.8 9.1 20 N/A N/A 87 368 0.024
| 1eB01087 130 t t t t t t t
1997 23.1 52 49 N/A N/A 155 71 0.123

Note: Values from the 1980-1987 test period are an average of all readings taken during that 2,429-day period. @
* These solution resistance values are calculated using data from polarization resistance testing.

+ Not performed in 1980-1987.
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Table 6

Reinforcement Mat Potentials Versus CSE and Computed Potential Differences Between Mats

oo TOP v BOTTOM.
POTENTIAL
T my)
1980-1987
1997 -84
i . 1980-1987 1
[ 1997 -30 -18 -12
B 1980-1987 -219 -145 -74
y . 1997 -140 71 -211
- 214 5 1980-1987 -300 -156 -144
e 1997 -128 74 -202
v 1980-1987 -185 -174 -11
1997 -122 -39 -83
v 1980-1987 -174 -191 17
1997 -74 41 -115
v 1980-1987 215 -180 -35
1997 -139 63 -76
v 1980-1987 -181 -189 8
1997 -164 -51 -113
1980-1987 -297 -245 -562
v 1997 -286 42 -244
v 1980-1987 -369 -220 -149
1997 -293 17 -310
1980-1987 -370 -284 -86
v 1997 -346 -15 -331
1980-1987 -406 -285 -121
v 1997 -321 56 -377
1980-1987 -408 -297 -111
v 1997 -338 44 -382
v 1980-1987 418 -291 -127
1997 -250 -33 =217
1980-1987 -393 -289 -104
1997 -354 -336 -19
1980-1987 411 -300 -111
v 1997 -446 23 -423
1980-1987 -154 -38 -116
1997 -117 -106 -1
iy v 1980-1987 -7 -96 =21
G 1997 69 46 -23

11

* Potentials for 1980-1987 are an average of all measurements obtained during that study period @




Table 7 summarizes the corrosion data for the 18 FHWA specimens. In order to account for
temperature differences throughout the duration of the project, all current and intermat resistance measurements
were adjusted to 23°C in the manner of Report No. FHWA-RD-83-012¢) utilizing the following equations:

I ambient
e = L ®42)
[2883(‘ - )] .
ITZZ!"C Tamhicnt
[
1 1
_ [2883(—1"2‘;(‘2 i :rambicnt )] 3
R23°C - Rambient e (Eq )

Specimen driving voltage listed for 1997 was calculated as the product of the 1997 values obtained for
the nominal macrocell current and intermat resistance. The driving voltage values listed for the 1980-1987
period for each slab are an average of the values obtained during that period by disconnecting the top and bottom
mats and measuring the potential difference immediately afterwards® In general, the nominal macrocell
currents obtained in 1997 were comparable to the weighted-average macrocell current reported for the 1980-
1987 period.? Exceptions were high chloride slabs 215 and 228, which showed much lower currents than those
reported in the earlier study. Those reductions may have resulted from physical slab deterioration. Taking into
account those exceptions, figure 6 shows that there was also good correlation between the nominal macrocell
currents obtained in 1997 and the percent of rebar surface area affected by corrosion (table 4) observed in the
subsequent 1997 destructive examination.

10000 7/
o
El o A
S 1000 o A
-] o 9
é 100 + A
=
O
=
§ 10 &
= )
1 £ f ; f
0 0.1 1 10 100
%REBAR AREA CORRODED

Figure 6 - Nominal macrocell current measured in 1997 as a function of
percentage of rebar affected by corrosion. [( A) Slabs with no
admixed nitrite; (O) Slabs with admixed nitrite.]
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Corrosion macrocell current data are not available for the 1987-1997 period, during which the external
electrical connection in many slabs was also lost and severe concrete deterioration affected some slabs.
Nevertheless, for the purposes of comparison, a nominal weighted-average macrocell current (NWMC) for the
period 1980-1997 was assigned to each slab. This was implemented by assuming that external connection
existed for most of the 1980-1997 period; that the 10-minute currents measured in 1997 roughly approximate the
corresponding steady-state current at that time; and that the current varied linearly with time between 1987 and
1997, starting with a value equal to the weighted 1980-1987 average. The resulting NWMC value for each slab
is listed in table 7, and it generally parallels the trends obtained during 1980-1987. '

