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PREFACE

One of the most severe problems facing the highway industry is chloride
deicer induced reinforcing steel corrosion and the subsequent deterior
ation of concrete bridge decks. The Federal Highway Administration,
Offices of Research and Development. consider elimination of bridge
deck deterioration as one of their highest priority efforts. The
problem and the approach to the solution of the problem are defined
in Task 4Bl of the Federally Coordinated program of Transportation
Research (FCP) under the title. "Elimination of Spalling and Delamin
ation of Structural Concrete." The study described herein is one
work unit within that task.

The author wishes to thank Mr. Richard E. Hay, Chief. Materials Division
and Mr. Thomas J. Pasko. Chief. Paving and Structural Materials Group
of the Federal Highway Administration for their aid in study design
and reporting. Additionally. research technicians Appleton. Dwyer.
Jones. Williams, Jackson. Nelson and Bailey deserve special thanks
for their aid in slab fabrication. testing and data analysis.
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IrnmmUCTION

One of the rrost severe problerls facing the hinhway industry is chloride
deicer induced reinforcing steel corrosion and the subsequent deterioration
of concrete bridge decks. This bridge deck problem is shown in figure 1.
The Federal Highway Administration, Offices of Research and f'levelopment,
consider elimination of bridge deck deterioration as one of their highest
priority efforts. The problem and the approach to the solution of the
prohlen are defined in Task 4B1 of the Federally Coordinated Pro~raM of
Research and Development in Highway Transportation (FCP) under the title
"Elinination of Spalling and Delamination of Structural Concrete." One
\llOrk unit within that task is the FIl~'/A staff research studv "Time-to
Corrosion of Reinforcing Steel in Concrete Slahs versus Various Parameters
of Design and Construction."

The purpose of this investigation is to provide administrators and
designers with factual data on which to base decisions as to the type of
protection to provide for bridge decks constructed in corrosive
environments. The specific study ohjective is: to determine the
relative time-to-corrosion of reinforcing steel embedded in concrete
slahs, fabricated from various mix desiqn~ and construction procedures,
when the slabs are subjected to periodic wettinq with a 3 percent sodium
chloride solution. Interim findings, covering research performed on 1?0
4 ft by 5 ft by n inch (1.22 m by 1.52 m by 0.152 m) and four smaller
reinforced concrete slabs, formed the basis of a two-volume interiM
report coauthored by K. C. Clear and R. E. Hay (1,2). These reports will
be referenced as the initial study report throul'jhout this report.

The initial report (1) provided in-depth inforMation on the study research
design, on the fahrication and testing of the slahs, and provided an
interim evaluation of the many variables tested after approximately 33n
daily applications of a 3 percent NaCl solution.

This report presents foll~1-up documentation on the performance of the
'oril'jinal concrete slabs after a total of 830 daily salt applications
as well as the perforrlance of additional slabs after various nUrlbers
of salt applications. It deals predominately with conventional concretes
and those materials which "looked good" in the initial report. Although
a brief summary of slab fabrication and testinq is presented, the reader
ShOllld refer to the initial report for details.
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Figure 1. Bridge deck deterioration.
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SUr1t1ARY Arm CONCLUSIONS

The purpose of this study is to provide a~ministrators and desianers
\·lith factual information on which to base decisions concerning the type
of protection to provide bridge decks constructed in corrosive
environMents.

One hundred and twenty 20 ft2(l.8~m2) reinforced concrete slahs as well
as several smaller slabs fabricated using various mix designs, construction
techniques, and special treatments were subjected to daily ponding with
a 3 percent so~ium chloride solution. The perfo~ances of the slabs
were determined using visual and delamination surveys, electrical half
cell potential monitoring, and coring and subsequent chloride analyses.
The primary conclusions of this study are summarized bel 0\'1:

(1) The follOl'iing have no apparent benefit as procedures for 1imitinC'j
chloride intrusion and subsequent rebar corrosion in uncracked
concrete: Compactina with a steel trowel, surface revibration,
chromate inhibitor, silicone admixture, expanded pumice as an
admixture,- varyina the curing procedure (e.C'j., membrane, polyethy
lene sheet or wet burlap), an epoxy modified concrete, a periodic
surface wash with a strong base (high pH) solution, a stearate
surface treatment, increased cement factor without a decrease in
\later cement ratio, a ferro-cement mortar, the use of permanent
steel bridge deck forms, and aging the concrete 1 year prior to
salting.

(2) The follovling parameters will define the resistance of a conven
tional concrete to chloride ingress and subsequent rebar corrosion
when acceptable construction practices are used.

(a) concrete water-cement ratio

(b) cover over the reinforcing steel

(c) ~egree of consolidation

The data show that a reduction in water-ce'ment ratio from 0.50 to 0.40
by weight will yield about the same additional time-to-corrosion as
n 1.0 inch (25 mm) increase in depth of cover. Further, experiences
in slab fabrication indicate that good construction practices will
provide an adequate degree of consolidation when the slump of the
concrete is 3 inches (76 mm) or more. However, for lower slunp concretes,
a standard amount of vibration will not always insure proper consolida
tion and therefore, a consolidation monitoring device is recommended.
Inadequate consolidation can completely negate the beneficial effects
of an increase in cover and a decrease in water-cement ratio.
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For the prolJerl Y censol i dated concretes, the ml nHllUl"! cover depths
required to protect 95 perc~nt of the r~inforcing st~el from chloride
induced corrosion through 830 salt applications in this test were:

w/c = 0.40 concrete 1.7 inches (43 fIll'l)

VI/C = 0.50 concrete 2.R inches (71 Tl1T1)

w/c = 0.50 concrete - 3.1 inches (79 ITJT\)

To translate th~se values to plan covers (i.e. the cover specified
on bridge deck plans), one ml.Jst take into account (1) tile relation
betvleen pl an cover and the avera~e depth of cover achi eved on bri dge
decks, (2) the variation in depth of cover w~ich occurs durin~ deck
cors~ruction, (3) the permeability factor which shoul~ be
used to translate the laboratory findings to the field, and (4) the
field equivalency of 830 daily laboratory salt applications.
Each of these factors is discussed in the body of this report.

Testing is in progress to define the fip.ld e~uivalency of ti~e-to

corrosion saltings. After 1 year, the tests indicate that one t~me-to

corrosion daily salting is equivalent to somewhat less than one field
salting. However, additional tests are necessary before this
difference can be quantified.

(3) Polymer i~pregnation and the use of latex modified concrete are
procedures whicl1 resulted in greatly decreased chloride intrusion.
Use of the ;Jroperly c0!1so1idated, 10\'1 slump, lovl-v/ater cerTIent ratio
(\'I/c=0.32) portland ceMent concrete commonly referred to as the
"Iowa" mix also resulted in greatly decreased chloride intrusion.
The minimum concrete cover the reinforcing stee1 required for
protecticn against reJar corrosion through the indicatec number of
daily salt applicatio,s were:

Total polymer impregnation - 0.7 inc~p.s (18 mm)- 938 saltings

Surface polymer impregnation - O.~ inches (15 mm)- 204 saltings

Latex modified ccncrete - 1.0 inches (25 1T1Tl)- R30 saltings

"Iowa" 100'1 slump concrete, wlc = 0.~2, properly consolidated -
1.4 inches (36 mM)- 830 saltings

It should be noted that the covers given above are minimums and not plan
covers. The factors listed in item (2) which affect translation of
minimum rebar cover to plan cover should also be applied to thes~

materials.

(4) The use of ahsorptive form liner or the use of vacuum trei'\tment with
tlh~ typical bridfle deck concrete (w/c=O.5) will improve the
c.oncrete's resistance to chloride penetration to that of a 0.40
water-cement ratio concrete. However, no si9nificant benefit with
respect to chloride ingiess resulted from the use of these techniques
on a concrete with an initial water-cement ratio of 0.40.

4



FABRICATION AND TESTING

The test slabs in the outdoor exposure yard are shown in figure 2. All
slabs are 4 ft by 5 ft by 6 inches (1.22 m by 1.52 mby 0.152 m) except
for the polymer-impre9nated concrete slahs which are slightly smaller.

The 20 sq ft (1.86 m2) slabs were molded in watertight molds having a
grid of No.4 (13 mrn diameter) reinforcing bars positioned at the required
depth. The concrete was vibrated to 99 + 1 percent of the rodded unit
weight using a direct transmission nuclear density appa~atus to control
consolidation. The nuclear apparatus ~/as a commercially-available,
moisture-density gauge of the type commonly used to monitor soil compac
tion. Screeding was accomplished using a reproducible manual finishing
process. The appropriate curing procedure was applied immediately after
loss of surface sheen and remained on the concrete for 7 days.

After the slabs were removed from the molds, the sides were coated with
epoxy resin to prevent water loss during testing. A small dike was placed
around the outside edge of the top surface of each slab to permit ponding
of the sodium chloride solution. Following 7 days of on-ground curing,
the slabs were placed in an elevated position and leveled in an outdoor
exposure yard. The surfaces were wire-brushed to remove the membrane
curing compound before the initial sodium chloride application (applied
at 6 weeks of age).

The top surface of each slab is subjected to ponding to a depth of 1/16
inch (1.6 mm) with a 3 percent sodium chloride solution each afternoon.
Three evaluation techniques are used to determine the ability of each
variable in preventing chloride migration to the level of the reinforcinq
steel and subsequent rebar corrosion:

(1) The electrical half-cell potential of the reinforcing steel is
monitored with time by measurement of the rebar potentials at six
predetermined positions on the surface of each slab and by determining
the highest potential on each slab. The frequency of potential
monitoring was once per week during the first year of salting and
once every 2 weeks after the first year. Analysis yielded the
foll~/ing meaning of the potentials (referenced to the copper-copper
sulfate half-cell, CSE).

(a) Potentials consistently greater than 0.35 volts CSE - High
probability of rebar corrosion.

(b) Potentials consistently less than 0.20 volts CSE - High
probability of no rebar corrosion.

(c) Potentials in the range of 0.20 to 0.35 volts CSE - Uncertain
area with regard to the condition of the reinforcing steel; may
be active or passive. Use of another detection technique is
indicated.
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Figure 2. Time-to-corrosion slabs.
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(2) The chloride content of the concrete is determined at select
times by dry coring and analysis following the procedure descrihed
hy H. A. Bennan (3). Hork by Levds and studies in the FHHA laboratory
have shown the chloride content corrosion threshold (i.e., the
minimum quantity of chloride required to initiate rehar corrosion in
a bridge deck portland cement concrete when sufficient moisture,
oxygen, and other necessary factors are present) to be approximately
0.20 percent Cl- per gram of cement (1,4). Thus, the total chloride
content corrosion threshold for a specific concrete is dependent on
the quantity of cement in that concrete. Although for field evalua
tions it may not be practical to have a threshold which is dependent
on cement content, for research work where the cement content of each
concrete is accurately known, such a procedure is feasible. Therefore,
a variable threshold, based on the cement content of each concrete was
lIsed in this work. The total chloride thresholds for the various
time-to-corrosion concretes are given in table 1.

Table 1. Total chloride corrosion thresholds.

Cement factor 3 Cement content,a Total Cl- corrosion
94 1b bags/yd lbs/yd3 threshold,blbs Cl-/yd3

6.0 564 1.13

6.75 634.5 1. 27

7.0 658 1.32

8.0 752 1.50

8.75 822.5 1.65

aTo convert lbs/yd 3 to kg/m 3 multiply by 0.594.

bTo convert lbs Cl-/yd 3 to parts per million (ppm) chloride by weight
multiply by 255.4 (this conversion assumes a concrete unit weight of
3915 lbs/yd 3= 2325 kg/m 3 and is used throughout this report).

All chloride contents measured using the wet chemical analysis
technique were adjusted to be representative of the concrete mass
using the weight loss at 500 C procedure described in reference 4.

The baseline chloride content for "unsalted" time-to-corrosion
concrete (i.e., the quantity of chloride in the materials) was 0.20
to 0.40 lbs Cl-/yd 3 (102 ppm).

7



Note: 3The above figures differ from the baseline of 0.04 to 0.05 lbs
C1-/yd (10 to 13 ppm) reported in the initial report (1) because
refined chloride analysis procedures are now being used for low
chloride content concretes. The refinement, which is described on
rage 44 of reference 4, has resulted in better accuracy for low
chloride concretes. However, the refinement has no effect on the
results on sa~ples with chlorides above baseline. Thus, the only
chloride contents presented in the initial report which were
erroneous were the baseline values.

