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Foreword 

The papers in this Record, on various facets of concrete technology, should be of interest to 
state and local construction, design, materials, and research engineers as well as contractors 
and material producers. 

Chang describes the evaluation of six generic types of sealer and coating systems considered 
for use on nonwearing concrete surfaces in Indiana. After subjecting the systems to accelerated 
weathering, water absorption and vapor transmission, and rapid chloride ion permeability 
tests, he concluded that the epoxies and straight penetrants performed better than the others. 

Smith describes the repair of delaminated bridge decks by epoxy injection. She concludes 
that timely epoxy repair on a delaminated bridge deck can extend the service life of the deck 
up to four years. McGhee and Ozyildirim describe the Virginia Department of Transporta
tion's successful experience with the construction of thin-bonded portland cement concrete 
overlays of existing concrete pavements using fast-track paving. They also found that the 
overlay concrete bonds to the base concrete with or without the use of a bonding grout. 

Sprinkel reports on a study to evaluate the performance of latex-modified concrete overlays 
on bridge decks in Virginia during a 20-year period. He found that latex-modified concrete 
overlays placed on decks with less than 2 lb/yd3 of chloride ion at the rebar can be expected 
to have a service life greater than 20 years . Temple et al. describe a study on the design and 
construction of a bonded steel fiber reinforced concrete overlay on an existing 8-in. contin
uously reinforced concrete pavement in Louisiana. 

Salami proposes and utilizes a constitutive model based on the theory of plasticity to 
characterize the behavior of plain concrete and steel-fiber-reinforced concrete. Alungbe et 
al. report on a study to determine the coefficient of linear thermal expansion of Florida 
concrete to be used in modeling and analysis of concrete pavement response and performance . 
In his second paper, Salami develops analytical expressions for determining the uniaxial tensile 
strength of plain concrete in terms of its uniaxial compressive strength. 

Whiting and Mitchell describe the conception, development, and applications of the rapid 
chloride permeability test (AASHTO T 277-89 and ASTM C 1202-91) used to estimate a 
bridge's susceptibility to corrosion. Armaghani et al. present the results of the first phase of 
research to study strength and durability of concrete in Florida. Findings affirm the need to 
develop specifications for concrete durability based on requirements for both compressive 
strength and permeability of concrete. 

Rezansoff et al. describe the nondestructive evaluation of the long-term performance of 
25-year-old concrete blocks that anchored guy wires used for bracing telecommunication 
towers. 

v 
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Laboratory Evaluation of Generic Concrete 
Sealer and Coating Systems 

Lutt-MAAN CHANG 

Research was conducted to evaluate generic types of sealer and 
coating systems for use on nonwearing concrete surfaces in In
diana. Although significant variations exist among six generic 
classes of coating systems subject to accelerated weathering, water 
absorption and vapor transmission, and rapid chloride ion perme
ability tests, certain generic chemical formulations of coating sys
tems appear to exhibit comparatively better performance than 
others . The epoxies were comparatively better barriers to chloride 
and water absorption but deteriorated and discolored sightly in 
the accelerated weathering test. The straight penetrants (straight 
silanes, silicone , and siloxane) were relatively good in terms of 
their ability to resist water and chloride absorption and showed 
little sign of deterioration in the weathering test. The materials 
that were combinations of the above penetrants did not perform 
as well as the straight penetrants. Masonry coatings were inef
fective chloride barriers, but they did have aesthetic qualities. 
The urethane and methyl methacrylate did not perform consis
tently across all tests. 

The deterioration of concrete structures is accelerated when 
damaging chemical substances and moisture are allowed to 
penetrate the concrete. In recent years, attempts to eliminate 
this problem have been made by applying surface coatings 
and sealers to the concrete. Although use of sealers and coat
ings has met with varying degrees of success, it is not uncom
mon for them to cause earlier failure and uneven discoloration 
of the concrete surface, thereby degrading the aesthetics of 
the structure (J,2). In addition, new coating systems emerge 
on the market almost every day . Many highway engineers 
continually face the challenge of selecting a proper coating 
system for construction projects . 

Research was conducted at Purdue University to evaluate 
generic types of sealer and coating systems for use on non
wearing concrete surfaces in Indiana (J). The effectiveness of 
different surface sealers and coatings when applied on non
wearing concrete surface and subjected to different laboratory 
experiments was studied. Effectiveness was established by 
determining if these materials could minimize or prevent the 
intrusion of chloride ions into the concrete while maintaining 
structural and aesthetic integrity. The purpose of this paper 
is to present the research results and methodologies. 

The paper will begin with a discussion of the methodology 
used in the research. Three different types of laboratory ex-

Division of Construction Engineering and Management, School of 
Civil Engineering, Purdue University, West Lafayette, Ind. 47907. 

periments will be illustrated. The analysis of the experimental 
data will be explained, and the results will be presented. 

RESEARCH METHODOLOGY 

A literature search was completed at Purdue University using 
Thomas' Register and Sweets Manual to identify the promising 
sealers and coatings for experimental tests and testing meth
ods. Information and literature received from the Florida, 
Illinois, Indiana, Kentucky , Ohio , Tennessee, and Texas state 
departments of transportation were also reviewed. This re
view revealed the concrete sealers and coatings currently used 
by those states. A questionnaire regarding the technical data 
of concrete sealers was sent to 119 chemical companies. Prod
uct information received from 54 suppliers of coatings was 
analyzed. Of the 54 chemical companies that responded, 42 
companies suggested 120 different materials. 

After the information and literature received from the de
partments of transportation and the surrounding states was 
reviewed, 24 coatings or penetrants were selected from dif
ferent chemical companies; they generally include all of the 
generic types of materials in use most widely. The selected 
materials for evaluation in this project are listed in Table 1. 
The reader should be aware that solids and ingredients are 
the same, but different material manufacturers use different 
names for them. They are the elements of the material com
position that are left behind and constitute the dryfilm after 
drying. There are also differences in definition among sealers, 
coatings, and penetrants. However, they are used inter
changeably here . 

These materials were classified into six general groups. The 
first group includes all of the epoxies . This group contains 
epoxies with varying percent of solids, ranging from 20 to 100 
percent (tests 1-4 and 25). The second group includes all four 
of the silanes, a silicone, and a siloxane (tests 7-11and14). 
The third group contains the siloxane/silicone mixture, the 
polysiloxane/hydrophobic-fumed silica, and the blend of many 
silanes (tests 15, 18, and 21). The fourth group includes all 
seven of the masonry coatings (tests 16, 19, 20, and 22-24). 
Test 17 was masonry coating. After trial rapid permeability 
test, it was removed from the study. The fifth group contains 
urethanes (tests 5 and 6). The last is methyl methacrylates 
(tests 12 and 13). 

Three laboratory experiments were conducted on the se
lected penetrants and coatings: water absorption and vapor 
transmission test, accelerated weathering test, and rapid chlo-
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TABLE 1 MATERIALS SELECTED FOR TESTING 

Test No. 

1 

2 

3 

4 

Chemical Composition 

Epoxy (polyamine) 

Epoxy (polyamine) 

Epoxy (polysulf ide) 

Epoxy (polyamine) 

Percent 
Solids/ 
Ingredients 

50 

20 

50 

50 

Penetrant 
or Coating 
p 

p 

p 

p 

5 Chemically-Cured Urethane 55 c 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Moisture-Cured Urethane 

Alkyl-Alkoxy Silane 

Alkyl-Alkoxy Silane 

Alkyl-Alkoxy Silane 

Alkyl-Alkoxy Silane 

Silicone 

Methyl Methacrylate 
with Silane Primer 

Methyl Methacrylate 

Siloxane 

30 p 

40 p 

<20 p 

20 p 

40 p 

5 p 

20 p 

30 p 

20 p 

15 Silaxane/Silicone Mixture 10 p 

16 Styrene/Acrylic Copolymer 75 c 

18 Blend of Silanes 30 p 

19 Vinyl Acrylic Latex 58 c 

20 Polyester Resin 60 c 

21 Poly-Siloxane/Hydrophobic 
Fumed Silica 

7 p 

22 Styrene/Acrylic Copolymer 61 c 

23 Elastomeric Resin 

24 Acrylic Resin 

25 Epoxy 

ride ion permeability test. The procedures for these three 
experiments are discussed in the following sections. 