The actual 1980-1987 macrocell currents and 1980-1997 NWMC were integrated over their respective
time periods and converted into theoretical amounts of iron consumed, assuming oxidation to ferrous ions, by
the Faradaic factor 1.04 g/A-h. @® It must be emphasized that these amounts can only correspond to the added
corrosion at the top mat due to macrocell coupling to the bottom mat. These amounts should be added to any
local cell corrosion supported by cathodic reactions at the top mat; that local cell action can be substantial, as
indicated by the polarization resistance measurements discussed earlier. However, both macrocell and local cell
currents are expected to be indicative of conditions promoting overall corrosion action. This is confirmed by
examining figure 7, in which the NWMC (converted into current density by dividing into the top mat rebar area,
0.297 m?) is compared with the ACD from polarization resistance measurements; the slabs having the highest
macrocell action generally also showed the highest ACD, with the exception of slabs 211, 215, and 228 as
previously indicated. Overall, the NWMC tended to be smaller than the ACD, as expected from the above
discussion. The ACD values and macrocell currents (as well as the corresponding theoretical iron consumption)
also generally correlated with the visual and measured rebar conditions indicated in table 4.

10
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Figure 7 - 1980-1997 nominal macroceli current density as a function
of top mat apparent corrosion current density from 1997
polarization resistance measurements. [( A) Slabs with no
admixed nitrite; {O) Slabs with admixed nitrite.]
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Table 7

oncrere |

Macro

cell Current and Theoretical Tron Consumed

BRI 1980-1687 1980-1987 376 228
2 " 1997 20 1997 218 22 71 1980-1997* 284 437
1980 22 1980-1987 11.2 0 — 1980-1987 2 0.09
v 1997 20 1997 16.1 0.06 27 1980-1997™ 22 042
1980 47 1980-1987 133 34 — 1980-1987 2298 139

1997 16 1997 16.8 37 1548 1980-1997* 2069 238

1980 441 1980-1987 132 36 - 1980-1987 2050 124

1997 23 1997 16.5 26 1105 1980-1997™ 1477 228

1980 5.0 1980-1987 124 3 - 1980-1987 231 14.0

v 1997 37 1997 199 45 160 1980-1997* 188 290
1980 5.0 1980-1987 1 2 — 1980-1987 115 6.97

v 1997 38 1997 19 22 81 19801997 94 145
1980 69 1980-1987 124 3 - 19801987 112 677

v 1997 44 1997 16.8 25 104 1980-1997™ 107 16.5
1980 6.5 1980-1987 123 3 - 1980-1987 113 6.87

v 1997 55 1997 167 47 208 1980-1997** 171 26.3
1980 79 1980-1987 1563 6 - 1980-1987 216 13.1

v 1897 63 1997 222 29 914 1980-1997™ 639 984
1980 85 1980-1987 59.1 27 — 1980-1987 476 28

v 1997 6.4 1997 1130 897 555 1980-1997* 525 80.7
1980 99 19801987 146 25 —_ 1980-1987 1152 69.9

v 1997 44 1997 132 50 2668 1980-1997™ 2071 320
1980 97 1980-1987 130 41 — 1980-1987 2117 128

d 1997 35 1997 115 54 3315 1980-1997* 2843 438
1980 100 1980-1987 1 40 - 1980-1987 2591 157

v 1997 21 1997 134 49 2571 1980-1997 2579 397
1980 120 1980-1987 10.9 31 - 1980-1987 1877 114

v 1997 23 1997 102 28 1911 1980-1997* 1898 292
1980 138 1980-1987 135 51 — 1980-1987 3566 216

1997 96 1997 221 10 318 1980-1997* 1597 246

1980 134 1980-1987 63.5 58 — 1980-1987 1663 101

v 1997 72 1897 498 105 148 1980-1997™ 744 115
1980 00 1980-1987 133 0 — 1980-1987 7 042

1997 02 1997 755 08 75 1980-1997™ 73 1142

1980 0.0 1980-1087 13 0 - 1980-1987 o 0
v 1997 02 1997 16.2 0.08 34 1980-1997* 2.1 0.32

** The 1980-1997 values are presented as NWMC,
*+% The 1997 result is a calculated value.

*  Concrete chloride concentrations at the depth of the top reinforcement mat.
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- TOP STEEL MAT

Concrete Cover {cm)
T

211 216 213 214 218 219 220 221 222 223 224 225 226 227 215 228 212 217
Specimen

Figure 8 - Carbonation depth for all specimens.