(3) Visual and delamination surveys are frequently performed to detect
the presence of rust stains, cracks, spalls, and hollow planes
tlithin the concrete.

Thus, a large quantity of data is available for determination of the
condition of the test slabs with respect to corrosion of the reinforcing
steel. In addition to the information fro~ the visual and delamination
surveys, over 75,000 half-cell potential measurements have been obtained
and nore than 1200 chloride analyses have been performed to docuMent the
chloride versus depth profiles within the slabs.

FINDINGS OF THE INVESTIGATION

In this fo11~J-up report, the major purposes are to verify, modify or
reject the conclusions of the initial report and to provide longer-term
test information on those mix designs, construction techniques, and
special treatrlents \'Ihich sho\'led promise in the initial evaluation.
Briefly, the major conclusi01s of the initial report were:

(1) The typical brid~e deck concrete (w/c=O.50, CF=7) provides very
iitt1e protection against chloride induced corrosion when the cover
over the reinforcinq steel is only 1 inch (25 rrrn).

(2) The water-cement ratio of a concrete appears to be the primary
deteloninant of its ability to resist chloride penetration.
Conversely, cement fact~rs in the range gf 6 to 8 bags per cubic
~'ard (564 to 752 1bs/y~-335 to 446 kg/rrr) have little affect when
studied at a constant water cement ratio.

(3) Adequate consolidation to at least 98 percent of the rodded unit
\~ight of the concrete is a prerequisite to the construction of a
chloride resistant bridqe deck.

(4) Minimu~ depths of covers over the reinforcin~ step 1 of at least 2
inches (51 mn) fot' a 0.40 water-cement ratio concrete and 3 inches
(76 mm) for a 0.50 water cement rati 0 concrete wi 11 undoubtedly be
required if 10ng-te~n protection is desired from conventional co~crete.
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(5) Polymer impregnated concrete, latex I!~dified concrete, and t~e use
of absorptive form liners or vacuum treatPlent provide a significant
increase in resistance to ch10ride penetration.

(6) The follol'Jin9 techniques are of no npparent benefit as
rleans of reducing chloride intrusion and rebar conosion in uncracked
concretes: compacting with a steel trowel, surface revibration,
chro~ate inhibitor, silicone admixture, expanded pumice as very fine
aggregate, ferro-cement, curinq procedure-membrane, wet burlap or
polyethylene sheet, an epoxy modified concrete, and a periodic
surface wash with a ~trong base.

As stated above, techniques ~mich providp. little or no additional
protection will not be discllssed in depth herein. Rust stains on the
slab sUi"faces and high electrical pot.entials have continued to provide
evidence that the above list of techniques which have no apparent
benefit is correct.

All chloride analyses performed after 830 salt applications were done at
various rlepths within each slab to yield a chloride versus depth profile
for each concrete. In the i nteres t of brevi ty, the resu'1ts of each of the
1000 analyses are not listed herein but rather plots of average and
mnxi~um chlorides versus depth are presented in the body of this report
~nd a table summarizing the data is presented in the Appendix.

Thl"OL:ghollt the discII",s;on sections of this report, threshold depths will
be discussed. The threshold depth is defined as the depth within a
particular corcrete that the chloride profile (average, maximum, or 95
percent level) crossed the chloride threshold when straight line inter
polation betv/epn the data for successive sampling depths \'1as used. The
saPlpl"ing depths used \'Iere 1/16 to 1/2 inch (2 to 13 1W1), 3/4 to 1-1/4 inches
(19 to 32 l1TIl), 1-3/4 to 2-1/4 inches (44 to 57 11111),2-3/4 to 3-1/4 inches
(70 to 83 mm) and 3-3/4 to 4-1/4 inches (95 to 108 mm) in all instances,
and the mean depths of 0.28, 1.0,2.0, 3.0, and 4.0 inches (7, 25, 51, 76
and "102 mr.:) \'Iere used as the plotting points for profile plots. Thus, if,
for slab X, th3maximum chloride content at mean depth 2.0 inches (51 mm)
was 5.~ lbs/yd , the maximum Cl- at depth 3.0 inches (76 mm) was 0.5
lbs/~Id , and for this slab the Cl- threshold \'Ias 1.3 lhs/yd3(332 ppm), the
maxinum chloride threshold depth would be:

2.0 inches + 5.0 - 1.3(1.0 inches) = 2.0 + 0.8 = 2.8 inches (71 mm)
5.0 - 0.5

If all the steel in that slab had been placed at depths greater than 2.8
inches (71 1TI'!1) no chloride induced corrosion would have occurred. The
straight line interpolation procedure was used rather than obtaining the
threshold depths from plots because it results in a slightly conservative
value.

9



Effect of l'later Cement Ratio and Depth of Cover

To define the effect of water-cement ratio and depth of cover over the
reinforcing steel, slabs were fabricated using concretes with water
cerlent ratios (Vl/C) of O.~O, 0.50, ~nd 0.60 by weight, a constant cement
factor of 7.0 (653 lbs/yd -390 kg/m ) and cover depths of 1,2, and 3 inches
(25, to 51 and 76 mm). Only nominal reinforcement, No.4 bars on 12 inch
(0.3 m) centers, was used in these slabs.

The poor performances of the typical bridge deck concrete (w/c=O.5n)
with 1 inch (25 mm) cover and the 0.60 water-r.ement ratio concrete
with 1 inch (25 r.T1) cover ~'1ere documented in the initial report (1).
After 330 salt applications, rust stains were visible although no
crackinlJ had occurred. Electrical potentials and chloride analyses
indicated the initiation of corrosion in 7 to 28 days.

Through the ddditional 500 daily saltings since tre initial report,
visible rust stains have become mere numerous and short cracks have
occurred on several of the 0.60 water-cement ratio slabs with 1.0 inches
(25 fin) cover. Electrical potentinls have continued to be in the active
corrosion (>0.35 volts CSE) or the inconclusive (0.20 to 0.35 volts CSE)
ranges for all 0.50 and 0.60 v/ater-cement rat~o slabs \'lith 1.0 inc~es (25 roll11)
of cover. Most potentials are in the inconclusive range for the 0.50 and
0.60 water-cement ratio slabs with 2 and 3 inches (51 and 76 mm) of cover.
Similarly, the potentials are inconclusive for the 0.41) water-cement
ratio concrete of all cover depths. Rust stains are novi visible on
several 0.40 wlc sl abs vii th 1.0 inches (25 mn) of cover but no cracki ng has
occurred. Similarly, no cracking has yet occurred on the lightly reinforced
slabs with 0.50 water-r.ement ratio although numerous rust stains are present.
Figures 3 and 4 shm'l the avernge and maximum chloride profiles obtained
by analyzing 262 sa~ples from the 3 water-cement ratio concretes. The
data confirm that water-cement ratio is a major factor in determining the
resistance of a conventional concrete to ~hloride intrusion when the cement
content is in the range of 6 to 8 bags/yd.

The data can best be summarized by calculating a cover-depth .oeCJuired to
protect the r~inforcing steel from intrusion of sufficient chloride to
induce corrosioll. These depths (Tr.1ax), based on the maximum chloride
encountered at each test depth are presented in table 2 for both 330 and
830 salt applications. For the 830 salt application data, a T95 depth
defi ned as the depth of cover requi red to protect 95 percent of the
reinforcing steel from chloride-induced corrosion is also presented.
The procedure used to calculate the T95 value is discussed in the Appendix.

10
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Table 2. Depth of concrete cover required.

Tmax after Tmax after T3~ after
330 salt 830 salt 8 . salt

applications, applications, app1 i cations,
Concrete inches a .. inchesa inchesa

wIc'=O.4 1.3 1.8 1.7

vllc=0.5 2.5 2.9 2.8

w/c=0.6 2.9 3.7 3.1

aTo convert inches to mm, multiply by 25.4.

Da ta i;'1 t~1e tab12 shO'll that about tllJi ce as much cover is requi red to
prot~ct reinforcing steel in a 0.60 w/c concrete than is required for a
0.40 \4c concrete. Also, a 0.50 vilc concrete \~ill reouire about 1 inch
(25 ~) more cover over the steel than a 0.40 w/c concrete.

The tremendous effect that cover depth has on the time-to-corrosion in a
concrete of any of the wat~r-cement ratios is d~monstrated in figure 5.
Tre time-to-corrosions used to obtain the plots of cover depth required
versus number of daily saltings "'Jere obtained by using all the available
data (rust stains, electrical potentials, and chloride analyses). The
esti~ated time-to-corrosio~s for each concrete for 1.0, 2.0, and 3.n inch
(25, to 51 and 76 mm) depths of cover (obtained fro~ figure 5) are shown in
table 3. rata in the figure and t~e table are estimates in that it is
i~possible to deterMine such things as how much time elapses between
the initiation of corrosion and the appearance of a rust stain when
electrical potentials are inconclusive. However, they are undoubtedly
correct \Ii th respect to order of magni tude ann serve the purpose of
illustra~ing the relative time-to-corrosion.

Table 3. Effect of water-cement ratio
and depth of covp.r on ti rne- to-corros ion.

Estimated Time-to-Corrosion, r of salting
Depth of !·~/c=0.40 I '4c=0.50 w/c=0.60

cover, inche~ concrete concrete concrete

1.0 120 7 to 28 7

2.0 1000 140 75

3.0 » lOCO 925 375

a To convert inches to mm, mJ1tiply by 25.4.
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Effect of Cement Content

To isolate the effect of cement content on the chloride permeahility of
concrete, three mix designs all with water-cement r~tios of 0.50 but
with different

3
cement contents (6, 7, and 8 bags/yd - 564, 658

and 752 lbs/yd -335, 390 and 446 kg/m 3) were used. All slabs
fabricated using these mix designs had 1.0 inch (25 mm) cover over the
reinforcing steel.

High electrical potentials and rust stains indicate that corrosion is
occurring in the slabs with all three cement factors.

Figures 6 and 7, based on 146 chloride analyses, show that the average
and maximum chloride profiles for the concretes with all three cement
factors are all virtually identical regardless of cement content except
at the 1 inch (25 nrn) depth. At this depth, somelt/hat lower chlorides
were found in the lowest cement factor concrete than were found in those
concretes with higher cement factors. Perhaps this was caused by the
lower shrinkage associated \'/ith this concrete or perhaps it \'las merely
test variability. However, the difference virtually disappears when one
calculates maximum threhold depths since the lower cement factor concrete
requires less chloride to induce corrosion. The threshold depths for
the three concretes with 0.50 w/c ratios are:

CF = 6.0 2.7 inch (69 TIJTl) maximum threshold depth

CF = 7.0 2.9 inch (74 mm) maximum threshold depth

CF = 8.0 2.8 inch (71 rnn) maximum threshol d depth

The maximum chloride profile and the maximum thresholrl djPth for tbe
concrete with a cement factor of 7 (658 lbs of cement/yd -390 kg/mJ)
are slightly below those for the other profiles. This is probably due
to the fact that three times as many samples were taken from that concrete.
Consequently, the maximum chlorides found were more closely equal to
the maximum throughout the population than for the other concretes
which were sampled less.

Thus, data for 830 salt applications indicate that although a slight
difference may exist between the concretes of different cement factors,
no significant reduction in chloride induced corrosion can be achieved
by only changing the cement content.

Effect of Inadequate Consolidation

Experiences during fabrication of the time-to-corrosion slabs indicated
that good consolidation could be achieved simply through the use of
internal vibration and the judgement of experienced personnel when the
slump of the concrete was 3 inches (76 mm) or more. However, with low
slump concretes, good construction practices could not be relied upon
to yield adequate consolidation. Data presented in the initial report
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showed that a greater than nine-fold decrease in relative time-to
corrosion of reinforcing steel placed at a 1 inch (25 mm) depth
resulted due to inadequate consolidation of a low slump, low water
cement ratio concrete.