WATER ABSORPTION AND VAPOR 
TRANSMISSION TEST 

Test Objectives 

The objectives of this phase of the project were to evaluate 
the differences between water and chloride ion absorption for 
concrete coated with the 24 materials and then soaked in 

c 

c 

100 c 

saltwater solution (15 percent sodium chloride) and the water 
vapor permeability characteristics of these coated specimens 
during an air-drying period (4). The following parameters 
were evaluated: (a) water absorption-vapor transmission 
characteristics of surface-coated concretes and (b) chloride 
ion penetration into surface-coated concretes. 

The less water absorbed by the concrete, the better the 
sealing ability of the concrete material. Conversely, the more 
water the coated concrete absorbed, the worse the sealing 
ability. In contrast, the more water transmitted out during 
the drying process the better because less water is trapped 
inside the concrete. Therefore, the higher the weight loss 
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or weight gain, the higher the sealing ability of the painted 
material. 

Sample Preparations 

Twenty-five 4-in. cubes and two control cubes were cast for 
testing. The molds for the 4-in. cubes were constructed of 
steel and were coated with a thin film of oil to allow for easy 
removal of the concrete cube after an adequate curing period. 
The fresh concrete was placed in the molds in approximately 
three equal layers. Each layer was compacted by rodding using 
25 strokes with a 3/8-in.-diameter steel rod. The molds were 
then covered with a sheet of plastic to prevent excess drying 
on the surface. 

The prepared concrete cubes were stored for 24 hr in a 
laboratory environment. At the end of the 24-hr period, the 
molds were opened and the samples were placed in lime
saturated water for the next 4 days. Soaking the cubes in the 
lime-saturated water helped prevent leaching of calcium hy
droxide, which breaks down the internal structure and ulti
mately reduces the strength of the concrete. All six sides of 
the cubes were lightly sandblasted after the moisture curing 
period at an age of 5 days to remove any foreign materials 
that may have been present on the surfaces. 

Test Procedures 

The 24 cubes were coated at an age of 28 days after an air
drying period of 22 days. 

The sealers and coatings were all applied at the rate of 100 
ft2/gal. The reason for this was to try to eliminate as many 
variables as possible from the test in an effort to concentrate 
on the different paint materials. The amount of material for 
each cube was calculated using the weight of the material in 
pounds per gallon, the surface area of the cube, and the 100 
ft2/gal coverage rate. The sealers and coatings were applied 
by brush. The cubes were then stored in a laboratory envi
ronment. Two control specimens were prepared with which 
to compare the coated cubes. 

After the drying period for the coatings, the cubes were 
weighed and immersed in a 15 percent NaCl solution. The 
cubes were then at the age of 35 days . 

All cubes were placed in a plastic container with approxi
mately 6 gal of 15 percent NaCl solution. About an inch cover 
of the solution was maintained over the tops of the cubes. 
During the soaking period, the gain in the saturated surface 
dry cube weight after 3, 6, 9, 12, 15, 18, and 21 days of soaking 
was determined to the nearest 0.001 lb. Immediately after 
each weighing, the cubes were returned to the solution. The 
solution was stirred periodically to eliminate settling. After 
21 days of soaking in the solution, each cube was removed 
from the water bath and moved to a climate-controlled room 
(70°F and around 65 percent relative humidity). They were 
stored on steel racks and moved periodically to reduce the 
effect of variations in air circulation. During the following 24-
day air-drying period, the loss in weight at 3, 6, 9, 12, 15, 18, 
21, and 24 days was determined by weighing to the nearest 
0.001 lb. After the air-drying period, the cubes were moved 
to another environmentally controlled room for 12 more days 
(l00°F and 20 percent relative humidity). The loss in weight 
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at 27, 30, 33, and 36 days was determined by weighing to the 
nearest 0.001 lb. 

After the water absorption and vapor transmission testing, 
powder samples were taken from each of the 24 coated cubes 
and the 2 untreated control specimens. In order to extract 
the powder samples, two holes were drilled in opposite sides 
of each of the cubes. Three powder samples were taken from 
both of the holes in each cube, for a total of six samples from 
each cube. The first powder sample was taken at a depth of 
1/2 in., the second at 1 in., and the third at 1 1/2 in. All six 
of the powder samples were tested for chloride content; the 
values were averaged together and are presented here. The 
total chloride content was determined using an acid-digestion 
potentiometric titration procedure. 

ACCELERATED WEATHERING TEST 

The objective of this test was to determine the influence of 
14 weeks of accelerated laboratory weathering on the per
formance of sealers and coatings when applied to concrete. 
The performance was judged by making periodical visual ob
servations of the surface conditions by measuring the chloride 
ion contents in the concrete at the end of the test and by 
measuring the gloss of the surface with a glossmeter every 2 
weeks. 

The accelerated weathering method used in this study was 
similar to the northern climate method described in NCHRP 
Report 244 ( 4). This accelerated weathering cycle was de
signed to expose the slabs to a wide range of environmental 
factors, including acid, saltwater, thermal heat, ultra
violet exposure, fresh water rinse, and overnight freezing and 
thawing. 

Sample Preparation 

Twenty-five concrete slabs and two control slabs were cast in 
wood frames coated with shellac for easy removal. The test 
slabs were 4-in. thick and 11-in. square. A dike about 1-in. 
high was formed on the test surface so that the saltwater could 
be pounded during testing. 

The slabs were covered with a sheet of plastic and allowed 
to cure for 1 day in a laboratory environment. After curing, 
the slabs were stripped from their forms and transferred to a 
moisture curing room for 4 additional days. At the end of 
this curing period, the slabs were lightly sandblasted to re
move any foreign material. 

The slabs were allowed to air dry in a laboratory environ
ment for different lengths of time. The sealers and coatings 
were then applied according to the manufacturers' recom
mendations. Nine samples were coated at the age of 7 days, 
3 at the age of 14 days, 2 at the age of 21 days , and 11 at the 
age of 28 days. The amount of material for each slab was 
calculated using the weight of the material in pounds per 
gallon, the recommended coverage rates, and the surface area 
of the slabs. The sealers and coatings were applied by brush 
in a laboratory environment. The second coat, if required, 
was applied after 24 hr. The slabs were then stored in a lab
oratory environment for 7 days . 
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Ultraviolet Light Apparatus 

The monthly total for normal ultraviolet radiation (with wave 
lengths from 2950 to 3950 A') for winter months in Indian
apolis is approximately 2460 W-hr/m2/month. The ultraviolet 
source used during this phase of the testing consisted of a 
standard 48-in.-long fluorescent fixture with two 40-W ultra
violet lamps (W-F40BL) on the fixture. Four slabs were po
sitioned 9 in. under two fixtures, which provided 14 to 18 
W/m2

• 

By using average values of monthly winter and summer 
ultraviolet radiation for northern regions along with the av
erage number of hours of daylight per month, 166.7 W-hr/ 
m2/day was calculated to be the approximate normal radiation 
from the sun for a typical yearly average day. This value was 
taken from NCHRP Report 244 (4). 

The test slabs received 3 hr of ultraviolet exposure per day 
for 5 weekdays and 66 hr of ultraviolet exposure between 5 
p.m. Friday and 8 a.m. Monday. Thus, the slabs received 
approximately 1,280 W-hr/m2/week for the entire 24-week 
period. The total cumulative ultraviolet light exposure during 
the 24-week testing was slightly more than 30,000 W-hr/m2 , 

which is roughly equivalent to 185 average northern days of 
ultraviolet radiation exposure per year. 