Concrete Carbonation, Chloride, and Nitrite Analysis

Carbonation depth measurements are shown in figure 8. With the exception of specimens 211 and 216,
the average ratio of carbonation depth in specimens without nitrites to that in comparable specimens with
nitrites was 2 to 1. Table 8 includes carbonation depth, measured chloride content at top mat depth, and total and
free nitrite concentrations at top mat depth obtained from destructive testing of the specimens, in addition to the
measured chloride to free nitrite ratio.

Figure 9 shows the chloride concentration measured at the top bar level of each specimen in 1980 after ponding
and in 1997, as well as initially admixed chloride content. The chloride profiles determined for seven specimens
are displayed in figure 10. The results in figures 9 and 10 are generally consistent with expected behavior. The

26

20

15

Chioride Contert (kg/m3)

§;

241 216 213 214 218 249 220 221 222 223 224 226 226 207 215 228 212 217
Specimen

[ Clinttialty Admixed Chlorides 1880 Results After Ponding  B81897 Resulls I

Figure 9 - History of chloride content at top rebar mat for all
specimens.
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Table 8

Results From Destructive Testing
| oonocrp 0.16 20
216 | 1o7CNoOCHLP 0.16 20 372 8370 1.86
OCN,3CIP 048 16
OCN,3ChLP 048 23
10.7 CN, 3CI, P 0.16 37 4620
10.7 CN, 3 CI, P 032 38 447 6350 1.18
10.7 CN, 6 CI, P 048 44 5.21 1.16
107 CN, 6 CI, P 032 55 7530
107 CN, 9 CI, P 032 63 9370
10.7 CN, 9 CI,P 0.16 6.4 357 0.56
107 CN, 12CI, P 0.16 44 163 0.37
107 CN, 12 Ch, P 0.16 35
107 CN, 15 CI, P 0t00.32 2.1 062 0.30
10.7 CN, 15CI, P 0 23
OCN,21Cr,P 0.16t0 1.27 96
107CN,21CLP | 0.16t00.64 7.2 1.16 0.16
, 0CN, 0 CI, NP 016 02
217 10.7 CN, 0 CI, NP 008 02 481 6260 24.1

* CN - Calcium Nitrite, P - Ponded, NP - Not Ponded, Admixed amounts given in kg/m’
** Tests conducted on concrete at top mat depth (figure 4).

top lift chloride concentrations measured in 1980 in specimens with no initially admixed chloride reflect
chloride acquired during ponding. Specimens with admixed chloride showed a 1980 chloride content roughly
proportional to the admixed amount. For specimens with less than 10 kg/m’ admixed chloride, the chloride
content in the top lift was somewhat lower than that measured in 1980. Examination of figure 10 suggests that
the change can be explained by chloride diffusion into the lower lift, which did not have chlorides initially. The
initial chloride profile (which had a sharp step down to near zero concentration at the transition from the top to
the bottom lifts) relaxed over a period t = 15 years into the pattems shown in figure 10. The observed final
profiles correspond roughly to a characteristic diffusion distance x equal to about 1/2 of the slab thickness, or 7.5
cm. In simple diffusion processes,” x is on the order of (D 1), where D is the diffusion coefficient. Thus, the
results would indicate an apparent chloride diffusion coefficient of about 5 cm?/yr, which is consistent with
observations of chloride diffusivity in concrete with high wic ratios” A more sophisticated analysis would need
to consider chloride interactions with other mobile species in the concrete (especially the nitrite), and transport
mechanisms beyond diffusion.