Figure 8, based on 60 chloride analyses, shows the average and maximum
chloride profiles within the properly consolidated and the inadequately
consolidated low water cement ratio IIm'Ja" mix concretes (w/c=n.32,
CF=8.75=822.5 1bs/yd3= 488 kg/m3, slump=0.5 inch=13mm) after 830 daily
sa1tings. Obviously, there is a drast~c difference in the two concretes
of like mix design. The chloride profile for properly consolidated
concrete is based on chloride analyses of samples from various depths
within two slabs with in-place densities of about 98 percent of the
concrete's rodded unit weight whereas the profile for improperly
consolidated concrete represents the chlorides in two slabs with in
place densities of 92 to 94 percent of the rodded unit weight. The
in-place densities were determined on two slabs by using a direct trans
mission nuclear density gauge during slab fabrication and on all four
slabs by determining the unit weight of 4 inch (102 mm) diameter cores.

The Maximum threshold depths for the two concretes which differ only
with respect to degree of consolidation were:

IIo\'/a" low slump, 10\'1 \'/ater-cement ratio concrete 
properly consolidated - 1.4 inches (36 mm)

II Im"/a II low slump, low water-cement ratio concrete 
improperly consolidated - 3.4 inches (86 mm)

Thus, the cover over the reinforcing steel required for protection against
rebar corrosion through 830 salt applications was increased b~ 2 inches
(51 mn) simply due to the 4 to 6 percent (about 6 to 9 lbs/yd - 3.6 to
5.3 kg/11 3) reduction in in-place density. The 3.4-inch (81S 1Tfll) require
ment is 2.5 times that required for the same 0.32 water-cement ratio "Iowa"
concrete when the concrete is properly consolidated and is almost equal
to the 3.7 inches (94 nTTl) required for a 0.60 \l/ater-cement ratio, high
slumfl concrete.

The maximum chloride threshold depth of 1.4 inches (36 roM) for the 0.3?
water-cement ratio, properly consolidated low sluMp IIo\'/a" concrete, is
slightly less than the 1.8 inch (46 mm) depth needed in a properly consol
idated 0.40 water cement ratio flortland cement concrete. This lesser depth
requirement would be expected in light of the effect of water-cement ratio
discussed previously.

Effect of Concrete Age at First Salting

Generally, all the concrete slabs used in this research received their
first salt ap~licatiQn exactly 6 weeks after fabrication. However, a
single 20 ftq1.86 m2) slab fabricated using the w/c=O.50, CF = 7
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concrete mix design and 1 inch (25 mm) of concrete cover over the
reinforcina steel was "agedll in an outdoor environment 1 year
prior to salting.

Although the half cell potentials on this slab have generally remained
in the inconclusive range, rust stains which were first seen on the slah
surface 10 months after the initiation of saltin9, confirmed that
corrosion was occurring. The chloride profile within the slab was
determined after 600 salt applications using 15 samples from various
derths. The depth within the aged concrete that the maximum chloride
ijrof~ le crossed the ccrrosioi: threshold was 3.2 i:lches (81 rrm), not
significantly different from the 830 salt application maximum of 2.9
inches (74 mm) for the early salted 0.50 water-cement ratio slabs.

Thus, these data indicc.te that allowing the concrete to lIa~ell 1 year
prior to salting will not increase its resistance to chloride ingress.

Corrosion Causes Cracking and Spallinq

To provide a ti8e to detrimental corrosion (i.e., timp to concrete
cracl~in<')) under severe conditions for the typical bridgt' deck concrete,
several slabs were fabricated with a reinforcing mat of No.5
(16 m diar'1eter) bars on 2 inch (51 mm) centers rather than the normal
pattern of r·lo. 4 (13 mn diameter) bars on l? inch (0.3 m) centers used
in most slabs. A bottom rebar mat was also placed in the heavily rein
forced slabs. The 1 inch (7f) mm) slump, typical air-entrained bridge
deck concrete (w/c=0.5, CF=7) mix ~as used with 1 a~d 2 inch (2S and
51 mn) rebar covers.

Electrical potentials indicated corrosion was quickly initiated (:.even
salt applications) in the slabs with 1 inch of rebar cover and the surfaces
were spotted with rust stains 3 months after the initiation of salting.
Widespread cracking, the full length of the 5 ft (1.5 m) slabs occurred
about 15 months after the initiation of corrosion and small spalls
and delaminated areas soon followed. Figures 9 and 10 shm" the heavily
reinforced slabs with 1 inch (25 mm) cover and the cracking and delamina
tion caused by corrosion. This finding, that corrosion can induce dis
tress in less than a year and a half on slabs which have never been
subjected to dynamic loading, shoul~ dispell any lingering heliefs that
spalling is caused by live loads or the flexibility of bridg(~s.

The similar sl abs Hith 2 inches (51 mn) of cover have not cracked as yet
(27 MOnths after initiation of salting) although electrical potentials
and rust stains indicate that the reinforcing steel "is corroding.

Relation of Daily Salting to Field Time-~o-Corrosion

Although this study is aimed at providing only relative information
concerning the resistance of the various concretes and special treatments
to chloride intrusion and rebar corrosion, the question IIHhat is the
fielrl e'1uivalency of X number of salt applications?1I often arises. Such
a question is extremely difficult to answer.
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Fi gure 9. Corrosion caused cracking in the
heavily reinforced slabs.
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By salting the slab~ daily, a certain acceleration factor is undouhtedly
achieved. Hm'lever, it probably is not comrlete acceleration such that
one time-to-corrosion salting is equivalent to a single deicin~ salt
arplication on any bridge deck. Our work has inrlicated that there are
t\'10 mechanisms of chloride migration in concrete. One is the intrusion
of chloride bearing water into the unsaturated concrete due to capillary
action and ~ravity. This is undouhtpdly accelerated significantly by
the daily ponding procedure used in the time-to-corrosion work; perhaps
even such that one daily saltin9 is equivalent to one field saltin~ for
the Washington, D.C. environ~ent since a wet/dry slab surface condition
is achieved on most days.

The other mechanism for chloride movement throu~h concrete is ion migra
tion through the 'tlater already in the concrete. Ion migration occurs
because the chloride ions desire to achieve che~ical equilihriu~ (i.e.,
equal distribution throughout the concrete). This mechanisM is dependent
upon the ooisture content of the concrete (i .e., without 'tInter no ion
mov~rnent will occur) and time. In our environment, the daily pondin~
procedure rrohably does little to accelerate this mode of migration and
thus for this mechanism, one daily salt application is prohably more
closely equal to 1 day in the life of a brid~e (winter or summer)
rather than one application of deicing salt.

The relative imrortance of the tl'lO mechanisms \'1ill be dependent on the
moisture content of the concrete both when salt is arrlied and throu~hout

its life. A dry concrete when salted will ahsorb water bearing chloride
raridly. If the concrete remains wet, ion minration will occur even
without additional salting. HOI-lever, if the concrete drys out, no ion
migration will occur until it is rewetted.

Conversely, a concrete which is saturated when salted will gain chloride
onl~1 by ion migration through the water already in the concrete. This
ion migration will continue as long as moisture is present.

Because of the dependency of chloride in!Jress on moisture content and
time and because of the many variable salting rates and saltings per year
usen on bridge decks it will be difficult to define a universally arpli
cable formula relating a time-to-corrosion salting to a "field salting."
Hov/ever, perhaps the question can be ans'tlered "Are 830 time-to-corrosion
salt applications more closely equal to 2, 10, ?O, 40, or 100 years in
the life of a lightly salted (or a heavily salted) bridqe?"

TOltlard this end, 28- 2.0 ft x 2.5 ft x 6 inch (O.fil m x 0.7fi m x 0.152 m)
concrete slabs were fabricated during the summer of 1974 using the 0.40
and 0.50 concrete mix designs and the standard time-to-corrosion fahri
cation procedures (1). These slabs are being subjected to the follO\'Jin~

different rates of salting:

(1) Standard time-to-corrosion salting for various periods - ponding
daily to a l/lG inch (1.6 mm) depth with a 3 percent sodium chloride
solution.
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(2) Salting with rock salt (NaCl) only when ice or snow is on t~e slat
surface. No darns to retain the p1eltcd snO\-,' or ice \'Jere p1 aced on
t:~ese slabs. ne amount of "chloride" applied per saltinq was the
same as that used in the pondin~ work and trarslated to 6?0 lhs of
roc~ salt per 13~c mile (175 k9/lane k~).

(3) POl1db~ to a 1/16 inc!' (1. 6 m) depth wi th the 3 percent ~JaCl s::>l uti all
tvJi ce per ';Je:~k duri ng t~,e p~ri od December 1 through February 28
(i.c., 2~ saltings ~er Y2ar).

Initially, it VJas necessar~' to establish the correli'it~cn of thel.n x
2.5 ft (O.Gl m x 0.76 m) slabs wit~ the larger 20 ~t (1.86 m ) timc-
to-corrosio~ slabs. The cement source had chan~ed and the env1ron~ental

conditions could not be expected to be ident;c~l to tho!=e seen in 1912.
To acco~plish this, chloride profiles within the 0.40 and 0.50 water
cCl'icnt ratio srr,all c,:,ncrete slabs were ce:errn;ned after 33n dil.i1~' appl';c~

tions of a 3 perce r :1: rJi"Cl solution. The maximu~ cI":loride threshold
dept'~s \~ere:

\!Ic 0.40 concrete (sma'l slats) - 1.3 inches (33 rrm)

wlc O.SO soncrete (s~all slabs) - 2.7 inches (69 mM)

These are similar to the maxi~um chloride threshcl~ d~oths of 1.3 and
2.5 inches (33 clnd 54 m) found with':n the larger o.LI.n' arrl 0.'10 \,'/c
time-tn-corrosion slabs after 330 raily sdltin~s. Thus, tre original
tir~-to-corrosion data have heen confirmed and data obtAin~d from tre
smaller slabs can be translated directly to the lar~er tiMe-to-corrosion
slahs.

The testing of the periodically salted slabs will be continued for at
least anotller year before conclusions concerning the fip.ld eCluiva-
lency of time-to-corrosion saltings will be av~ilable. However,
chloride profiles obtnii;ed rifter the first year's t~sting have indicated
certtlin tendencies \·;hich are pres::!nteci beloq. l\lthough the slabs from
both \'~ater-cement ratio concretes were sturlied, chloride in~ress into
the l).40 water-cement ratio slabs \'/as 10',,' in all instances. Therefore,
only the 0.50 wlc slab information will be llsed in this interim
evalllCltion. As in thE: other sections of this r0.port, c\11orir!e
threshold depths t~i1l be used as a basis for comparisc'1 of the different
salting procedures and il sumfTle.ry of the cI'loride data is presented in
the I\ppendi x.

The slabs Hhich rp.ceived rock salt aoplicatio~":s only \'Jhen snow or ice
was present on tllair surfacGs \~ere salter. eight times durin!) the
\·:inter. Chloride profiles were deterr.lined in 0ctober 1975, 8 months
after the last salting, to define t:,e effflct o.f "l year" of light
field e:~posure. Tie rlaximum chloride threshold d9pth for the rock
salted slabs \'!it'1 a \':ater-C~lnent ra.tio of ').50 was 0.96 inches (~4 mn).
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As discussed pr!viously, seven time-to-corrosion saltings were the min-
imt..:!"i1 re'lllir(·~d to induce corrosion of t'1e reinforcinr. steel plned at a 1 hid
(2:, 1111) depth vlitnin the 0.50 water-cement ratio lar(]e slab concrete. :k
said another \~ay, after seVQn ctaily salt applications, the maximuM chlr,rid~

tl;reshold dej:.tI-J for the 0.50 \'Jater-Ce:11cnt re.tio CO!1Crete was 1.0 inches
(25 m). This -findinJ \'Ias confirmed by determining the chloride profile
withi~ daily salted 2.0 x 2.5 ft (0.61 x O.7~ ~) slabs with a 0.50 ~/c

ntio imrler:!iat21y after 8 applicfltions of a 3 pet'cent r;aCl solution. T:,e
rnaxiflun thr'eshold d'2i)t:, was 0.97 inches (25 r:JTll), not significantly
diffcrenJ: ·FrGi1 the rl.35 inches (~". n'fTl) found in the rock salterl concret.p.
of the 1.0 inches (25 mn) (l.Her seven salt applications four.c. in thr'!
criginal tipH~-to-corrosion ';lOr:~.