Northern Climate Test Procedure 

This test method was based on a daily cycle, with limited 
activity extending through the weekends. The following 24-
hr cycle was repeated for the 5 weekdays for 24 weeks: 

• 15-hr overnight freeze at 0°F; the diked test surface was 
empty. 

• 2-hr thaw at 73 to 83°F; the diked test surface was empty. 
• 3-hr exposure to ultraviolet radiation and thermal heat 

at 95°F ( + /- 5°F); the test surface was empty. 
• 3-hr soaking period with 15 percent NaCl and 0.02 molar 

sulfurous avid water solution on the test surface (fresh solution 
every other day). 

• Test solution poured off, slab rinsed with fresh water and 
drained. 

• Slab returned to freezer. 

On weekends the specimens were exposed to the ultraviolet 
radiation and the 95°F temperature. The diked test surface 
remained empty during weekends. 

The northern climate test solution contained a 15 percent 
NaCl and 0.02 molar sulfurous acid solution component to 
represent the salts that are spread over the highways through
out the winter and the acids found in the rains and atmosphere 
in northern industrial regions. 

During the 24-week test period, visual inspections, pho
tographs, and notes of the condition of the slabs were re
corded biweekly. Glossmeter measurements were also taken 
to show the loss in gloss of the surfaces during the entire 
testing period using a 60-degree glossmeter. 

Chloride Ion Content Procedure 

Following the 24-week testing period, powder samples were 
taken from each of the 24 coated slabs and the untreated 
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control slabs. Two holes were drilled in each of the slabs in 
order to extract the powder samples. Four powder samples 
were taken from both of the holes in each slab, for a total of 
eight samples from each slab. The first powder sample was 
taken at a depth of 1/2 in., the second at 1 in., the third at 1 
1/2 in., and the fourth at 2 in. All eight of the powder samples 
were tested for chloride content, and the values were averaged 
together and are presented here. The total chloride content 
was determined using an acid-digestion potentiometric titra
tion procedure. This testing was done at the Indiana De
partment of Highways (IDOH) Materials and Testing Lab 
with the help of IDOH personnel. 

Glossmeter Data 

The glossiness of the test surfaces is one of indexes to the 
overall appearance of the concrete and can be measured with 
a glossmeter. Four readings were taken on each surface every 
2 weeks and then averaged to obtain a mean value for that 
particular day. 

RAPID CHLORIDE ION PERMEABILITY TEST 

The objective of the chloride ion permeability test was to 
determine the ability of the sealers and coatings to prevent 
penetration of chloride ions. 

It has been shown in recent studies that chloride can be 
caused to migrate out of a concrete slab quite rapidly . by 
applying an external electric field across the slab (5). This 
technique can be used as a chloride permeability method if 
the polarity is reversed by placing a sodium hydroxide solution 
( +) on one side and a sodium chloride solution ( - ) on the 
other. The chloride ions thus migrate into the concrete under 
the influence of an electric field. As the electrical resistivity 
of the concrete decreases with the increasing chloride ion 
concentration, a measure of the increase in current with the 
time can be correlated with the amount of chloride entering 
the concrete. 

The fresh concrete was placed inside oiled molds 3.75 in. 
in diameter and 6 in. tall. Three layers were made, and each 
layer was rodded 25 times with a 3/8-in.-diameter rod. 

The cylinders were cured for 24 hr in the molds. They were 
then removed from the molds and placed in lime-saturated 
water for 3 days. At the age of 5 days the cylinders were cut 
into 2-in. disks. The flat surfaces of the cylinders were lightly 
sandblasted. 

The cylinders were allowed to cure until the age of 28 days, 
at which time 24 disks were coated with the materials. Two 
control disks remained. The amount of material used to coat 
all of the cylinders was 100 ft2/gal. All the coated cylinders 
were allowed to cure for an additional 7 days in a laboratory 
environment before the testing began. 

Concrete Mixture Design 

The concrete was designed to meet the requirements of the 
IDOH specifications for Class A concrete (6). All the con
crete specimens were designed to have a water to cement 
ratio no greater than 0.66, (564 lbs. cement), an air content 
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between 5 and 8 percent, a ratio of fine aggregate to total 
aggregate between 35 and 45 percent (by weight), and a slump 
of 3.0 in. 

Source of Errors 

Readers should be cautious interpreting the results because 
of the following several possible sources for errors. 

1. No replicates for each individual type of sealer or coating 
system were made. This could limit the evaluation of validity 
and reliability of the experimental data obtained from the 
research. However, many replicates were provided for each 
generic type of sealer or coating. 
were not followed precisely in either the accelerated weath
ering test or the water absorption and vapor transmission test. 
Some procedures were adjusted slightly to suit the limited 
environment. 

2. Because of the limitation of testing space and instru
ments, the procedures discussed in NCHRP Report 244 (4) 

3. Each individual type of sealer or coating has its own 
special formu la. Although each was grouped into a certain 

5 

generic type, a slightly different ingredient in the formula 
could make a big difference in performance when applied to 
the concrete surface. 

RESULTS OF INDIVIDUAL TYPE AND 
DISCUSSION 

Water Absorption and Vapor Transmission 

The objectives of this phase of the project were to evaluate 
the differences in water and chloride ion absorption for con
crete coated with the 24 materials and soaked in a 15 percent 
NaCl solution. The subsequent water vapor transmission char
acteristics were also compared during an air-drying period, 
which followed the soaking period. 

The chloride absorption characteristics and the ratios of 
weight loss to weight gain for all 24 materials are shown in 
Table 2. Seven materials exhibited a greater than 80 percent 
reduction of chlorides compared with the control [two silanes 
(8 and 10), a silicone (11), a methyl methacrylate (12), a 
siloxane (14), a siloxane/silicone mixture (15), and a masonry 
coating (16)]. Materials 8, 10, 11, and 14 all lost more than 

TABLE 2 WATER ABSORPTION AND VAPOR TRANSMISSION TEST RESULTS 

Generic 
Type 

EPOXIES 

STRAIGHT 
PENETRANTS 

Test 
# 

1 
2 
3 
4 

25 

7 
8 
9 

10 
11 
14 

BLEND OF 15 
PENETRANTS 18 

MASONRY 
COATING 

21 

16 

19 
20 

22 

23 
24 

URETHANE 5 
6 

METHACRY- 12 
LATE 

13 

CONTROL 

(a) 

Individual Type 
(% Solids or 
Ingredients) 

Epoxy (50) 
Epoxy (20) 
Epoxy (50) 
Epoxy (50) 
Epoxy (100) 

Silane (40) 
Silane (<20) 
Silane (20) 
Silane (40) 
Silicone (5) 
Siloxane (20) 

AVERAGE 
CHLORIDE 
Percent 
Reduction 

77.28 
79.29 
34.27 
69.72 
74.73 

61.82 
85.11 
40.46 
81. 46 
82.79 
85.37 

Siloxane/Silic (10) 84.73 
Blend of 76.52 
Silanes ( 3 O) 
Poly-Siloxane/ 23.25 
Silica (7) 

Styrene/Acrylic 81.19 
Co . (75) 
Vinyl Acrylic (58) 39.13 
Polyester Resin 63.34 
(60) 
Styrene/Acrylic 57.18 
Co. (61) 
Elastorneric Acrylic 17.06 
Acrylic Resin 25.04 

Urethane (55) 63.26 
Urethane (30) -16.64 

Methyl 87.54 
Methacrylate (20) 
Methyl 73.48 
Methacrylate (30) 