For specimens 222-227 (with high admixed chloride content), the chloride concentration in the top lift
was markedly lower in 1997 than in 1980 (figure 9). This change is too large to be explained by the amount
diffused into the bottom lift (see the trends for selected slabs in figure 10). Examination of table 4 reveals that
those slabs with high admixed chlorides and the greatest top lift chloride loss were also those with the most
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Figure 10 - Profiles of total chlorides incrementally measured through the
thickness of seven specimens (specimen number indicated for each

profile).
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Figure 11 - Profiles of total measured nitrites as a percentage of the originally admixed
nitrites for eight specimens (specimen number indicated for each profile).



severe concrete cover deterioration. Thus, it is likely that much of the chloride loss in the top lift of these slabs
was due to rainwater leaching facilitated by cracks during years of weather exposure.

Figure 11 illustrates the results for total nitrite content of the concrete slabs under investigation. The
recovery percentage reported is the total extracted nitrite (from the two-step extraction method described above)
divided by the originally admixed nitrite (see Appendix B). Initially, both lifts had the same nitrite content.

Separate tests with freshly made specimens showed that the extraction method employed here was able
to extract 95 to 100 percent of the total nitrite from the concrete. To verify the accuracy of the test method,
unused portions of the concrete powder samples from six slabs, used to obtain the data in figure 11, were
selected to span a wide range of measured total nitrite contents. Those portions were independently analyzed
again in blind tests by W.R. Grace & Co., with the results being displayed in figure 12. The results from the
method used in this work matched those from the W.R. Grace & Co. laboratory very well, with an R? value of
0.9967. Nitrite recovery was generally about 5 percent higher than that reported by W.R. Grace & Co.; this 5
percent difference is likely the result of the long-term second extraction.

An estimate was made of the total amount of nitrite present throughout the entire thickness of each slab
by numerically integrating each of the profiles in figure 11. Separate integrations for the top and bottom lifts
were also conducted. For slabs not experiencing severe cover deterioration, the integrated nitrite content of the
top lift was between 72 and %3 of the original admixed amount, while in the bottom lift, the analysis showed
about /3 greater nitrite than admixed. The top plus bottom lift average content in those slabs was at least %4 of
the initially admixed amount. Thus, much of the initially admixed nitrite appears to have remained within the
slabs, but redistributed along the slab thickness in a manner opposite to that of the final chloride profile.

0.30

= y=0.9517x -0.0045
22

E 5 R2=0.9967 9971
T
565 020
[E N <]
e (G
° L
e &
e, O
2
28 0410}
T 0
=2 T
2 £

0.00 ! !

0.00 0.10 0.20 0.30

Nitrite (wt% of concrete)
(This method)

Figure 12 - Comparison of nitrite analysis results obtained with the method
used in this work and by an independent laboratory. [The numbers
identify the slab and slice number (figure 11, counting from left)
from which the powder originated.]
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Figure 13 - Profiles of free nitrites as measured in cavity water for six specimens.

For the slabs with extensive cover damage, the nitrite content in the top lift was much lower than the
nominal admixed amount. The concentration in these slabs nevertheless increased markedly toward the bottom
lift, where in two instances, values exceeded the nominal admixed amount.

The free nitrite measurements are shown in figure 13. In the locations investigated, the free nitrite
values increased with distance from the top surface, generally following the trends shown in figure 11 for the
total nitrites. The free nitrite content was roughly proportional to the total nitrite content, on average about 8,000
ppm free nitrite for every 4 kg/m’ of total nifrite. If the concrete had about 10 percent capillary volume porosity,
this proportionality would indicate that about 1/5 of the total nitrite was dissolved in the pore solution, while the
remaining 4/5 were bound in another form in the concrete (see Appendix B for an example calculation). This
binding is reversible, since nearly all the nitrite was readily extracted when the concrete was leached with large
amounts of water in the procedure used for total nitrite analysis.