Thus, the initial eigr.t daily time-to-corrosiQn anplications of a 3
percent Na~l solution arc ap~rJx1m~tely equivalent to the initial
eight rock salt applications to rer.1Qve ice an~ Sno....,. It aprp.ars that
in tllis ~nst(lnce, ion migrc:ion was llCit ar' iP1:;ortant consider,1tion.
HmlelJer, i~~rha~s this could be explained ~)y the fact that the
rlifft~rential c:ilnride betwe~n various depths vJa~ rel~tively SMall
because tl:e COllcrE:te received (l!1ly eight salt ;lpplications.

Th2 slabs .\Ihich had been winter salted 25 tilTles (twice pei'" week from
Dp.c2:nber throu<Jh :=p.cruary) ';Jere al so cored 8 months a+ter the fini'll
5a1ti;~g. The rlaximum chloride corrosion thresrold for the I"I.~,() vlater
C2rrent ratio cor-crete \las 1.5 inches (38 11m). Conversely, similar slabs
which \Jere cor:'!d illlf:lediatp.ly after 26 daily applications of a 3 percen:
IlaCl ~,olution exhihited iJ. rlaxirnulT: chloride corro:ion thrpshold depth of
1.3 i..,ches (33 mm). The a'/cra!,!2 chloride corrosion threshold for the
\'linter sa1te(~ slabs was 1.2 inches (3011111) \,'herflas the average thresholrl
for slabs corer:! ir:~r1(~diatel:, after daily ponl~ing 'tJas 0.98 inc'les (2S m).

T',us, t~1E:se d·'3t(l ir;dicRte that \'linter sa1tins follovlecl by 8 l'lof1th~, of
expcsur(! ;n the atrr.osphere ~s somev'l!at rolOre sevrre than an equivalen:
1lL':1b-:r of d;::i1y salt a!1rlications. l\ direct r=lCl.ticn bet\'leen the t"IO
maxinufl threshold dEpths would indicCltc that one time-to-corrosion
saltinl] is equi\'ill2nt to 1.3/1.5 or 0.87 fielrl saltings. SiMilarly,
base~ on 3vera~e threshold de~ths, one ti~e-to-corrosion salting would
eqlJ~l 0..98/1.2 or 0.132 field saltings. In this instance, comparison cf
the average :ht'esho1 j depths is undoubted'~' '.:lle hetter procedure si~ce

tllP. av~rage is a tetter indi cator of the ponulation tran the nar.imun 3.nd
t:,e ahsolute value of tl,e threshold is not 4mnortar.t. lIov/ever, a d'i,"ect
relCltinn may r,ot be valid ~;i1ce the rlots of cOlier required versus nunher
of daily salt applications presented in figure 3 arp rot linear. The
0.50 wlc curve in figure 3 indicates tbat about 11 additional s~ltings

would he reqll'ired to change the threshold dept'" fron 0.98 to 1.2 i!'lches (25
to 311 ITr.I). In other i-lords, 37 daily time-to-corrosio"l 5al":in9s \'iould be
eqllival~nt to 2~ "i-rinter" sa1tings; a ratio 'Jf 1 tl) Cl.7n. The cause of
the lQsser ef~ect of the daily saltings in this test is undoubtedly i~n

milJriltion durir;q t.he 8 months after the final sa1tinq. Unlike the sl(~bs

which \'!ere saHec or.ly eight times, large quantities' of chloride \~ere
ava~lablp. for dO'I,'nward migntion withh -':he CQncrete \'Jhic', had been
s (\lt~d 26 t ilTles.

Reproduced from
best available copy.
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Thus, in summary, the interim data indicate that one time-to-corrosion
saiting is equivalent to some\'lhat less than one field sa1tin~. The
differences in chloride thr8shold depths are SJTlc11l and require confirma
tion by additional tests before further conclusions can 'Je made.

Conventional Concrete - Oiscus5ion

T~e til11c-to-corrosion data indicate trat the following items will define
the ~~rfo~ance life of a conventior.al concrpte ~ith respect to rer.ar
corrosion on a bridge deck wher. acce~table construction practices are
u5ed.

(1) concrete wa~er-cCl11ent ratio

(2) covr:r over the reinforcing steel

(3) rlegre~ of consolid~tion

Tl;e dC',tC\ sho\'l that a reduction in water-ce!1ent rC',tio from 0.50 to 0.40
b~' ~'1eig'lt will yield about the same additional til11e-to-corrosion as a 1.0
inch (25 mm) increase in depth of cover. Further, experiences in slab
fabrication indicate that good construction practices will provide an
adequate degree of consolidation when the slump of the concrete is 3 inches
(76 mm) or more. However, for low slump concretes, a standard amount
of vi bra t ion wil 1 not a1ways ins ure good conso1i da t i on and, th erefore ,

. a consolidation monitoring device is recolllT'lended. Inadequate consoli
dation can completely negate the effect of an increase in cover and
a decrease in water-cement ratio.

For the properly consolidatea concretes, the minil11um cover deptns
required to protect 95 percent of the r~inforc,ng steel frop c~loride

induced corrosion through 830 salt applications in this test were:

vilc = 0.40 concrete 1.7 inches (43 !!rn)

Hie = 0.50 concrete 2.B inches (71 rrm)

Vl/C = (;.60 concrete 3.1 inches (79 mn)

To tra~slate these values to plan covers (i.e. the cover specified on
bridge deck plans), one must take into account (1) th~ relation between
pl an cover arld the ave're.ge depth of cover ac~li eyed on bri dge decks, (2)
the variation in depth of cover which occurs durin~ deck construction, (3)
thc permeability factor Hhich should be used to translate the
laboratory findings to the field, and (4) the field equivalency of 830
daily latoratory salt applications.

Several pachometer (a magnetic instrument for the nondestructive rleter
mination of cover depth) surveys have recently been made throughout the
cOlJlltrv. Ne\'l York researchers (5) concluded that "a tolerance of + 1/2
inch (13 rrm) should be attainable 95 percent of the time where 'good '
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construction practices are observed. II This resea~~ch also shO\"led that.
the Plean depth of cover on 50 spans "a~; only sl iatltly grr::ater than the
the plan COVf!r of 2 inches (51 om). tlevi Jeisey research (5) found
the Mean cover depth to be slightly less than the pla~ cover for
decks ':.dth 2 inch (51 r:1'1) design cover. Ccn'!erse1~1, the mean depth
\'lilS slig:lt1y more than the plan cover 011 decks with n 1.5 incil (3R
mm) desi gn cOlfer. Tile ~tundard ·:evi ati on of concrete cover i n ~'18\'J
Jersey's survey v,'as 3/A inch (9.5 mrn) and thus, for 95 percent of the
steel to be below a mean depth of 2.0 inches (51 w), it \~ou1d be
necessary to specify a 2.65 inc'" (£7 mn) plan cover dr.ptr..

A nationwide survey of concrete cover on brid~e 1ecks was recently
con[)leted by an n:wr, demonstration ;:>rojects team (I). The pertinent
survey findings were:

(1) The distribution of cever depth was e~ua11y distributed around the
average or only sl i ghtly Sk2\':r.d.

(2) rypically, the plan cO'ler anrl the averagp- cover were almost equal.

(3) To obtain 0. r:llnlmum COVel" 90 percent of the tirr.e, He plan cover
must be 1/2 to 5/8 inches (13 to 16 ~n) greater tha~ the ~in~mu~
desired.

Therefore, data from all three studies indicate t:lat t!1e mean CO'Ip.r
depth is usually approximately equn1 to the plan cover ~nd tbat
because of variability, to protect 90 to 95 percent of the steel, the
plan cover must be 0.5 to 0.7 inches (13 to 18 rrm) ~reater than the
mi nirlUm requi red depths gi ven above for the three \'Jater-cement rati 0
concretes.

A third item to consider when translating the 1ahoratory findings to
bridge deck plan rehar covers is the p2rmeabi1ity factor. The
water-cement ratio of bridge deck concrete is undouhtedly more difficult
to control than the wlc of laboratory concrete. Trus, the probability of
exceeding a specified maximun water-cement ratio is greater in the field.
Similarly, proper consolidation of all concrete is less certain in fielct
construction. Because of the ahove variables, a permeability factor
should be applied to the Dinimum cover depths determined in the
laboratory. In other \'Iorcls, it is recor.1T1ended tha~ the minimu:n cover
depth be increased by at least 20 percent (perme~bility factor = 1.2)
to account for variability in field construction. It should be noted
that the perneability factor has no relation to and does ~ot overlap
the normal factor of safety applied by the designer to concrete
strength.

The final item listed above as affecting the II plC'l.n ll cover reCjuired
for long lasting bridge decks is the field e~uivalency of R30 daily
salt applications. As discussed earlier, although tests are uncerway,
there ;s no definitive data available to relate time-to-corrosion
laboratory saltings to field bridge deck saltings. Interim data
indicate that one laboratory salting is not equivalent to onp. field
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saltino, but rather a laboratory salting is not as severe an exposUl'e
as one typical field salting. Since more definitive infor~ation is not
available, the user must exercise judgment when relating the ahove

. mini~um cover values to bridge decks which are expected to rerfor~

Hithout corrosion caused maintenance for 40 or ITK)re years.

Thus, in summary, to translate a time-to-corrosion minimum cover to a
plan cover for a specific bridge deck one should:

(1) Assume plan cover is equal to average cover on the bridge dec\:.

(2) Add 0.6 inches to the minimum cover to account for the variability
(standard deviation) of cover depth across the bridge deck.

(3) /\pply a permP.ability factor of at least 1.2 to account for the
'Iaboratory to field transff~r of permeability data.

(4) Use jlJogment to determine if addHional cover is needed because the
field equivalency of 830 daily laboratory salt applications is
not knovtn.

It is also \'/orttrl/hile to note the minimutl cover depths given are based on
per~cability considerations and do not take into account the structural
design proble~s associated with their use.

Another important finding of the time-to-corrosion study i5 that cel'lent
factor is not an important deter~;nant of a concrete's resistance to
chloride ingress. High cement contents are often used in bridqe decl:
construction to maintain a \'1orkable mix at a lower water-cement r.3.tio •
.Although data in this rerort sll?port this procp.c!ure, they also shO\'1 that
the redllced chloride ingress achieved is due onl~1 to the redLlction in
water-cement ratio and not to the increase in cenent factor. Thus,
other ~thods that al low a reduction of \'!ater-cement ratio without the
addition of extra cement would be expected to perform equally ~ell.

There has been a significant amount of discussion by others concluding
that the FHHA time-to-corros ion celT-ent factor fi ndi ngs differ from
th·:! fi ndings of Stratfull in Cal iforni a (5,6). Hoo.'/ever, in-depth
analysis indicates that there is actually very little difference in
the findings b~t merely a difference in the method of presentation.

Stratfull used constant slump concretes of both varying water-cement
ratio and varying cement factor. He -found that the higher cement
content and lo~er water-cement ratio concretes yielded greater resistance
to chloride penetration. In the tiMe-to-corrosion work, FHHA permittEd
slump to vary but held either water-cement ratio or cement content
constant \'Jhen the other parameter was varied. Thus, the two efforts
used drastically different mix designs.
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HO~Jp.ver, Stratfull's testinq arrived at the saMe conclusion; that watE'r
cemp.nt ratio had a significant effect on time to detriMental corrosion
and ce~ent factor did not, even though he did not report it as such.

Stratfull defined the follewing formula for determininq years to
deterioration of concrete exposed to saline water:

RT == lOO.0442C CO. 717 Si 1.221011

K0. 42 !4m 1. 17

\~here: Rt = years to deterioration of concrete exposed to saline water
C = sacks of cement per cuhic yard of concrete
Si = depth of steel below the surface in inches
K ~ chloride concentration of water (ppm)
WM = mixinD water in percent of concrete voluMe

Although the formula is based on laboratory absorption data and fielrl
survey inTormation on piling and other submerged concrete, it will be
applied here to illustrate a point.