No Coating o.oo 
(2.2 - 0.42) 2.2 80 . 91, 

WEIGHT 
GAIN 
Percent 
by Weight 

0.42 
0.42 
0.94 
0.49 
0.29 

0.38 
0.30 
0.53 
0.27 
0.34 
0.34 

0.49 
0.49 

1. 99 

0.95 

1. 71 
1. 34 

1. 34 

1. 91 
1. 67 

0.79 
2.05 

0.19 

0.87 

2.20 

(b) 0.95 

WEIGHT 
GAIN 
Percent 
Reduction 

80.9l(a) 
80.91 
57.27 
77.73 
86.82 

82.73 
86.36 
75.91 
87.73 
84.55 
84.55 

77 . 73 
77. 73 

9.55 

56.82 

22.27 
39.09 

39.09 

13.18 
24.09 

64.09 
6.82 

91. 36 

60.45 

o.oo 

Weight 
Loss 
Percent 
by wt 

0.95 
1. 45 
1. 39 
0.83 
0.14 

1. 60 
1.40 
1.56 
1. 29 
1. 55 
1. 52 

1. 62 
1. 48 

2.40 

1. 65 

2.07 
2.11 

1.97 

1. 99 
2.03 

0.87 
2.05 

1. 40 

1. 63 

2.54 

Wt. Loss 
Wt. Gain 
Ratio, % 

227.3(b) 
345.5 
248.0 
169.2 

50.0 

420.0 
462.5 
292.9 
485.7 
455.6 
444.4 

330.8 
300.0 

120.8 

173.1 

121. 3 
167.7 

147.2 

103.8 
121.7 

104.8 
100.0 

740.0 

187.0 

115.5 

0.42 x 100 % = 227.3 % 
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four times the weight that they gained. Five materials were 
between 70 and 80 percent more effective against chloride 
intrusion than were the controls [three epoxies (1, 2, and 25), 
a methyl methacrylate (13), and a blend of silanes (18)]. Ma
terials 2 and 18 both lost more than three times the weight 
that they gained. Five materials had average chloride content 
reduction values from 50 to 70 percent of that of the untreated 
control [an epoxy (4), a urethane (5), a silane (7), and two 
masonry coatings (20 and 22)]. The silane also lost more than 
four times what it gained but was only around 61 percent 
more effective against chloride intrusion. 

Accelerated Weathering 

The objective of this test was to determine the influence of 
24 weeks of accelerated laboratory weathering tests on the 
performance of the selected sealers and coatings when applied 
to small concrete slabs. The northern climate test (3) method 
included an accelerated weathering cycle in which the coated 
slabs were exposed to a wide range of environmental condi
tions, including ultraviolet light, high temperatures, acid/salt
water, fresh water rinse, freezing, and thawing. 

The performance of the sealers and coatings was judged by 
making periodical visual inspections of the surface conditions 
(this included taking photographs), measuring the gloss of the 
surface with a glossmeter every 2 weeks, and measuring the 

TABLE 3 GLOSS REDUCTION 

Generic 
Type 

EPOXIES 

STRAIGHT 
PENETRANTS 

Test 
# 

1 
2 
3 
4 

25 

7 
8 
9 

10 
11 
14 

Individual Type 
(% Solids or 
Ingredients) 

Epoxy ( 50) 
Epoxy ( 20) 
Epoxy (50 ) 
Epoxy (50 ) 
Epoxy (100 ) 

Silane ( 40 ) 
Si lane (<20 ) 
Si lane ( 20) 
Si lane ( 40) 
Silicone (5) 
Siloxane (20) 
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chloride ion content in the concrete at the end of the testing 
period. 

All specimens exhibited some degree of surface deterio
ration or discoloration, except for the chemically-cured ure
thane and four of the masonry coatings. The epoxy formu
lations exhibited varying degrees of discoloration and 
deterioration from the effects of this testing. The 100 percent 
solids epoxy discolored slightly but did not deteriorate. The 
20 percent solids epoxy demonstrated the worst deterioration 
of all the epoxies. The performance of the epoxy seems to be 
directly related to the amount of solids present . Only a slight 
deterioration occurred on the surface of the slabs coated with 
the penetrants (silane, siloxane, silicone, and combinations 
of the three). Only one silane (less than 20 percent solids), 
the combination of siloxane and silicone, and the blend 
of silanes exhibited significant surface deterioration. The 
moisture-cured urethane, straight methyl methacrylate, and 
one of the styrene acrylic copolymers (75 percent solids) also 
had deep etching over their entire surfaces. The other styrene 
acrylic copolymer (61 percent solids) exhibited minor surface 
deterioration, and the methyl methacrylate with the silane 
primer showed some slight discoloration of the surface coat
ing. The untreated control specimen exhibited uniform deep 
etching over the entire surface and had many coarse aggre
gates showing. 

The glossmeter values at weeks 0 and 24 of the accelerated 
weathering test are presented in Table 3. All materials ex-

Week Week Percent 
0 24 Reduction 

5.95 0.78 86.89 
0.75 0.02 97.33 
1. 55 0.08 94.84 
9.53 0.48 94.96 

14.20 0.73 94.86 

0.23 0.08 65.22 
0.25 0.00 100.00 
0.13 0 .13 o.oo 
0.23 0.23 0.00 
0.15 0.03 80.00 

86.30 

BLEND OF 
PENETRANTS 

15 Siloxane/Silicone (10) 0.53 0.00 100.00 

MASONRY 
COATING 

URETHANE 

METHACRY
LATE 

CONTROL 

18 
21 

16 
19 
20 
22 
23 
24 

5 
6 

12 
13 

Blend of Silanes ( 30) 
Poly-Siloxane/Silica (7) 

Styrene/Acrylic Copolymer 
Vinyl Acrylic (58) 
Polyester Resin (60) 
Styrene/Acrylic Copolymer 
Elastomeric Acrylic 
Acrylic Resin 

Urethane (55) 
Urethane (30) 

Methyl Methacrylate (20) 
Methyl Methacrylate ( 30) 

0.25 0.05 80.00 
0.55 0.00 100.00 

(75) 0.58 0.00 100.00 
1. 35 1.15 14.81 
o. 30 0.03 90.00 

(61) 1.55 1. 05 32.26 
1.20 0.93 22.50 
0.08 0 . 70 20.45 

3.93 1. 85 52.93 
1. 90 0.10 94.74 

4.15 1.50 63.86 
1.88 0.28 85.11 

0.20 0.00 100.00 
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hibited a decrease in their gloss except the slabs coated with 
silane. The coatings that experienced any deterioration or 
discoloration also had a subsequent loss of gloss. 

The chloride content values for the 24 tested materials and 
the control specimen are presented in Table 4. The chloride 
content of the untreated control specimens was extremely high 
at the end of the test, 0.423 percent by weight of concrete. 
The two masonry coatings that were based on the styrene 
acrylic copolymer (samples 16 and 22) actually exhibited higher 
chloride contents than the control. Five materials that reduced 
the chloride content by more than 90 percent of that of the 
untreated control [three silanes (10, 8, and 7), a siloxane, and 
the blend of silanes]. Six materials were between 80 and 90 
percent more effective than the control specimen [a silicone, 
a silane (9), three epoxies (1, 3, and 25), and the siloxane
silica mixture]. Two of the 24 tested materials were between 
50 and 80 percent more effective than the control [an epoxy 
(4) and a urethane (5)]. Eight materials were less than twice 
as effective as the untreated control [four masonry coatings 
(19, 20, 23, and 24), an epoxy (2), a urethane (6), and both 
methyl methacrylates (12 and 13)]. 