The low amount of nitrite observed in the top lift of slabs that had high admixed chlorides is likely the
result of rainwater leachout from the heavily damaged concrete, as it is thought to be the case for chloride ions in
the same slabs. This is supported by measurements that have shown that diffusivity of nitrite and leaching
kinetics are comparable to those of chloride."” Altematively, some nitrite may have been consumed by reaction
with Fe?*-based corrosion products.” The reason for the increase in nitrite toward the bottom in most of the
slabs is not known at present. Barring concentration gradients introduced at the time of casting, the increase at the
bottom occurred during the life of the slabs and coincided with the downward diffusional transport of chloride
from the top to the bottom lift. The possibility of a coupled ionic transport mechanism at work or of competitive
binding of chlorides and nitrites should be investigated further.
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The above results indicate nevertheless that much of the nominally admixed nitrite remained in the slabs
that were physically sound at the end of nearly two decades of weather exposure, even though the concrete used
had a wic ratio of 0.53 and could be expected to be of relatively high permeability. On the other hand, nitrite
redistribution toward the lower lift took some inhibitor away from the area of highest chloride contamination.
Future investigations should be directed to determine to which extent these effects take place in the less
permeable concretes regularly used for highway structures. ‘

Effect of Calcium Nitrite on Corrosion Performance

Calcium nitrite is expected to increase the steel resistance to passivity breakdown, thus resulting in an
increase in the critical chloride concentration threshold C, for corrosion initiation. Previous investigators®'"
proposed that nitrite addition caused an increase in C; (expressed in mass per unit volume of concrete) roughly
equal to the amount of nitrite present in the concrete surrounding the reinforcing steel. The following discussion

examines that interpretation in light of the present findings.

The exposure history of the tested slabs suggests that the chloride content of the concrete next to the top
mat steel reached a peak some time after the ponding period ended, followed by long-term drop-off. Thus,
opportunity for corrosion initiation was likely highest early in the life of the slabs unless long-term nitrite loss
caused a proportionally greater loss of protection afterwards. The latter does not seem to have been the case
since comparison of the 1987 and 1997 slab surveys indicates that most corrosion had already initiated in the
earlier period. Thus, the presence or absence of corrosion in the slabs resulted from the occurrence of either a
peak or a relatively stable level of chloride contamination, as opposed to conditions in actual service where a
progressive chloride content increase with time would be more likely.

With the exception of highly contaminated slabs, corrosion both in slabs with and without nitrite did not
affect the entire steel surface. Visual examination in 1997 often showed rust-covered segments alternating with
uncorroded sections of rebar still showing the initial mill scale. Since chloride contamination and nitrite content
at the rebar depth are expected to have shown only moderate spatial variability, the results suggest C; varied
from point to point over the rebar assembly. Proposed causes for spatial variations of Cy include changes in the
local half-cell potential after adjacent areas become active," local physical and chemical concrete properties,*™
variability of the steel surface condition," and the presence of crevices and occlusions."” Regardless of the
cause, evaluation of the inhibitor effect must take into consideration the variability of the response.

The corrosion response based on the direct observation (table 4) will be examined first. The severity of
externally observable concrete deterioration and rebar corrosion followed similar trends, which may be
conveniently expressed quantitatively by the percentage of rebar surface area (%RAC) affected by corrosion.
Figure 14 shows the %RAC as a function of chloride content measured at the top mat depth in 1980
immediately after the end of the ponding period, hereafter called the 1980 chloride. The results for the nitrite-
containing slabs followed an S-curve trend. The solid line approximating that trend corresponds to a cumulative
normal distribution calculated to have the best least-square-error fit to the nitrite slab data. The results for the
nitrite-free slabs are few, but appear to follow a trend similar to that of the nitrite slabs, only displaced to the left
reflecting a beneficial effect of the nitrite presence. Consequently, the dashed line was constructed by laterally
displacing the solid line until a best least-square-error fit to the nitrite-free slab data was obtained. That
condition was achieved for a displacement amounting to 4.8 kg/m’. This mathematical procedure served the
purpose of reproducibly defining a displacement between both data distributions. However, it must be
emphasized that the finctional form adopted for the curves was chosen for convenience in representing the
trend of the data.
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The beneficial effect of nitrite was manifested also when quantifying corrosion by indirect
electrochemical assessment. Figure 15 shows the weighted-average macrocell current densities for the 1980-
1987 and 1980-1997 (nominal) periods as a function of 1980 chloride. The results for 1980 chloride > 10 kg/m’
show considerable experimental scatter, likely due to physical slab degradation. Nevertheless, the results for
1980 chloride < 10 kg/m® suggest reasonably well-defined trends, paralleling the behavior observed in figure 14.
The solid and dashed lines were constructed, as in figure 14, to fit the current density data for the 1980-1987
period. The lines are offset by 5.6 kg/m’ in approximate agreement with the result from the %RAC analysis.
Experimental scatter was too great to perform similar quantitative assessments using half-cell potentials or
polarization resistance results. Nonetheless, the general agreement observed between the results of those
methods and macrocell currents (as indicated in an earlier section) lends support to the use of the latter for this