The for~ula uses water content (not w/c ratio but gross mix water) in
the denominator and cement factor in the numerator. However, cement
content divided by water content is the inverse of water-cement ratio.
Thus, Stratfull's formuln is considering water-cement ratio directly
even if it is not shown. --

If the time-to-corrosion concretes of constart wlc ratio and rebur cover
but different cement factors were analyzed by the above formula, the
follQl;/inlj \'JOulcl. result (K=18,200 ~pm, Si=rebar cover='?.O inches=51 11111):

HIe = 0.5, CF = 6 concrete life, Rt = 9.4 years

wlc = 0.5, CF = 7 concrete life, Rt = 9.7 years

\'llc = 0.5, CF = 8 concrete life, Rt = 10.1 years

Thus, only a 3 to 4 percent increase in life is predicted per bag of
cement. This low percentage is undoubt~dly less than the variabil ity of
the data used to develop the formula and thus less than the accuracy
which could be expected from the formula.

However, if the varying water-cement ratio concretes with constant cement
fuctor were used in the fOrrlula, the followin~ would resillt:

wlc = 0.4, CF = 7 concrete life, Rt = 12.7 years

wlc = 0.5, CF = 7 concrete life, Rt = 9.7 years

wlc - 0.6, CF = 7 concrete life, Rt - 7.9 years
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Thus, the formula Dredicts a 30 percent increase hy reducin~ the water
cemp.n~ ratio fron 0.50 to 0.40. In other words, hy the forMula. a drop
in i:he \'Jatei-cement ratio from 0.50 to O.A() i1 R.5 tiMes more effe~tive

than an increase in cenent factor of 1 ba~/yd (94 1bs/yd3= 56 k~/rf).
If the 3 to 4 percent cement factor effect was ignored. the formula
could be a~proximated by

Rt approx. = 12S Si 1.22
~2 (w/c)

where w/c is the water cement ratio by weight.

Thus, the t\'JO stud i es have shown the saMe fact; that the concrete I s
\Jatp.r-cement r~tio is the primary deterMinate of a mix design's
resistance to chloride ingress.

Latex t10dified Concrete

Thp. latex modified concrete had a cenent factor of 6.75, a water-cement
ratio nf 0.40, and a slump of 5.0 inches (127 mm). The latex loading
was ?3.6 gallons of si:yrene butadiene emulsion per cutic yard of
c~ncrete (116.8 1/m3). Four 20 ft 2(1.86 m2) slahs were overlaid with
3 inches (76 nm) of the mor.ified concrete. The cover ov.oar the
reinforcing steel was 1.0 inch (25 nm).

After 830 daily salt applications no rust stains or cracks were visihle
on the surfaces of the slabs and no delaMination could ~e detected.
Half cell potentials were aenerally in the passive «0.20 V eSE) and
inconclusive (0.20 to 0.35 V es::) ranges thro'Jghout the test period.
The average and ITIaxiMum chloride profi1e~, definerl using /12 samples fr"om
various de;:Jths \'Jithin the material Jre presented ;n figure n. The
prcfiles show significant chloride in the top half inch (13 nn) but
onl~' baseline values belo\'1 1.0 inches (?5 rrrn). The 1.0 inch (25 om)
chloride content showed nc significant increase as a result of the
additional 469 salt appliccttion3 (3nl salt application m1ximum 1.0
inches (;'~5 ~) C'-== 0.79 lbs/yd = 202 ppm and 830 appl ication !':laximum el-=
O.3() lhs/yd = 220 ppm). Statistically, the depth of latex modified
concrete cover required to protect 95 percent of the reinforcin~ steel
fron the penetration of sufficient chloride to cause corrosion through
B30 salt applications was 0.95 inches (24 mm). Similarly. the thres-
holrl deptt-. based on the maximum chloride value encountered was slightly
Undp.i 1 inch (25 n~).

Thus, the latex liodified concrete has continu€'!d to be highly superior to
convC!ntiorral concret~. Although the r.laterial is not imperr1eanle. a 1
;nc:, (~5 Illm) COVE:r of latex lTudified concrete \<Jill sup:lly the same pro
tection as about 3 inches (76 11111) of conventional (w/c=O.5) bridge deck
concrete.
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Polymer Impre~Jnated Concrete (PIC)

Four 27 inch by 32 inch by 6 inch (0.68 mby 0.81 m by 0.152 m) reinforced
concrete slabs (t\'JO each with the 0.40 and the O.SO water-cement ratio.
cement factor = 7 mix designs) were totally impregnated
by Brookhaven National Laboratory with methyl methacrylate and radiation
pol~erized. Because of the hardness of PIC. problems were encountered
when a rotary hammer was used to take pulverized samples of the impreg
nated concretes for chloride analyses. Therefore 2 inch (51 mm) cores
were taken, sliced without the aid of water, and pulverized.

In depth analysis of the four slabs after 938 daily salt applications
yielried the average and maximum chloride profiles shovm in figure 12.
No difference in chloride ingress was discernable due to the different
concretes (0.40 and 0.50 w/c) that were impregnated and, therefore. the
data on all four impregnated slabs are presented together. A slight
buildup of chloride \'Jas found in the top half inch (13 TTT:1) of the PIC
(average Cl-l.l lbs/yd3 = 281 ppm, maximum Cl-= 2.5 lbs/yd3= ~39 ppm).
H~/ever, only baseline chlorides were found at all other depths within
the material. The maximum chloride threshold depth for the PIC was
0.7 inches (18 mm) after 938 salt applications. The threshold depth
required to protect 95 percent of the steel from rehar corrosion was
0.6 inches (15 mm). Of all the mix designs, construction techniques,
and special treatments studied. total polymer impregnation results in
the least permeable material. About 3.5 to 4 times less rebar cover
would be required to provide protection to the 0.50 water-cement ratio
concrete for an equal time if it was totally impregnated.

Other testing on the totally impregnated slabs included 5-hour boiling
water absorption tests (performed on slices from full depth cores) and
tensile splitting tests. .

The hoiling water ahsorption tests indicated a 1 percent or less ahsorp
tion in the top and bottom 1 inch (25 mm) core slices and a maximum
absorption of 0.4 percent for the interior concrete. Unimpregnated
concretes (water-cement ratios of 0.40 and 0.50) has maximum 5-hour
boiling water absorptions of 6.4 and 7.5 percent. respectively.

The tensile splitting test results on three cores from the PIC slabs
showed an average tensile splitting strength of 1580 psi (1.09 x 107 Pa
This strength is similar to that found in PIC made from the same
materials but never subjected to deicers or freezing and thawing (10).
These data indicate that there has been no loss of structural properties
during the 3 years of daily salting and exposure to the elements.

In addition to the totally impregnated concrete slabs discussed above,
four surface polymer impregnated slabs (4 ft x 2 ft x 4 inches) (1.2 m
by 0.61 m by 0.10 m) are under test in this study. The slabs were
prepared by the U.S. Bureau of Reclamation during development of a
technique for in-situ impregnation of bridge decks, under an FHWA
research contract (11), and were impregnated to a depth of about 1 inch
(25 r1Tl).
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The average and maximum chloride profiles found within the surface
imprGgnated concretes after 204 salt applications are shown in figure
13. As with the totally impregnated slabs, a slight buildup of chloride
was found in the top half inch (13 mm) but no significant penetration was
seen below that point. The maximum chloride threshold depth after 204
daily salt applications was only 0.6 inches (15 mm).

Although the surface impregnated concrete is performing similar to
totally impregnated concrete with respect to resistance to chloride
ingrGss, it has a significantly higher 5-hour boiling water absorption.
The impregnated portion of cores taken from each of the four slabs
showed absorptions of 3.7, 3.7, 3.6, and 3.0 percent. The unimpregnated
underlying concrete exhibited 5-hour boiling water absorptions of 4.9 to
7.5 percent. The higher water absorptions of surface impregnated
specimens, as compared to totally impregnated specimens, is believed to
be related to their lower pol~er contents. Total impregnation of
concrete involves the application of a vacuum prior to impregnation, and
pressure during impregnation, both of which increase the polymer content.
In addition, when impregnation takes place from only one surface, as is
done in the in-situ surface impregnation technique, the concentration of
poly~er will be lower, since the material which has soaked into the
concrete may tend to continue to migrate to unimpregnated areas until
poly~erization is completed. However, since very little chloride has
penetrated the surface impregnated slabs, the increased water absorption
appears to be of no consequence. The difference does, however, point
out the danger of using water absorption as the sole indicator of
potential chloride ingress.

Foll~l-up chloride analyses will be performed on the surface impregnated
slabs after 830 salt applications and reported at a later date.

Absorptive Form Liner and Vacuum Treatment

To define the effectiveness of absorptive form liner, four 20 ft2 (1.86 m2)
slabs were fabricated using the 0.40 and 0.50 water-cement ratio concrete
with 1 inch (25 rom) of cover over the reinforcing steel. Immediately
after finishing, the absorptive form liners (0.5 inch - 13 mm - thick
absorbent fiber boards) were placed on the surface and remained in place
throughout the 7-day curing period. By weighing the liners periodically
during set of the concrete and assuming that all water remov~d was
extracted from the top 1 inch (25 mm) of the concrete, it was determined
that the final average water-cement ratios were 0.31 for the concrete with
an original wlc ratio of 0.40 and 0.36 for the concrete with an original
wlc ratio of 0.50.
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Figurr 14 shows the maxirlUr.1 chloride rrofiles founn after WlO salt
arpliccitions within the 0.40 and 0.50 wlc slabs which were treated with
absor\1tive forn liner and the untreated control slabs vlith eC1ual "-later
cement ratios. The maximum threshold depths for the concretes were:

\J/ c = 0.40 control 1.8 inch (46 m) naxir:url threshol rl depth

\1/ c = 0.40 I\FL 1.8 inch (46 Tllll) maximufll th resho1rl deoth

\11 c = 0.50 control 2.9 inch (74 rrrn) ma xi flllll'l threshol d derth

\l/c = 0.50 AFL 1.9 inch (48 1l1'1) maximufll threshold depth

Thus, the data shovl that the use of ahsorptive fom liner v/ith the 3-
inch (7h m) slunp typical bridqe deck concrete ("-llc=n.s) \'1ill ilT1prove the
concrete's resistance to chloride penetration to that of a 0.4n water
cement ratio concrete. In other words, AFL used on a 0.50 water cement
ratio concrete will rermit reduction in the depth of rehar cover of
ahout 1 incl1 (25 r.n) \'1ithout increasing the probability of rp.bar corrosion.

However, the absorptive form liner had no effect on the concrete which
had iln initial water-cement ratio of 0.40. Thus, its use with 10Vi v-later
cement ratio concretes is not recommended.

Four 20 ft2 (1.8n rf) slabs (2 each with the 0.40 and 0.50 water-cement ratio
mix clesigns) were subjected to vaCUllrl treatl1ent immediately after strike
off of the concrete surface. The vacuu~ was anplieo to all 4 slahs for a
peri 00 of 1 hour and the vacuum pressure \"as 20 inches (508 mrl) of
mercllry (Hg) for 3 slabs hut only 13 inches (330 1111) of mercur~1 on the
other slah because of equipment difficulties. The w/c=n.4n concrete
slab \'/hi ch ';Ias treated at only 13 inches (330 m) Hg perforrled very
poorly \lith. electrical potentials indicating the initiation of corrosion
in onl~1 7 salt aprlications. Chloride analyses after 14 salt aflplica-
tions confirmed that sufficient chloride was available at the rebar
level (1.0 inch - 25 1T1JTI) to induce corrosion (maximul'l Cl-=1.7 lbs/yd3=
434 rrm) , and rust stains were first seen on the slab surface 5 months
after testing began. Evidently, in this slab, the lovler vaCUlim pressure
was insufficient to close the continuous capillaries createn by water
removal and deicer solution was thus afforded a clear path to the rein
forcinCj steel.

The other three vacuul1-treated slabs, processed at a hinher vacuum
pressurp., have not exhibited this unusually hiC]h chlorine permeahility.
Saserl on the amount of water removed, the average final water-cement
ratio in the slabs \-/ith an initial vile of 0.50 \</as 0.":1 and the final
average \'1lc for the rer:1aining 0.40 initial \'Ilc slab ';Jas 0.35.
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Figure 15 rresents the chloride profiles for the vacuum-treated and the
control slabs of both water-cement ratios after 830 salt applications.
The ~aximum chloride threshold depths were:

\llc = 0.40, control 1.8 inch (46 mrn) maximurl threshold depth

I/Ic = 0.40, vacu~ treated 1.6 inch (41 11T'1) maximum threshol d depth

\·~/c = 0.50, control 2.9 inch (74 1lTTl) maximurl threshol d depth

\'Jlc = 0.50, vacuum treated 1.7 inch (43 nrn) maximu~ threshold depth

The ahove data show that vacuum treatment of the 3 inch (76 mm) slump
typical bridge deck concrete (w/c=0.5), at a pressure of 20 inches (508 mm)
of mercury, resulted in a significant reduction in chloride ingress. As
with AFl, the w/c=0.50 vacuum-treated concrete is equivalent to an
untreated 0.40 I'Ilc ratio concrete. However, vacuum treatment at 20 inches
(508 mrl) Hg does not significantly reduce chloride ingress into a con
crete which has an initial water-cement ratio of 0.40.