The rapid chloride ion permeability results for all 24 ma
terials (coated at age 28 days) are shown in Table 5. Two 

7 

materials reduced the chloride intrusion by more than 90 per
cent compared with the control, and one of them (the 100 
percent solids epoxy) had a negligible permeability rating. 
The other material (a chemically cured urethane with a 55 
percent solids content) had a low rating. Six of the materials 
exhibited low permeability values between 58 and 80 percent 
compared with the control specimens. The last six materials 
exhibited moderate permeability values between 35 and 54 
percent of that of the untreated concrete. The rapid chloride 
permeability testing is a quick method. In this study, the test 
took about 8 weeks to complete, whereas a simple water 
absorption vapor transmission test required 13 weeks to finish 
and an accelerating weathering test lasted for 24 weeks. 

Five of the top seven materials were epoxy formulations. 
The comparatively best material was the 100 percent solids 
epoxy. The other four materials were the 50 percent solids 
epoxies. The next best generic type was the silane. The silanes 
with the higher solids contents were much more effective than 
the ones with 20 percent or less solids. Both methyl meth
acrylates exhibited a reduction of about 77 percent from the 
uncoated control specimen. Siloxane, silicone, and the com
bination of the two had permeability values between 65 and 
74 percent of that of the untreated concrete. The rest of the 

TABLE 4 A VERA GE CHLORIDE CONTENT FOR PONDING SLABS 

Individual Type 
Generic Test (& Solids or Average % Percent 
Type # Ingredients) Chloride Reduction 

EPOXIES 1 Epoxy (50) 0.075 82.26 
2 Epoxy ( 20) 0.408 3.64 
3 Epoxy (50) 0.055 86.91 
4 Epoxy (50 ) 0.125 70.56 

25 Epoxy (100 ) 0.045 89.39 

STRAIGHT 7 Si lane ( 40) 0.038 91.10 
PENETRANTS 8 Si lane ( <20) 0.034 91. 75 

9 Si lane ( 20) 0.049 88.26 
10 Si lane ( 40) 0.029 93.02 
11 Silicone (5) 0.044 89.51 
14 Siloxane ( 20) 0.041 90.19 

BLEND OF 15 Siloxane/ 
PENETRANTS Silicone (10) 0.293 30.48 

18 Blend of Silanes ( 30) 0.031 92.46 
21 Poly-Siloxane/Silica (7) 0.081 80.76 

MASONRY 16 Styrene/Acrylic 
COATING Copolymer (75) 0.482 -14.03 

19 Vinyl Acrylic (58) 0.286 32.34 
20 Polyester Resin (60) 0.289 31. 57 
22 Styrene/Acrylic 

Copolymer (61) 0.528 -24.86 
23 Elastomeric Acrylic 0.292 30.89 
24 Acrylic Resin 0.348 17.71 

URETHANE 5 Urethane (55) 0.136 67.78 
6 Urethane ( 30) 0.295 30.18 

METHACRY- 12 Methyl Methacrylate ( 2 0) 0.230 45.46 
LATE 13 Methyl Methacrylate ( 30) 0.409 3 . 08 

CONTROL 0.422 0.00 
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TABLE 5 RAPID CHLORIDE PERMEABILITY RESULTS (AASHTO T 277-831) 

Individual Type 
Generic Test (& Solids or 
Type # Ingredients) 

EPOXIES 1 Epoxy (50) 
2 Epoxy ( 20) 
3 Epoxy (50) 
4 Epoxy (50) 

25 Epoxy ( 100) 

STRAIGHT 7 Si lane ( 40) 
PENETRANTS 8 Si lane (<20) 

9 Si lane (20) 
10 Si lane ( 40) 
11 Silicone (5) 
14 Siloxane (20 ) 

BLEND OF 15 Siloxane/Silicone 
PENETRANTS Silicone (10) 

18 Blend of Silanes 
( 30) 

21 Poly-Siloxane/ 
Silica (7) 

MASONRY 16 Styrene Acrylic 
COATING Cop. ( 61) 

19 Vinyl Acrylic 
(58) 

20 Polyester Resin 
(60) 

22 Styrene Acrylic 
Cop. (75) 

23 Elastomeric 
Acrylic 

24 Acrylic Resin 

URETHANE 5 Urethane (55) 
6 Urethane ( 3 0) 

METHACRY- 12 Methyl Methacry-
LATE late ( 20) 

13 Methyl Methacry-
late ( 30) 

CONTROL 

materials, all six of the masonry coatings, a blend of silanes, 
a polysiloxane/silica, and a moisture-cured urethane, had 
permeability values below 62 percent of that of the control 
specimen. 

RESULTS OF GENERIC TYPE AND DISCUSSION 

The results presented in Tables 1-5 are summarized in Table 
6. The mean values of percent chloride ion reduction from 
the three tests indicate that epoxy and straight penetrants 
consistently stopped chloride ion penetration well. Masonry 
coatings and blend penetrants were comparatively weak bar
riers, whereas urethane and methyl methacrylate exhibited 
mixed results. In the water absorption and vapor transmission 

Coulombs Percent AASHTO 
Passed Reduction Designation 

661 85.81 very low 
1829 60.73 low 

467 89.97 very low 
546 88.28 very low 

66 98.58 negligible 

792 82.99 very low 
1002 78.48 low 
1812 61. 09 low 

538 88.45 very low 
1369 70.60 low 
1226 73.67 low 

1623 65.15 low 

2521 48.01 moderate 

2680 42.45 moderate 

1939 58.36 low 

1788 61.61 low 

1853 60.21 low 

2470 46.96 moderate 

2255 51. 58 moderate 
2170 53.40 moderate 

258 94.46 very low 
3006 35.45 moderate 

1117 76.01 low 

997 78.59 very low 

4657 0.00 high 

test, epoxy, straight penetrants, and methyl methacrylate had 
significant moisture reduction value in contrast to blend pen
etrants, masonry coating, and urethane. The calculation of 
weight loss to weight gain ratios indicated that straight pen
etrants, methyl methacrylate, and blend penetrants benefitted 
the coated concrete substantially more than the epoxy, ma
sonry coating, and urethane. Herein, the epoxy demonstrated 
that it could block the water out of concrete as well as trap 
water inside the concrete. It was especially true of the 100 
percent solid epoxy. Data on the reduction of gloss after the 
coated concrete was subjected to 24 weeks of the accelerated 
weatheri_ng test are presented in the last row of Table 6. 
Combined with the visual inspection, masonry coating and 
straight penetrants sustained the attack of severe weather 
better than the other generic types of sealers and penetrants. 
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TABLE 6 SUMMARY RESULTS FOR GENERIC TYPE 

DESCRIPTION OF 
PROPERTIES COMPARING 
WITH CONTROL SPECIMEN STRAIGHT BLEND MASONRY METHYL 
(uncoated concrete) EPOXY PENETRANT PENETRANT COATING URETHANE METHCRYL 

Percent of Chloride Ion 
Reduction 

1. From Rapid Permeability 84.67 75.88 51. 87 55.35 64.96 77.30 
Test {14.22) (9.66) {11.83) (5.66) (41. 73) (1.82) 

2. From Water Absorption/Vapor 67.06 72.84 61.50 47.16 23.31 80.51 
Vapor Transmission Test {18.67) (18.17) {33.38) {24.41) (56.50) (9.94) 

3. From Accelerating 66.54 90.64 67.90 12.27 48.98 24.27 
Weathering Test {35.91) ( 1. 69) (32.93) (25.38) {26.59) {29.97) 

Percent of Moisture Reduc-
tion from Water Absorption 76.73 83.64 55.00 32.42 35.46 75.91 
Test (Weight Gain) {11.36) (4.16) (39.36) {15.66) {40.50) {21. 86) 

Weight Loss/Weight Gains 
Ratio from Water Absorption/ 208.00 426.85 250.53 118.18 102.40 463.55 
Vapor Transmission Test {78.87) (63.87) (113.40) (28.76) (3.39) {391.03) 

Gloss Diminishing from 93.78 55.25 93.33 46.67 73.84 74.49 
Accelerating Weathering Test (3.99) (44.24) (11.55) (37.99) (29.56) (44.24) 

CONCLUSION 

Because of limited resources, the experiments in this study 
were designed with no replicates for each individual coating 
system, and the testings did not exactly follow NCHRP testing 
procedures. Compounded with a slightly different ingredient 
on the formula of each individual sealer and coating, this could 
result in a drastic difference on their behavior. Therefore, 
definite conclusions cannot be made at this point. More lab
oratory and field testings are needed to verify the differences 
among various generic sealers and coatings. Nevertheless, the 
following phenomena are apparent. 