purpose.

As a first approximation, the chloride levels measured at the end of the ponding period may be
considered to be representative of the peak conditions mentioned above. Figures 14 and 15 suggest that except
for a parallel offset, the corrosion response to the chloride content of nitrite and nitrite-free slabs appeared to be
quite similar. The effect of admixing 7.48 kg/m’ nitrite can then be interpreted as increasing the distributed
values of C; by a value in the range of 4.8 kg/m’ to 5.6 kg/m’ (5.2 kg/m” average). This amount corresponds to
about 70 percent of the admixed nitrite content, but the actual amount of inhibitor present at the rebar level at the
time of corrosion initiation was likely less than the admixed amount. This is to be expected since some
migration of inhibitor to the lower lift (figure 11) must have already taken place during the first few months. In
addition, nitrite leaching into the ponding water from the permeable 0.53 w/c concrete may have also reduced
the nitrite below the admixed levels by the end of ponding (a likely explanation also for chloride contents less
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Figure 14 - Percentage of rebar surface area affected by corrosion as a
function of top mat chloride content at the end of the ponding
period. [(A) Slabs with no admixed nitrite; (O) Slabs with admixed
nitrite. See text for procedure to obtain trend lines.]
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than the admixed amount in some of the high chloride slabs, figure 9). If the reduction caused nitrite levels to
drop to about 70 percent of the admixed amount by the time corrosion initiation took place, then the results
would support earlier reports of an elevation of C; ina 1:1 proportion by weight of nitrite.

Data on top mat nitrite content at the end of the ponding period are not available to compare directly
with the chloride measurements at that time. However, the extent of corrosion can be examined as a function of
the relative nitrite and chloride amounts measured at the time of the 1997 autopsies. These results were not
analyzed in the same manner as performed in figure 14 for the earlier 1980 data, because the relatively large slab-
to-slab variations in 1997 nitrite content would make comparison difficult. Instead, the extent of corrosion was
examined as a function of the difference between nitrite and chloride concentrations measured for each slab in
1997, in an attempt to reveal changes when the difference became zero (equal remaining amounts of nitrite and
chloride). This analysis is shown in figure 16 for the %eRAC. The graph shows that severe corrosion was
observed only for slabs where the 1997 chloride content was greater than the 1997 nitrite content. The results for
the slabs without admixed nitrite are plotted in the same manner (since nitrite content was zero, the abscissa in
those cases is simply the negative of the chloride content). Both data sets roughly overlap, suggesting that nitrite
canceled the effect of an approximately equal amount of chloride up to the time of autopsy. Figure 17 shows a
similar representation for the weighted-average macrocell current densities, also exhibiting signs of severe
macrocell action only when chlorides exceeded nitrites and overlapped the results from slabs without admixed
nitrite. Although the species concentrations are only those at the end of the 17-year exposure, the results
generally support the interpretation that corrosion thresholds increase by an amount roughly equal to the nitrite
concentration.
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Figure 15 - Macrocell current density as a function of top mat chloride content at the end
of the ponding period. [(A) Slabs with no admixed nitrite, 1980-87; () Slabs
with no admixed nitrite, 1980-97 nominal values; (O) Slabs with admixed
nitrite, 1980-87; (o) Slabs with admixed nitrite, 1980-97 nominal values. See
text for procedure used to obtain trend lines, which apply only to the results
for 1980-87 and concentrations less than 10 kg/m®.]
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Figure 16 - Percentage of rebar surface area affected by corrosion as a function
of top mat 1997 nitrite content minus 1997 chloride content. [( A) Slabs
with no admixed nitrite; (O) Slabs with admixed hitrite.]