Thus, the time-to-corrosion data indicate that vacuum treatment and
absorptive form liners provide almost identical benefits. Both
techniques will reduce the chloride permeability of a 0.50 water-cement
ratio concrete and both are ineffective on a concrete with an initial
water-cement ratio of 0.40.

Stearate Naterproofer

A poly-oxo-aluminum stearate waterproofer was evaluated as a surface
treatment. One coat of the proprietary material was brushed on a single
w/c=O.50, C~=7 slab with 1 inch (25 mm) rebar cover at a rate of
1 gal/20 yd (1 litre/4.4~).

Because the surface treatment was applied ~nd testing was started 1
year after slab fabrication, this slab can be com~ared directly to the
"aged" slab discussed in a previous section.

Electrical ha~f-cell potentials i1ave remained in the inconclusive range
for both the stearate and the control slab. Chloride profiles were
determined from 15 samples taken fro~ each slab after 600 salt applica
ticns and the findings i'l.re shown in figure 16.

The dat~ show that although 3 slight reduction in chloride intrusion may
have been achieved as a result of the surface treat~nt, sufficient
chloride to induce corrosion migrated to depths greater than 2 inches
(51 !"frn) after 600 salt applications. The maximurl chloride threshold depth
for the stearate "wa terproofed" slab 'lIas 2.7 inches (69 nrn). Thus, the
stearate waterproofer does not render the concrete impermeahle and
appears to be of little value as a methorl to prevent chloride induced
corrosion of bridge deck reinforcing steel.
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Boiled Linseed 0il Surface Treatment

Tv-lO applications of a 50/5~ mixtur~ of boiled linseed oil and kerosene
were brushed on four 20 ft (1.86 n~) slabs 28 days after fabrication.
The ~nitiai a~plication I'laS brushed on at a rate of 1 gal per 4') Sf'! yd
(1 lltrc/8.8nl ) and the second treatment \-Ias clpplied the next day at a rate
of 1 gal per E7 sq yd (1 litre/14.9m2). Two of the linseed oil-treated
slabs had a wate~-cement ratio of 0.40 and the concrete in the other
tvJO slabs had a \'Iater-cement ratio of 0.50. A 1 inch (25 mm) concrete
cover over the reinforcing steel was provided on all four slabs.

Electrical potentials have !Jenerally rer.tainerl in the inconclusive range
for the 0.50 wlc linseed oil-~reated slaDs end in the passive and
inconclusive ranges for the 0.40 wlc ratio slabs. Rust stains were seen
on a 0.50 watE:r-cement ratio slab after about 500 salt appl ications. ~lo

rust stains have been found on the 0.40 w/c linseed oil-tre~ted slabs.
Similarly, no delaminations or cracks are present on any of the linseed
oil-treated slabs.

Figure 17 shovJS the maximum chloride profiles encountered in the linseed
oil-treated slabs and in similar untreated slabs. The maximum chloride
threshold dapths were:

\ !I c = O. 4, cont ro 1

wlc = 0.4, boiled linseed oil

wlc = 0.5, control

~/c = 0.5, boiled linseed oil

1.8 inches (46 rrrn)

1.0 inches (25 mm)

2.9 inches (74 mm)

1.9 inches (48 mm)

The above data show that the brushed-on applications of boiled linseed
oil \~ere very effective in reducing chloride intrusion in concretes of
botil \'Jater cement ratios. The 0.50 wlc slabs treated with linseed oil
performed about as \~ell as the untreated 0.40 water-cement ratio
concrete. Further, the 0.40 wlc linseed oil-treated slabs nerformed as
well as the latex modified concrete slabs discussed earlier. IImlever,
there has been a 4.5 fold increase in the chloride content at the I-inch
(25 mm) depth in the 0.50 water-cement ratio linseed oil-treated
slabs in tile 500 saltings since the initial report. This indicc:.tes
that, as was found in scaling tests, a linseed oil trpatment is only
effective for 2 to 3 years and would need to be repeated.

Because of several factors, the above findings ca~not be translated
directly to the field. The brush application procedure undoubtedly
resulted in much better penetration and void fill inn t~an would have
been achieved with a spraying procedure. More importantly, the slabs in
this research were not subjected to traffic wear. The fincings do,
h·:,wever, provide credibility to research in whicll procedures for
deep iffipregnation of concrete with linseed oil are being investigated.
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Permanent Steel Bridge Deck Forms

Four lightly reinforced slabs were fabricated using permanent steel
bridge deck forf.'ls rather than removable plywood forms. T",/o slabs had a
water-cement rati 0 of 0.40 whil e the concrete used in tl-.e other tvlO
slabs had a water-cement ratio of 0.50. Concrete cover over t~e

teinfordng steel \'/as 1.0 inches (25 mm) in all instances.

As in the case of the si~il~r slabs with removable forms t electrical
pote:1tials inrlicatr:d that corrosion ~'/as initiated in the two 0.50 water
cement ratio slabs with permanent metal forms after 7 and 14 salt
applications. Rust stains on the slab surfaces confir~ that corrosion
is occurring. However t no cracking has occurred to date. Electrical
potentials on the 0.40 water-cement ratio concrete slabs have remained
in the inconclusive range throughout the 83C salt applications.

The ~a;dmum chloride profiles after 830 salt applications for the 0.40
and 0.50 \'/ater-cel'lent ratio slabs "lith and without pemanent steel forms
are presented in figure 18. The maximum chloride threshold depths for
the concrete were:

Illc = 0.40 t rer'lOvab 1e forns 1.8 inches (46 1TII1)

\llc = O.40 t permanent steel forr,s 2.0 inches (51 nm)

\"Ilc = 0.50 t removable forms 2.9 inches (74 f:111)

\"Ilc 0.50 t perrnnent steel forms 3.G inches (76 1m)

Although the chloride profiles sho",1 that the slabs fabricated on permanent
metal forms have significantly more chloride at the depths closer to the
surface, the maximum chloride threshold depths obtC\ined using stt'aight
line intf!rpolation for both the 0.40 and 0.50 wlc slahs \"ith and without
perrranent forms arc not significantly different after 830 salt
appncations. Therefore t since the question liTo what depth is tr,ere
sufficient dllorirJe to induce corrosion?" is nDre important than the
absolute amount of chloride at lesser depths t permanent steel forms must
be judged as having no significant effect on chloride intrusion after
830 salt applications.

The condition of the steel bridge deck forms after 830 d~ily salt
applications is also of interest. Salt solution which often ran over
the small dikes on the slab surfaces during rains and down the epoxy
coated sides of the slabs onto the edges of the forms has ca.used severe
form corrosion on each slab. A few areas along the edges (outer 6
inc',es) of the forms are comple:ely disintegrated. However, the central
sections of the forMs which were not subjected to the salt water runoff t

are in like-neVi condition. This finding emphasizes the need to provide
adequate drai nage away from the forms or. bri dge dec:<s pl aced on
permanent steel forms.
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CIIl.ORIDE D/\TA

Tre chloride anal~'ses data obtained on the various tiMe-to-corrosion
ccncrctcs and used to obtain the profile plots and the chloride threshold
depths used in this report follow. Several notes are pertinent:

(1) Chloride values VJhich were less than f).{1.') lbs Cl-!.vcl 3(102 pnn)
are considered to be baseline values and are indicated in the
tahle by the letters BL.

(2) The number of slabs included for each variable can be deterMined as
.fo 11 o\"/s :

(a) 4 ft x 5 ft (1.22 n x 1.52 n) slabs - divide the number of
sa~ples shown by 3 and round to the next hiqher inte~er

(i.e., 17 samples!3 = 5.7 = G slahs)

(h) 2 ft x 2.5 ft (0.61 m x 0.76 m) slabs - 3 slabs represent
each variable

(3) tlean sanpling depths are shol'm. The actual depths ''Jere 1/lf. to
f).50 inches (2 to 13 TTl), 0.75 to 1.25 inches (19 to 3~ nT:1),
1.75 to 2.25 inches (44 to 57 ~), 2.75 to 3.25 inches (70 to
83 ~m), and 3.75 to 4.25 inches (95 to lOR Plrl).

(4) In those instances where more than 10 saMples from one variable were
analyzed for each depth, a statistical analysis of the data was
[Jerformed, anrl the follol'/in9 additional inforrlation is included.

(a) t,'JO-S i ded 95 percent C. 1. of mean - These t\olO va lues qi ve the
95 percent confidence interval for the mean chloride content.
In other words, there is a 95 percent probability that the ~ean

chloride content of the population falls between these two
values.

(b) 95 percent level chloride - A single value that indicates that
statistically 95 percent of the chlorides encountered in the
[Jopulation would be bel 0"1 this value.

(c) 95 percent chloride threshold - A depth value which was calculated
identically to the maxinum threshold depth procerlure discussed in
the body of this report except that the 95 percent level chloride
contents were used.

Note: To convert inches to mm, multiply by 25.4.

To convert lbs Cl-/yd3 to ppm Cl- by weight, multiply by 255.4.

47



T
ah

le
4.

SU
M

m
ar

y
of

ch
lo

ri
de

an
al

ys
is

da
ta

.

tie
an

sa
m

pl
in

t'j
I\v

er
af

')e
tle

di
an

rli
ni

m
um

tla
xi

m
U

M
?-

si
rl

ed
9S

%
91

)%
le

ve
l

95
%

ch
lo

ri
de

tla
xi

m
um

ch
lo

ri
de

de
pt

h,
tlu

m
be

r
ch

1o
ri

dP
3'

ch
lo

ri
dP

3,
ch

lo
ri

d
e,

ch
lo

ri
d

e,
C.

I.
o

f
Pl

ea
n

ch
lo

ri
d

e,
th

re
sh

ol
d

th
re

sh
ol

d
de

pt
h,

V
ar

ia
bl

e
in

ch
es

sa
Pl

p1
es

1b
s/

.v
d

1b
s/

.v
d

1h
s/

yd
3

1h
s/

.v
d

3
1h

s/
yd

3
1b

s/
yd

3
de

pt
h,

in
ch

es
in

ch
es

\
~
/
c
=
0
.
4
0

0.
2R

17
20

.0
19

."
9.

'1
2

32
.S

IF
..n

23
.5

31
.0

C
F=

7.
0

1.
0

17
1.

SR
1.

11
5

BL
3.

92
L

In
2.

00
3.

10

co
nv

en
-

2.
0

17
BL

BL
BL

0.
55

BL
0.

41
'

0.
52

1.
7

1.
8

ti
on

al
3.

0
17

BL
BL

BL
0.

59
BL

RL
0.

51

co
nc

re
te

4.
0

16
BL

RL
BL

BL
I3L

BL
0.

50

13
30

.j:
:>

O
J

s
al

tin
C

js

\"
1/

c=
0.

50
0.

28
18

22
.1

21
.1

1
11

).F
.

3'
1.

7
19

.1
1

24
.R

31
.1

C
F=

7.
0

1
.0

18
11

.4
11

.1
5.

RO
17

.'1
9.

7
11 •

13
.1

16
.9

co
nv

en
-

2.
0

If!
1.

76
1.1

19
'1

.7
1

4.
n9

1.
3'1

?.
??

3.
27

2.
8

2.
9

ti
o

n
al

3.
0

If!
0.

55
1')

.r;
1

BL
1.

13
0.

11
7

'I.
F.

3
0.

82

co
nc

re
te

4.
0

18
BL

BL
BL

BL
BL

BL
BL

83
0

sa
lt

in
t'j

s



T
ab

le
4.