1. The epoxies were comparatively better chloride and water 
absorption barriers, but they deteriorated and discolored slightly 
in the accelerated weathering test. 

2. The penetrants (straight silanes, silicone, and siloxane) 
resisted water and chloride absorption quite well. They also 
showed little sign of deterioration in the weathering test. The 
materials that were combinations of penetrants did not per
form as consistently as the straight penetrants. 

3. Masonry coatings were comparatively ineffective bar
riers to chloride ions, but they did offer aesthetic benefits. 

4. The urethane and methyl methacrylate results varied 
dramatically from one test to another. 
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Epoxy Injection of Bridge 
Deck Delamination 

BARBARA J. SMITH 

Four delaminated bridges were epoxy injected and compared with 
bridges that were not injected. The injection history, cores, and 
condition reports for the bridges demonstrated that a plane of 
delamination, once repaired, stayed repaired, and that the surface 
of the deck remained intact with a frequency of injection of once 
every 4 years. Continued observation for 7 years after the last 
injection of the decks validated that delamination can be effec
tively repaired and can remain serviceable up to approximately 
4 years, when additional injections or another type of repair can 
be scheduled. The use of timely epoxy repair for a bridge undergo
ing untimely delamination extends the useful life of the original 
deck. 

Epoxy injection repair of delaminated bridges was first pro
posed by Kansas researchers in 1974 (1). The 5-year program 
for testing the benefits and limitations of epoxy repair began 
in 1979 and ended in 1984 (2). Observation continued until 
three of the four bridges chosen were removed in spring 1991 
for upgrading to current specifications for that portion of 
Interstate. 

THE PROGRAM 

The test and control bridges were three pairs of bridges on 
I-470 west of Topeka, one unpaired bridge in the same area, 
and one unpaired bridge in a neighboring county on I-70. The 
westbound bridges of each pair and the bridge on 1-70 were 
test bridges. The eastbound bridges of each pair and the un
paired bridge on 1-470 were control bridges. The original 
program was modified so that instead of each bridge being 
injected annually or biennially on the test program, all test 
bridges were quartered. One portion of each was injected 
annually, one portion every 3 years, and one portion every 4 
years. These bridges had been injected before 1979 (Table 1). 
The lS bridge is in the neighboring county. Other conditions 
of this bridge remove it from comparison with the others in 
this paper. The complete injection history for each is given 
in Figures 1- 4. Companion bridges used for direct compar
ison control were available until 1980. The control bridges 
were those bridges in the better condition within each pair 
when epoxy injection was begun. The equipment and pro
cedure for injection had been developed before this study and 
reported in 1974 (1). 

The problems encountered were (a) obtaining the correct 
epoxy A and B component ratios inside the deck for good 
polymerization by crosslinking, (b) polymerization occurring 

Materials and Research Center, Kansas Department of Transporta
tion, 2300 Van Buren, Topeka, Kans. 66611. 

too quickly, resulting in a hardened foam, (c) mapping the 
hollow planes, and ( d) procuring epoxy components each year 
on competitive bids. The problems of mapping and early po
lymerization were solved as the study progressed. Because 
the epoxy injection equipment was hand built the solutions 
for problems were also hand built and are discussed by Smith 
and Stratton (2). Commercial epoxy injection equipment now 
available has been relatively trouble free since its purchase. 
The commercial equipment eliminates some of the mixing and 
polymerization problems encountered with the older hand
made equipment. 

Each year corrosion potential and delaminated areas were 
mapped for each deck, the scheduled injections were per
formed, and each injected section was remapped for hollow 
planes at least 30 days after injection. The areas of delami
nation and injection were counted for tabulation and com
parison. Plotting of hollow plane areas by bridge deck sections 
for each year indicated that factors other than the repairs 
being done were important in hollow plane areas. Delami
nation varied in quantity from year to year. The effects seemed 
to be independent of injection or noninjection, the bridge, 
and the interval of injection. 

Through the use of the climatological data summarized 
monthly by the National Weather Service Forecast Office at 
the Topeka Municipal Philip Billard Airport the frequency of 
occurrence for several weather phenomena was tabulated 
(Figure 5). Further discussion is provided elsewhere (2). Plot
ting the frequency of occurrences of each phenomenon be
tween injection dates for each deck versus area of hollow 
planes allowed the analysis of weather factors in affecting 
areas of delamination (Figures 6-9). 

DISCUSSION OF RES UL TS 

In addition to the observations that were made during the 
test period and extension (1979 -1986) and reported in 1988 
(2), observations that were made through spring 1991 are 
included. Several questions are addressed in the following 
discussion. Do the repaired delaminations bond and stay 
bonded? Were there some delaminations that did not repair, 
and if so, were those delaminations different from the others? 
Is epoxy injection repair a long-term benefit or detriment to 
the deck? What epoxy injection schedule should be used for 
the most effective benefits? Are other problems or questions 
that were not known before the study known now? 

Bonding depends on getting epoxy into the delamination. 
The type of delamination often determines whether epoxy 
can be injected. There is ample evidence in preinjection and 



TABLE 1 BRIDGE DESCRIPTIONS 

YEAR BRIDGE # 
I.D. 

1 BUILT AS OF 1987 LOCATION SIZE TYPE HISTORY 

1S 

2S 

2C 

3S 

3C 

4S 

4C 

SC 

1 
2 
3 
4 
5 
6 
7 

1962 70-99-10.45 WB I-70 over Spring Creek 132.6' x 40.0' RBSH
2 3 

Seal ' 

1959 470-89-0.370 I-470 10th Street 194.5' x 40.0' RBGC
4 

Epoxy 
5 WB over 

1959 470-89-0.360 EB I-470 over 10th Street 230.5' x 30.0' RBGC Overlay 

1960 470-89-1.050 I-470 Huntoon 304. 5' x 30.0' RBGC Epoxy 
5 WB over 

1959 470-89-1.040 EB I-470 over Huntoon 30.45' x 30.0' RBGC Overlay 

1960 470-89-1.210 I-470 Wanamaker 222.5' x 30.2' RVSH
7 

Epoxy 
5 WB over 

470-89-1.200 I-470 222.5' x 30.0' 
5 1960 EB over Wanamaker RVSH Seal 

Overlay 

1959 470-89.0-15 WB I-470 over 1-70 398.5' x 30.2' RBGC Seal 

S denotes an epoxy injected bridge, C denotes a comparison bridge. 
Reinforced concrete slab continuous and haunched. 
Unmaintained asphalt slurry seal. 
Reinforced concrete box girder continuous. 
Epoxy injection history given in separate figure for each bridge. 
Iowa system overlay emplaced in 1980. 
Reinforced concrete voided slab continuous and haunched. 

70-99-10-45 1-70 WB over Spring Creek, 

Wabaunsee County, Reinforced Concrete Slab 

Continuous 8c Haunched 

Deck Completea 1962 

LlL1 

-

AAEA INJECTED <1972l, <1974), 

1979, 1980, 1981, 1982, 1983 <annually) 

AAEA INJECTED (1972>. <1974), 
1979, 1981, 1983 (biennially) 

AAEA INJECTED <1972), (1974), 

1979, 1980, 1983 <tr iennially > 

AAEA INJECTED C1972l, C1974), 
1979, 1983 Cquadrenniallyl 

(1972> Year bridge injected pri°' to current report 
1979 Year bridge injected for current report 

Bridge Dimensions 132.6' x 40.0' 

FIGURE 1 Bridge lS with injection schedule 
indicated for portions of the bridge deck. 