The above findings suggest that slabs with top mat nitrite content consistently higher than the chloride
content should be nearly free fiom corrosion, as in the chloride- and nitrite-fiee slabs. This was confirmed in
Slab 216, which had about 2 kg/m® chloride at the end of the ponding period (as well as in 1997) and still
retained 3.7 kg/m’ top mat nitrite in 1997. Slab 216 showed virtually completely passive steel behavior, either
by direct observation or by electrochemical indicators. In contrast, nitrite-free Slab 211 that also had about 2
kg/m?’ chloride at the end of the ponding period showed rebar corrosion on 4.5 percent of its surface and
moderate electrochemical indications of corrosion. However, nitrite-containing slabs with nearly equal nitrite
and chloride amounts did not show complete corrosion suppression. This was the case with slabs 218 and 219,
which had 1980 chloride amounts of about 5 kg/m® (comparable to the likely nitrite content at the top mat level
at that time), and retained (Slab 219) some nitrite excess when analyzed at the end of the investigation. Slab
219 showed minor corrosion on a level comparable to that of nitrite-free, low chloride Slab 211. Slab 218,
twin of 219, showed moderate corrosion, including some concrete cracking. Both Slabs 218 and 219 also
showed moderate electrochemical indications of corrosion. Slabs 220 and 221 also did not show complete
corrosion suppression, but that is not surprising since these slabs had about 2 kg/m?’ higher 1980 chloride
contents than Slabs 218 and 219, while having the same admixed nitrite amounts,

The overall results of this investigation indicate beneficial effects of nitrite presence, approximately
counteracting the effects of chloride content on a 1:1 weight basis in the concentration range investigated. That
interpretation was well confirmed by no evidence of active corrosion in a low chloride contamination case (Slab
216), and by reduction of corrosion severity in cases where some corrosion existed. However, experimental data
were unavailable in important situations of interest, for example, cases with chloride contents of several kg/m’
and actual nitrite contents one or two kg/m?’ higher. Future work will be needed to establish whether highly
efficient corrosion suppression takes place also under those conditions.
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Figure 17 - Macrocell current density as a function of top mat 1997 nitrite content
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The investigation showed also that nitrite remained as a chemically identifiable admixture after 17 years
in the concrete environment. The analyses showed also that a large fraction of the admixed inhibitor in sound
slabs remained in place affer leaching during the initial ponding and 17 years weather exposure. The nitrite loss
was moderate considering the highly permeable concrete used, and the prognosis for long-term nitrite retention
in physically sound higher density concretes appears to be good. The investigation also showed significant nitrite
loss from physically deteriorated concrete. This loss is expected to reduce the extent of any residual protection
during the propagation stages of corrosion.

CONCLUSIONS

1. In general, information obtained from all corrosion meastrement techniques applied in this study
correlates well with the visual survey of the concrete surface and the extracted reinforcing steel. The
non-destructive corrosion measurement techniques employed by this study (particularly half-cell
potential and macrocell current) are useful in evaluating the condition of a reinforced concrete specimen
with initially added calcium nitrite.

P

The physical appearance of the slabs at 17 years resembled that observed at 7 years. The
measurement trends observed during the first 7 years of testing generally agreed with the corrosion
condition at 17 years.
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The nitrite amount (kg/ny’ NO;) remaining in the concrete approximately counteracted the corrosion
effects of an equal amount of chloride (kg/m’® CI') in the concentration range investigated. No evidence
of active corrosion was observed when nitrite was well in excess of the chloride content, but that result
needs to be demonstrated for a wider range of chloride and nitrite contents,

After 17 years, nitrite that remains in the concrete resides in a chemically stable form and retains its
corrosion-inhibiting characteristics.

Small-cavity measurements indicated that nitrite is present in the pore solution to a concentration of
several thousand ppm when admixed at 7.48 kg/m’. Measurements of samples with various levels of
fotal nitrite content suggest that about 1/5 of the total nitrite was present in the pores of the concrete (at
100 percent relative humidity), while the rest was reversibly bound in another form in the concrete.