Su
m

m
ar

y
o

f
ch

lo
ri

de
an

al
y

si
s

da
ta

(c
o

n
t'

d
).

rle
an

sa
m

pl
in

g
A

ve
ra

Q
e

rle
di

an
rli

ni
m

um
~
l
a
x
i
m
u
l
'
1

?-
-s

id
ed

a
s
~
~

95
%

le
ve

l
95

%
ch

lo
ri

de
M

ax
im

um
ch

lo
ri

de
de

pt
h.

tlu
m

be
r

ch
lo

ri
d

e.
ch

lo
ri

d
e.

ch
lo

ri
d

e.
ch

lo
ri

d
e.

C.
1.

of
M

ea
n

ch
lo

ri
n

e,
th

re
sh

ol
d

th
re

sh
ol

d
de

pt
h.

V
ar

ia
bl

e
in

ch
es

sa
l'l

pl
es

lb
s/

yd
3

lb
sl

.v
d3

lh
s/

yd
3

lh
s/

.v
d3

lb
s/

yd
3

lb
s/

yd
3

de
pt

h.
in

ch
es

in
ch

es

\
~
/
C
'
=
0
.
6
0

0.
28

18
27

.9
24

.fi
11

3.3
50

.fi
22

.3
33

.5
4f

i.4

C
F=

7.
0

1.
0

18
13

.7
13

.1
7.

13
5

2R
.fi

11
.?

-
IF

.2
21

.9

co
nv

en
-

2.
0

18
3.

85
3.

fiB
1.

41
11

.F
2.

7(
)

/l.
C'

J9
7.

62
3.

1
3.

7

ti
o

n
al

3.
0

18
n.

77
O

.f
'4

B
l

2.
07

O
.S

R
n.

CJ
6

1.
40

co
nc

re
te

4.
0

18
0.

53
B

l
Bl

'1
.9

7
B

l
0.

F3
'l.

R
4

83
0

+:
>

\D
sa

1
ti

n
q

s

II
/c

=
0.

50
0.

28
6

24
.4

21
.2

17
.3

44
.2

C
F=

6.
0

1.
0

6
7.

65
6
.
~
3

3.
96

15
.n

co
nv

en
-

2.
0

5
1.

36
1.

34
a.

fi
fi

2.
?0

2.
7

ti
o

n
al

3.
0

6
0.

47
B

l
Bl

0.
55

co
nc

re
te

4
.0

6
Bl

ill
ill

Bl

[3
30

sa
lt

in
q

s



T
ab

le
4.

Su
m

m
ar

y
of

ch
lo

ri
de

an
al

ys
is

da
ta

(c
on

t'd
)

Ile
an

sa
r:1

pl
in

q
A

ve
ra

qe
"e

di
an

tli
ni

r.l
IJ

m
"a

xi
m

uf
ll

2-
si

de
d

9ti
%

95
%

le
ve

l
95

%
ch

lo
ri

de
t1

ax
im

um
ch

lo
ri

de
de

pt
h,

r
~
u
m
b
e
r

ch
1o

ri
d 1,

ch
lo

ri
d 3,

ch
lo

ri
d

j'
ch

lo
ri

d 3,
C.

I.
of

~
e
a
n

ch
lo

ri
d 3,

th
re

sh
ol

d
th

re
sh

ol
d

de
pt

h,
V

ar
ia

bl
e

in
ch

es
sa

m
pl

es
lb

s/
yd

lb
s/

yd
lh

s/
yd

lh
s/

yd
lh

s/
yd

lb
s/

yd
de

pt
h,

in
ch

es
in

ch
es

\
~
/
c
=
0
.
5
0

0.
28

6
24

.8
24

.4
2
1
.
~

30
.ti

C
F=

8.
0

1.
0

6
12

.0
12

.3
7
.
4
~

17
.1

co
nv

en
-

2.
0

5
1.

63
1.

fi
1

0.
li5

2.
74

2.
8

ti
on

al
3.

0
5

O
.li

l
O

.ti
5

BL
O
.
~
4

co
nc

re
te

4.
0

5
BL

BL
BL

0.
51

11
1

33
0

0

s
al

ti
n

g
s

PC
C

O
ve

rl
ay

(p
ro

pe
rl

y
0.

2R
6

15
.2

lt
i.

3
9.

95
lR

.8

co
ns

ol
.)

1.
0

6
1.

29
0.

93
BL

2.
47

\
~
/
c
=
O
.
3
2

2.
0

6
BL

BL
BL

0.
53

1.
4

C
F=

8.
75

3.
0

6
BL

BL
BL

BL

33
0

4.
0

6
BL

BL
BL

llL

sa
lt

in
g

s



T
ab

le
4.

Su
m

m
ar

y
o

f
ch

lo
ri

de
an

al
ys

is
da

ta
(c

o
n

t'
d

).

'le
an

sa
m

pl
in

g
I\

ve
ra

ge
tle

di
an

'li
ni

m
ul

'l
tla

xi
m

ul
Tl

7.
-s

id
ed

95
%

9li
%

le
ve

l
95

%
ch

lo
ri

de
M

ax
im

um
ch

lo
ri

de
de

pt
h,

nu
m

be
r

ch
1o

ri
de

,
c
h
l
o
r
i
d
~
,

ch
lo

ri
d

e,
ch

lo
ri

de
,

C.
1.

of
m

ea
n

ch
lo

ri
de

,
th

re
sh

ol
d

th
re

sh
ol

d
de

pt
h,

V
ar

ia
bl

e
in

ch
es

sa
m

pl
es

lb
s/

yd
3

1h
s/

.v
d

lh
s/

yd
3

1h
s/

yd
3

lb
s/

yd
3

lb
s/

yd
3

de
pt

h,
in

ch
es

in
ch

es

PC
C

O
ve

rl
ay

(i
na

de
qu

at
e

0.
28

6
17

.9
17

.R
12

.7
.

22
.?

co
ns

ol
o

)
1.

0
6

6.
25

6.
11

1.
90

9.
75

\
~
/
c
=
0
.
3
2

2.
0

6
3.

34
7.

.5
7

BL
7.

77
3.

4

C
F=

8.
75

3.
0

6
1,

r1
0

0.
'1

9
BL

2.
7.

7

13
30

4.
0

6
BL

BL
BL

0.
'1

1
U

1 .....
.

sa
lt

in
g

s

L
at

ex

r.1
od

ifi
ed

0.
28

13
6.

52
6.

71
3.

57
9.

24
5.

3'
1

7.
fi8

9.
6H

co
nc

re
te

1.
0

13
0.

44
BL

BL
O

.8
F

BL
0.

'1
2

0.
65

u/
c=

0.
40

2.
0

12
BL

BL
BL

BL
BL

BL
BL

0.
95

0.
96

C
F=

6.
75

3.
00

11
BL

BL
BL

BL
BL

BL
BL

13
30

4.
0

13
BL

BL
BL

BL
BL

BL
BL

sa
lt

in
g

s



T
ab

le
4.

SU
m

M
ary

of
ch

lo
ri

de
an

al
ys

is
da

ta
(c

on
tl

d)
.

r1
ea

n
sa
l'
1f
ll
in
~

A
ve

ra
!le

r'e
di

an
t1

in
im

um
r1

ax
im

um
2-

si
de

d
91

i%
91

i%
le

ve
l

95
%

ch
lo

ri
de

M
ax

im
um

ch
lo

ri
de

de
pt

h,
tlu

m
be

r
ch

lo
ri

de
,

c
h
l
o
r
i
d
~
.

ch
1o

ri
de

,
ch

lo
ri

de
.

r:.
I.

of
m

ea
n

ch
lo

ri
de

,
th

re
sh

ol
d

th
re

sh
ol

d
de

pt
h,

V
ar

ia
bl

e
in

ch
es

sa
m

pl
es

lb
s/

yd
3

lb
s/

yd
lb

s/
yd

3
lh

s/
yd

3
.

lb
s/

yd
3

lb
s/

yd
3

de
pt

h,
in

ch
es

in
ch

es

PI
C

(t
ot

al

i
m

pr
eg

.)
0.

28
12

1.
06

0.
95

BL
2.

47
O

.f'
fl

1.
1\

3
2.

03

w
/c

=O
.4

0
1.

0
12

BL
BL

BL
O

.4
fi

BL
BL

BL

an
d

0.
50

2.
0

12
Bl

Bl
BL

BL
RL

BL
rl

0.
58

0.
63

CF
=7

3.
0

12
8L

BL
BL

BL
BL

BL
BL

93
8

4.
0

12
BL

RL
13L

BL
3L

BL
l3L

11
1

sa
lt

in
gs

N

PI
C

0.
28

4
1.

42
1.

1f
i

0.
69

2.f
>7

Su
rf

ac
e

0.
75

4
BL

BL
nL

0.
58

i
m
p
r
e
~
.

1.
25

4
SL

BL
RL

BL
0.

58

20
4

1.
75

4
BL

HL
RL

BL

sa
lt

in
gs



T
ilb

le
4.

Su
m

m
ar

y
of

ch
lo

ri
de

an
al

ys
is

da
ta

(c
an

t'
d

).

t1
ea

n
sa

m
pl

in
g

I\v
eY

'aq
e

M
eC

:ia
n

t1i
ni

l'll
Jl"

l
t1a

xl1
"lu

m
2-

si
de

d
~
5
%

9
5
~
;

le
ve

l
9
5
~
~

ch
lo

ri
de

t1
ax

irr
.u

m
ch

la
ri

de
de

pt
h,

tlu
m

be
r

c
h
l
o
r
i
d
~
,

cl
'lo

ri
d
~
,

ch
1o

ri
d~

3'
c
h
l
c
r
i
d
~
,

.C
.

1.
of

~
e
a
n

ch
lo

ri
d

e,
th

rc
sh

ol
r1

th
re

sh
ol

d
de

pt
h,

V
ar

ia
bl

e
in

ch
es

sa
m

pl
es

lb
s/

yd
ib

s/
yd

lb
s/

yd
lb

s/
yd

lb
s/

yd
1b

s/
yd

3
de

pt
",

in
c:

,e
s

in
ch

es

I\
bs

or
pt

iv
e

fir
m

1i
ne

r
0

.2
8

5
16

.9
17

.0
12

.fi
1C

i.n

It
/c

=
0.

40
1.

0
6

1.
11

0
0.

94
0.

51
4.

83

C
F=

7.
00

2.
0

6
BL

BL
BL

0
.
5
~

1.
8

co
nc

re
te

3.
0

6
BL

I3L
8L

I3L

83
0

4.
0

5
BL

BL
BL

RL

sa
lt

in
g

s
U

1
w

I\
bs

or
pt

iv
e

fo
rm

li
n

er
0.

28
6

13
.5

13
.1

11
.?

1f
i.9

I
~
/
C
=
O
.

50
1.

0
6

2.
RO

2.
47

0.
03

6.
00

C
F=

7.
0

2.
0

6
0.

47
RL

BL
1
)
.
5
~

1.
9

co
nc

re
te

3.
0

5
BL

RL
BL

BL

83
0

4.
0

5
RL

BL
BL

BL

sa
lt

in
g

s



T
ab

le
4.

S
u
m
~
a
r
y

of
ch

lo
ri

de
an

al
ys

is
da

ta
(c

o
n

t'
d

).

fle
an

sa
m

pl
in

g
I\v

er
aC

je
fle

di
an

fli
ni

m
uM

fla
xi

m
um

2-
si

de
d

95
%

95
%

le
ve

l
95

%
ch

lo
ri

de
M

ax
im

um
ch

lo
ri

de
de

pt
h,

N
um

be
r

c
h
l
o
r
i
d
~
,

ch
lo

ri
de

,
ch

lo
ri

de
,

ch
lo

ri
de

,
C.

I.
of

m
ea

n
ch

lo
ri

de
,

th
re

sh
ol

d
th

re
sh

ol
d

de
pt

h,
V

ar
ia

bl
e

in
ch

es
sa

m
pl

es
lb

s/
yd

lb
s/

yd
3

1b
s/

yd
3

lh
s/

yd
3

lb
s/

yd
3

lb
s/

yd
3

de
pt

h,
in

ch
es

in
ch

es

V
ac

uu
m

tr
ea

te
d

0.
28

6
15

.0
14

.R
In

.1
i

19
.R

\
~
/
c
=
n
.
4
0

1.
0

6
1.

06
n.

9R
0.

55
1.

77
.