4 70-89-0.37 1- 4 70 WB over Tenth Street 

Shawnee County, Reinforced Concrete 

Box Girder Continuous 

Deck Completed 1959 

m 
m 

AAEA INJECTED <1974), <1978), 

1979, 1980, 1981, 1982, 1983 <annually> 

AAEA INJECTED <1974), <1978), 
1979, 1981, 1983 (biennially) 

AAEA INJECTED C1974), <1978), 

1979, 1980, 1983 (tr iennially> 

AAEA INJECTED C1974l, C1978l, 
1979, 1983 (quadrennially) 

<1974) Year bridge injected pri°' to current report 
1979 Year bridge injected for current report 

Bridge Dimensions 230.5' x 30.0' 

FIGURE 2 Bridge 2S with injection schedule 
indicated for portions of the bridge deck. 

5 

6 



4 70-89-1.050 1-4 70 WB over Huntoon 

Shawnee County, Reinforced Concrete 

Box Girder Continuous 

Deck Completed 1960 

AREA INJECTED C1972l, (1974), C1978>, 

1980, 1981, 1982, 1983, 1984 (annually) 

AREA INJECTED C1972), C1973l, (1978>, 
198D, 1982, 1984 (biennially) 

AREA INJECTED C1972), C1973l, C1978l, 

1980, 1983 (triennially> 

AREA INJECTED !1972), C1973), C1978), 
1980, 1984 (quadrennially) 

<1978> Year bridge injected prior to current report 

1980 Year bridge injected for current report 

Bridge Dimensions 304.5' x 30.0' 

FIGURE 3 Bridge 3S with injection schedule 
indicated for portions of the bridge deck. 
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4 70-89-1.210 1-4 70 WB aver Wanamaker Rd. 

Shawnee County, Reinforced Concrete 

Voided Slab Continuous & Haunched 

Deck Completed 1960 

[I[] 

-

AREA INJECTED C1972), <1973), !1976), !1978), 

1980, 1981, 1982, 1983, 1984 <annually) 

AREA INJECTED (1972), C1973), C1976l, C1978l, 
1980, 1982, 1984 (biennially) 

AREA INJECTED <1972), <1973), !1976), C1978), 
1980, 1983 (triennially) 

AREA INJECTED C1972l, <1973), C1976), C1978), 
1980, 1984 !quadrennially) 

<1972> Year bridge injected prior to current report 
1980 Year bridge injected for current report 

Bridge Dimensions 222.5' x 30.0' 

FIGURE 4 Bridge 4S with injection schedule 
indicated for portions of the bridge deck. 
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postinjection maps to show that not all hollow planes are 
alike. Shallow planes, related to hollow scaling of the deck 
surface, were not easy (and were sometimes impossible) to 
inject. Long thin planes above rebar steel with little concrete 
cover were sometimes too shallow to inject or required fre
quent change of injection sites. Large areas of delamination 
were generally easy to inject and required few site changes. 

Evidence from maps and cores taken at repaired areas and 
observation since the end of the project indicate that once 
epoxy has been injected into a hollow plane, the plane is 
bonded and stays bonded. Maps and cores also indicate that 
a few hollow planes become "ghosts" by disappearing before 
repair, then reappearing at a later date. Discussion of the 
problems they may cause is included in work by Smith and 
Stratton (2). 

Analysis of many possible weather factors indicated that 
weather phenomena that seem to influence increased delam
ination were precipitation, freeze-thaw, 0 to 66 percent sun
light, thunderstorms, and freeze-thaw with wind chill. Other 
factors were opposed to the trend in delamination. Some are 
shown in Figure S. Combining some of the factors into a 
derived curve that could then be projected into the graphs of 
areas of delaminated deck allowed the weather effects on the 
bridges to be taken for what they were and not to be confused 
with injection or noninjection effects. In Figures 6-9 the de
rived weather effects curve is shown but should be considered 
only for its shape in comparison with the other curves. These 
figures also show the delaminated areas with frequency of 
injection for each of the four study bridges during the injection 
study period. The most apparent conclusion from studying 
these figures is that injection every year or 2 had no definite 
benefit in maintenance over injection every 3 or 4 years. 
Observation after the last injections to 1991 when the decks 
were demolished indicated that in 3 or 4 years little or no 
spalling occurred; in 7 or 8 years increased spalling occurred. 
Had the decks been injected at the 4-year interval, the in
creased surface spalling that was noted without injection in 
the 8th year probably would not have occurred. 

Salting of bridges is known to be detrimental to the lon
gevity of the decks. Information from the maintenance su
pervisor indicates that of the bridges in this study, no bridge 
is more or less likely than the others for needing salt treat
ments. Because they are in the same vicinity, the same Topeka 
climate and weather prevailed for all. Salt sampling (Table 2) 
for the study bridges from 1979 through 1991 reveals that the 
ratio of samples surpassing 1 lb/yd3 of chloride has increased 
continually throughout the observation periods. This finding 
was expected. 

At the beginning of the project the proposed study bridges 
had noninjected companion or control bridges that could be 
evaluated for direct comparison. Those who have attempted 
research in the field know the difficulties of controlling and 
evaluating the actual process of the research. The encroach
ment of maintenance was encountered during this project. 
The test bridges remained untouched, but maintenance forces 
evaluated the control bridges and proceeded to emplace Iowa 
system concrete overlays. These repairs resulted in the re
moval of the bridges from direct comparison in 1980. Con
dition reports were made before the overlays. When condition 
reports were later made on the study bridges, .direct com
parisons could be made of the decks at different ages. Now 
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that the overlays are more than 10 years old the conditions 
of the repairs can be compared and analyzed. Another com
plication in evaluation of the research was the presence of 
slurry seal on one comparison bridge that was overlaid. An
other bridge was included of the same age and vicinity that 
also had a seal but had not been overlaid. Both sealed bridges 
are included here to provide a comparison of the slurry sealed 
and overlaid bridge with the slurry sealed bridge. Condition 
reports are not available for the lS bridge or its companion. 
Consequently few poststudy comparisons can be made. The 
lS bridge is included for reference only and is discussed more 
fully in the report by Smith and Stratton (2). 

In the evaluation of this repair procedure it was decided to 
use area of delamination, corrosion potential, chloride con
tent, and spalled or patched areas. Area of delamination and 
corrosion potential were obtained each year directly from the 
deck. Chloride content required taking powdered samples to 
be evaluated in the chemical laboratory. They were taken in 
conjunction with cores during some years. This test provides 
a limited indication of the overall deck condition. Areas of 
spalls and patches can be observed directly and were reported 
in the condition reports. Because the control bridges were 
overlaid in 1980, the 1979 condition reports became quite 
useful for comparisons not anticipated at the beginning of the 
study. 

If one compares the averages of the study bridges to the 
averages of the comparison bridges, taking into consideration 
that the observations have been taken at different times for 
each group of bridges and that the control bridges themselves 
vary, several things can be noted (Tables 2 and 3). The 1989 
averages for the injected bridges on the whole compare fa
vorably to the 1979 (preoverlay) averages for the comparison 
bridges. 

In Table 2, the companion bridges are grouped in several 
ways, all the companion decks (2C, 3C, 4C, SC), bare deck 
bridges only (2C, 3C), slurry sealed decks (4C, SC), and bare 
deck bridges and the slurry sealed deck with no overlay (3C, 
3C, SC). This grouping accounts for the various treatment 
and repair histories of the companion decks. Using 1986 or 
1989 averages for the study bridges and considering the per
cent of area of delamination for the comparison bridges for 
1979 shows that the averages are similar for the study bridges 
and the bare deck bridges or the three bridges 2C, 3C, and 
SC. The two bridges with slurry seals show much lower areas 
of delamination, which causes the average of all four decks 
to be lower. Separation of the averages highlights the effect 
of the slurry seals for deck protection even when they were 
not maintained but had been worn through by the time the 
study began. This effect also can be seen in the other meas
ures. Because this effect is so prominent, the remainder of 
the discussion will deal with the study decks compared with 
the three decks 2C, 3C, and SC, or the two bare decks 2C 
and 3C. 