Even though the concrete had a high wrc ratio (0.53), nitrite escape from physically sound slabs exposed
to 46 days initial ponding and 17 years weathering was moderate. However, concentration profile
measurements indicated that some of the nitrite had redistributed toward the bottom of the slabs, thereby
lessening the protection available for the top mat. Chloride ion had also redistributed toward the bottom
as expected, since the bottom lift was originally chloride free. The cause of the nitrite redistribution (an
whether it is related to the chloride transport) was not determined. :

Significant nitrite and chloride loss took place in the top lift of slabs that had suffered extensive physical

deterioration. It is expected that the losses were at least due, in part, to leaching from ponding and
weathering (and possibly reaction with iron corrosion products for the nitrite).
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APPENDIX A. PHOTOGRAPHS SHOWING
SPECIMEN AND TOP STEEL MAT CONDITIONS
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APPENDIX B. ILLUSTRATION OF METHODS USED FOR
REPORTING NITRITE CONTENT AND ANALYSIS RESULTS

Admixed Nitrite

Nitrite was admixed as calcium nitrite, Ca(NO,), (molecular weight 132.1), as 2.75 percent of the
cement weight. Since the cement factor was 390.4 kg/m’, the calcium nitrite content was 10.74
kg/m®. As the molecular weight of nitrite, NO,", is 46.0, the nitrite content was 7.48 kg/m’.

Total Nitrite

Nitrite analyses results were obtained as wt% of the concrete powder tested (the data in Figure
12, obtained from two different laboratories as a procedure test) and were reported in that
manner. All calculations were made based on the as-prepared weight of the powdered sample,
without further correction for moisture content. Such correction could improve accuracy by a
small amount (possibly 2 to 3 percent of the final result), but much of its benefit could be
negated by uncertainty in the necessary working assumptions”; therefore, no moisture correction
was made. The nominal unit weight in table 2 was used to convert the wt% into kg of nitrite per
unit volume of concrete.

As a nitrite content calculation example, sample 219-4 yielded 0.21 wt% nitrite (figure 12). The
corresponding mass per unit volume was 2,215 kg/m? x 0.0021 = 4.61 kg/m’ NO,". Since the
admixed amount was 7.48 kg/m’, the percentage nitrite recovery for that sample was 100 x
4.61/7.48 = 61 percent. That amount is plotted as the fourth data point (counting from the slab
top) of the curve for Slab 219 in figure 11.

Free Nitrite

Free nitrite results were obtained by analysis of the concrete cavity water after it was equilibrated
with the surrounding pore water. The assumption is made that the cavity water has a
composition equal to that of the capillary pore water. A small amount of cavity water was
extracted with a syringe, weighed, and diluted in a known amount of distilled water. The NO,’
concentration of the diluted solution was measured spectrophotometrically and the result was
converted (using the appropriate dilution factor) to obtain the NO, concentration in the cavity
water sample. The concentration in the cavity water sample was expressed as mass of NO,™ per
mass of cavity water, which was reported in ppm. For example, the sample of cavity water from
Slab 219 obtained at 5.1 cm from the top surface had a mass of 18.9 mg and contained 0.187 mg
of NO,". The free NO,” concentration was therefore 10° x 0.187/18.7 = 9917 ppm.

Exprebsmg the free nitrite in the previous example as a fraction of the total nitrite requires
assuming a value for the capﬂlary porosity € of the concrete. If € is taken to be about 0.1 (a
common assumption), then 1 m* of concrete would have 0.1 m’ of capillary pore water at 100
percent relative humldlty Assuming for simplicity that the pore water has a density ~1,000
kg/m®, then 1 m® of concrete would contain 100 kg of capillary pore water and, ﬂlcwfme 100 x
9,917/10° = 0.99 kg of free NO, for every m® of concrete. Since at the same depth Slab 219 had
about 64 percent recovery (ﬁgure 11), the total nitrite there was =0.64 x 7.48 = 4.79 kg/m’.
Therefore, the free nitrite there represented an estimated 0.99/4.79 = 1/5 of the total nitrite.
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