C
F=

7.
0

2.
0

fi
0.

55
B

l
B

l
0.

'1
4

1.
5

co
nc

re
te

3.
0

6
II

I
B

l
B

l
0.

47

83
0

4.
0

6
B

l
B

l
B

l
II

I

;,
al

ti
ng

s
U

1
.l:>

o

V
ac

uu
m

tr
ea

te
d

0.
28

6
22

.1
21

.!
i

ll
i.

5
27

.11

w
/c

=0
.5

0
1.

0
6

1.
87

1.
93

I3
l

3.
18

C
F=

7.
0

2.
0

6
B

l
B

l
B

l
0.

47
1.

7

co
nc

re
te

3.
0

5
I3

l
B

l
II

I
0.

51

13
30

4.
0

6
fl

,l
A

l
gl

B
l

sa
lti

nC
lS



T
ab

le
4.

Su
m

m
ar

y
of

ch
lo

ri
de

an
al

ys
is

da
ta

(c
en

t/
d

).

M
ea

n
sa

m
pl

in
g

I\
ve

ra
qe

t1
ed

ia
n

t1i
ni

m
um

M
ax

im
um

2-
si

de
d

95
%

95
%

le
ve

l
95

%
ch

lo
ri

de
r!'

ax
im

um
ch

lo
ri

de
de

pt
h,

N
um

be
r

c
h
l
o
r
i
d
~
,

c
h
l
o
r
i
d
~
,

c
h
l
o
r
i
d
~
,

ch
1o

ri
d
~
,

C.
I.

of
m

ea
n

ch
1o

ri
de

,
th

re
sh

ol
d

th
re

sh
ol

d
de

pt
h,

V
ar

ia
bl

e
in

ch
es

sa
m

pl
es

lb
s/

yd
lb

s/
yd

lh
s/

yd
lh

s/
yd

lb
s/

yd
3

1b
s/

yd
3

de
pt

h,
in

ch
es

in
ch

es

S
tp

.a
ra

te

w
at

er
-

pr
oo

fe
r

0.
28

3
33

.0
25

.9
17

.9
55

.1

II
/c

=
5.

n
1.

0
3

3.
77

3.
19

1.
55

1i
.5

7

CF
=7

.C
2.

0
3

1.
32

0.
li

7
0.

67
2.

G
3

2.
7

co
nc

re
te

3.
0

3
0.

50
f1L

flL
0

.6
7

60
0

4.
0

2
BL

RL
SL

BL

U
1

sa
lt

in
gs

U
1

C
on

tr
ol

fo
r

st
ea

ra
te

sl
ab

0.
28

3
33

.0
40

.1
11

'.8
42

.3

1'
I/c

=0
.5

0
1.

0
3

8.
64

11
.0

2.
21

12
.7

C
F=

7.
0

2.
0

3
1.

64
1.

53
1.

27
2.

11
3.

2

co
nc

re
te

3.
0

3
0.

96
0.

P5
0.

55
1.

47

ag
ed

1
y

r.
4.

0
3

0.
G

1
0.

'>
4

BL
0.

87

be
fo

re

sa
lt

in
g

-

f
00

si
lh

in
g

s



T
ab

le
4.

Su
m

m
ar

y
of

ch
lo

ri
de

an
al

ys
is

da
ta

(c
o

n
t'

d
).

rle
an

sa
m

pl
in

9
I\v

er
af

Je
r1

ed
ia

n
r1i

nif
Tlu

fT
l

t1a
xif

Tl
llm

2-
si

de
d

q5
%

95
%

le
ve

l
95

%
ch

lo
ri

de
M
a
x
i
~
u
m

ch
lo

ri
de

de
pt

h,
N

um
he

r
ch

lo
ri

d
e,

ch
lo

ri
de

,
ch

lo
ri

de
,

ch
lo

ri
de

.
C.

I.
of

m
ea

r.
ch

lo
ri

de
.

th
re

sh
ol

d
th

re
sh

ol
d

de
pt

h.
V

ar
ia

bl
e

in
ch

es
sa

m
pl

es
lb

s/
yd

3
lb

s/
yd

3
lb

s/
yd

3
1h

s/
yd

3
lh

s/
yd

3
lb

s/
yd

3
de

pt
h.

in
ch

es
in

ch
es

no
ilE

d
li

n
-

se
ed

oi
1

0.
28

6
It

87
8.

19
6.

5R
12

.3

w
/c

=O
.4

0
1.

0
6

0.
57

RL
BI

.
1.

~
~

C
F=

7.
0

2.
0

6
RL

RL
RL

BL
1.

0

co
nc

re
te

3.
0

6
BL

RL
RL

BI
.

33
0

4
.
~

6
BL

BI
.

BI
.

HI
.

sa
lt

in
g

s
l.

n
O

'l

B
oi

le
d

li
n

-

se
ed

oi
1

0.
23

6
19

.7
19

.R
13

.3
27

.5

\
~
/
c
=
0
.
5
0

1.
0

6
7.

01
6.

52
4.

fjl
1

10
.4

C
F=

7.
0

2.
')

6
0.

54
0.

51
RL

1)
.7

5
1.

9

co
nc

re
te

3.
0

6
RL

BL
BL

0.
n7

83
0

4.
0

5
BL

BL
HL

HI
.

sa
lt

in
g

s



T
ab

le
4.

S
u
m
~
a
r
y

of
ch

lo
ri

de
a"

al
ys

is
d
a
t
~

(c
o

n
t'

d
).

Ile
an

sa
m

r>
lin

l]
A

ve
ra

ge
tle

di
an

tli
ni

m
ur

l
tla

xi
m

um
2-

si
de

d
95

%
95

%
le

ve
l

95
%

ch
lo

ri
de

M
ax

im
um

ch
lo

t'i
de

de
r>

th
,

t1
um

be
r

ch
lo

ri
de

,
ch

lo
ri

d
j'

ch
lo

ri
d 3,

ch
lo

ri
d J,

C
.

I.
of

Je
a
n

c;
,l

or
id

j"
th

re
sh

ol
d

th
re

sh
ol

d
de

pt
h,

V
ar

ia
bl

e
in

ch
es

sa
m

pl
es

lb
s/

yd
3

lb
s/

yd
lb

s/
yd

lh
s/

yd
lb

s/
y

lb
5/

yd
de

pt
h,

in
ch

es
in

ch
es

Pe
rm

an
en

t

st
ee

l
fo

rm
s

0.
28

6
31

.8
27

.5
13

.0
64

.8

w
/c

=O
.'I

O
1.

0
f.

4.
51

1
3.

7f
i

1
.l

ti
11

.3

C
F=

7.
0

2.
0

6
0.

66
I)

.~
9

A
l

1
.
0
~

2.
0

co
r.

cr
et

e
3.

0
5

0.
49

A
l

ill
r.

.7
0

13
30

4.
0

5
B

l
B

l
13

l
A!.

.

U
1

sa
lt

in
g

s
'-

J

Pe
rm

an
en

t

st
ee

l
fo

rm
s

0.
28

6
36

.7
33

.0
22

.4
53

.9

\'l
/c

=
0

.5
0

1.
0

6
11

.5
lU

3
9.

3?
12

.8

C
F=

7.
0

2.
0

6
3.

30
2.

06
1.

81
8.

54
3.

0

co
nc

re
te

3.
0

6-
0.

73
0.

11
4

B
l

1.
13

83
0

4.
0

5
0.

53
0.

51
B:

"
0

.(
,3

sa
lt

in
g

s



T
ab

le
4.

Sl
Jm
~l
dr
y

o
f

ch
lo

ri
de

a
n
J
l
.
v
s
i
~

da
ta

(c
o

n
t'

d
).

V
ar

ia
bl

e

Il!
'la

n
sa

m
pl

in
g

de
pt

h,
N

um
be

r
in

ch
es

sa
m

pl
es

A
ve

ra
ge

ch
lo

ri
de

,
lb

s/
yd

3

!'1
ed

iil
n

ch
lo

ri
de

,
lb

s/
yd

3

I~
i

nim
uM

cf
1o

ri
de

,
lb

s/
yd

3

11
ax

im
ul

'l
ch

lo
ri

de
,

1l
>s

/y
d3

2
-
~

id
ed

95
~;

C.
I.

cf
m

ea
n

lb
s/

yd
3

95
%

l
l
~
v
e
l

ch
lo

ri
de

,
lb

s/
yd

3

91
)%

ch
lo

ri
de

U
re

sh
ol

d
de

pt
h,

in
ch

es

11
ax

im
ur

r.
ch

1o
ri

de
th

re
sh

ol
d

de
pt

h,
in

ch
es

2.
0

x
2.

5
FT

Sl
AO

S

w
/c

=0
.4

0
0.

28
6

15
.6

14
.9

13
.3

17
.9

C
F=

7.
0

1.
0

6
1.

?3
1.

26
0.

79
1.

fi2
1.

3

33
0

2.
1l

6
O

l
Bl

Bl
n
.
~
1

sa
lt

in
g

s
3.

0
6

II
I

B
l

fll
1\1

.

U
1

O
J

\
~
/
c
=
O
.
5
~

0.
2[

\
G

22
.0

2:
V

-i
17

.R
2f

i.4

C
F=

7.
0

1.
0

6
7.

8R
8

..1
0

6.
12

9.
?1

2.
7

33
0

2.
0

6
1.

64
1.

54
1.

18
2.

S7

sa
lt

in
g

s
3.

0
6

O
.M

0.
1)

2
~
l

0.
80

w
/c

=O
.5

0
0.

28
6

2.
91

2.
7R

1.
32

5.
n1

C
F=

7.
0

1.
0

E
0.

85
n.

rm
F:L

1.
10

0.
96

3
ro

d:
2.

Q
6

II
I

Rl
Bl

[lL

sa
lt

ap
pl

i-

c<
1t

io
ns

3.
0

E
B

l
Bl

fil
rl



T
ab

le
4.

S
u
m
~
a
r
y

of
ch

lo
ri

de
a
n
~
l
y
s
i
s

p.
at

a
(c

o
n

t'
d

).

V
.lr

ia
b1

e

rf
ei

ln
sa

m
[J

lin
g

de
/)

th
,

N
ur

rb
er

in
cr

.e
s

sa
np

1e
s

A
ve

ra
ge

M
ed

ia
n

~'
i

nil
'1u

m
ch

1o
ri

dj
'

ch
lo

ri
d

j'
ch

1o
ri

dj
'

lb
s/

yd
lb

s/
yd

lh
s/

yd

M
ax

im
um

ch
1o

ri
d::

'3'
~
b
s
/
y
d

7.
-s

id
ed

95
%

95
%

le
ve

l
95

%
c
h
l
~
r
i
d
e

C.
I.

of
~
a
n

ch
lo

ri
d 3,

th
re

sh
ol

d
lb

s/
yd

1t
s/

yd
de

pt
h,

in
ch

es

M
a
x
i
m
u
~

ch
lo

ri
de

th
re

sh
ol

d
d
e
~
t
h
,

in
ch

es

2
.0

x
2.

5
FT

S
L
~
8
S

w
/c

=0
.5

0
0.

28
6

3.
44

3.4
13

2.
00

4.
Cl

7

C
F=

7.
0

1.
0

6
0.

87
0.

92
0.

48
1.

16
0.

97

lJ
da

il
y

2.
0

6
BL

AL
BL

RL

sa
lt

ap
p1

i-

ca
ti

om
i

3.
0

5
BL

BL
BL

BL
<.

n
\D

\
~
/
c
=
0
.
5
0

0.
28

6
7.

81
7.

54
fi

.3
?

1
0

.0

C
F=

7.
0

1.
9

6
1.

60
1.

55
1.

05
2

.1
5

1.
5

26
w

in
te

r
2.

0
6

I>L
flL

BL
0,

1'
9

sa
lt

in
g

s
3.

0
6

BL
BL

BL
BL

\
~
/
c
=
O
.

50
0.

2/
3

6
8.

24
2.

1R
5.

0
11

.7

C
F=

7.
0

1.
0

6
1
.
1
~

1.
21

0.
13

5
1.

72
1.

3

26
da

i1
y

2.
0

6
BL

BL
BL

0.1
13

sa
lt

ap
p

li
-

ca
ti

on
s

3.
0

6
P.L

BL
BL

BL