Corrosion potential as measured with the copper/copper 
sulfate half cell described by ASTM (ASTM C876) shows that 
corrosion potential was similar for the study bridges in the 
late 1980s and the comparison bridges in 1979. The 1991 val
ues for the comparison bridges reflect the effects of the ov
erlay on this measure; the concrete had had few years to 
accumulate salt to bring about the corrosion potential. Notice 
that the 1991 values are similar to the 1979 values of the two 



TABLE 2 DECK CONCRETE CONDITIONS 

Corrosive 
Bridge i. of Area Potential Chloride in #/Cu.Yd. 

Bridge Grps. & Date De lamination over -0.3S 3/4" 1-1/2" 2-1/4" 

2S 
1986 23 3S. Oi. 12.7 6 . 2 3.S 
1989 24.8 42. Oi. 10.S 4.9 2.0 
1991 2S.6 S4.3% 13. 96 9 . 43 4.83 

2C 
1979 34 47.0% 7.0S 3.61 2.Sl 
1991 30.7 12.2% 8.68 2.86 1.81 

3S 
1986 11 47 .01. 11.1 3.7 1. 2 
1989 38 S9 .Oi. 10.6 s. 77 2.66 

3C
1 

1979 39 61. Oi. 11.1 6.94 4.3S 
1990 2S 10.0% 1.i6 2.14 1.64 
1991 33.1 10.0% N/A N/A N/A 

4S 
1986 S9 81.0i. 10.S 7.2 3.09 
1989 4S.7 43 .Oi. 10.3 7.2 3.09 

4C 2 

1979 s 20 .Oi. 2.14 1.46 0.82 
1990 s 1.S% 6.0 2.S 1.4 

sc3 

1986 22 3S .Oi. 1. 90 1.48 1.14 
1989 23 44. 0/. 3.63 2.S2 1.3S 

Study Br. 1986 31.0 S4.3% 11.4 S.4 2.S 
2S, 3S, 4S 1989 36.2 48 .0/. 10.S 6.0 2.6 

Comparison 1 1979 36.S S4.0"lo 9.1 S.3 3.4 
Br. 2C & 3C 1991(+1990) 29.6 10. 7"!. 8.3 2.S 1. 7 

Compar~son 3 1979(+1986) 13.S 27.S% 2.0 1. s 1.0 
Br. 4C & SC 1991 12.S 22.8% 4.8 2.S 1. 4 

4 Br. - 2C, 1979(+1986) 2S 40. Bi. s.s 3.4 2.2 
3C, 4C & SC 1991 20.2 16. 7i. 6.6 2.S 1.S 

3 Bridges 1979(+1986) 31. 7 44.71. 6.7 4.0 2.7 
2C, 3C & SC 1991 26.2 22 .1 lo 6.8 2.S 1.6 

1 No Slurry seal, Iowa System overlay in 1980. 
2 Unmaintained slurry seal, Iowa System overlay in 1980. 
3 Unmaintained slurry seal only. 
4 Not available. 
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TABLE 3 DECK SURFACE CONDITIONS 

Bridge & Date 
and Average 

Total Spall &2 
Patch Area ft 

Total Spall & 2 
Patch Area/1000ft 

Average Depth 
of Steel (1979) 

2S 
1986 23 
1989 112 

3S 
1986 S4 
1989 167 

4S 
1986 7 
1989 86 

2c
1 

1979 370 

3C
1 

1979 490 
1990 19 

4C
2 

1979 8 
1990 1 

Sc
3 

1986 769 
1989 940 

2S, 3S, 4S average 
1986 28 
1989 122 

2C, 3C, SC average 
1979 + 1986 S43 

3C SC average 
1989, 1990 479.S 

1 Iowa System overlay in 1980. 
2 Both overlay and slurry seal. 
3 Unmaintained slurry seal only. 

sealed decks. Chloride contents drive these trends. The se
verity of cold wet weather and the total amount of precipi
tation each year affect the total chloride accumulation as it 
is measured at any given time. Epoxy injection of bare decks 
and slurry seals emplaced before traffic slowed the ingress of 
salt to the steel, as compared with the untreated companion 
decks. In Table 3 the surface conditions of the decks are 
compared. The average total spalled and patched area per 
1000 ft2 is less for the study bridges in 1989 than for the 
companion bridges in 1979. Again, observations of the in
jected decks indicate that had the study bridges been injected 
4 years after the last injection, the extent of spalling and the 
need for patching would have been considerably less. 

Projections of repair needs and costs made in 1988 (2) were 
based on observations at the time. The extension of obser-

1.92" 
2.96 

14.40 

1. 71" 
S.91 

18.30 

2 .16" 
1.0S 

12.90 

NA 
S3.SO 

1. 83" 
S3.60 

2.08 

1.81" 
1. 20 
O.lS 

1.46" 
64.30 
78.60 

3.31 
lS.20 

S7.10 

40.30 

vations to spring 1991 added validity to the conclusions of 
that study: if begun in a timely manner when delamination is 
5 percent or less and continued as a routine program every 4 
years, the injection of epoxy can be effective in preserving 
the deck surface of a bridge undergoing delamination. The 
cost-effectiveness will depend on the area to be repaired, with 
greater benefits accruing if injection is begun earlier. Other 
reasons to choose epoxy injection repair include the relative 
patch-free maintenance of the driving surface resulting in less 
exposure of work crews to traffic hazards and of the public 
to spalls and potholes; the ability to repair one lane of a deck 
at a time, leaving other lanes to bear the traffic load; and the 
capability of the newly repaired area for handling traffic at 
the end of each daily work period, allowing construction-free 
driving at peak periods or at night. Also, the repair can "buy 
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time" for a deck surface; therefore repair of a moderately 
delaminated deck can be a shorter term program to extend 
the life of the deck until final repairs can be made. 

Although not intended in the original study goals, the in
clusion of slurry sealed decks made possible their evaluation 
compared with nonsealed decks. The decks were sealed be
fore traffic was allowed and salting began. The results show 
this treatment to be an effective one. The epoxy injection 
repair is available before the salting of a bridge deck. The 
lesser amount of delamination indicates the greater cost
effectiveness for each deck. Other factors already discussed can 
emphasize or offset the cost of epoxy repair for a given bridge. 

CONCLUSION 

The study of epoxy injection repair of hollow planes in bridge 
decks was undertaken to test the durability, frequency of 
application, and general effectiveness of the procedure. The 
data from four test bridges with comparisons with companion 
bridges indicate that initiating a program of delamination in
jection and continuing the injection as a routine maintenance 
program every 4 years will preserve the driving surface of the 
deck . Weather factors are important contributors to the amount 
of delamination that occurs each year and may be important 
in the disappearance and reappearance of delamination. 
Whether the injection repair program is begun early in the 
life of the deck or later when delamination is more severe, 
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general benefits from the choice of epoxy injection repair 
result, such as being able to open the deck to traffic after 
each repair work period, closing only the lane undergoing 
repair, and maintaining a spall- and patch-free deck, which 
provides a safer driving surface. The repair can "buy time" 
for a deck until final repairs or options can be scheduled. 
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Construction of a Thin-Bonded Portland 
Cement Concrete Overlay Using 
Accelerated Paving Techniques 

K. H. MCGHEE AND CELIK 0ZYILDIRIM 

The Virginia Department of Transportation's first modern ex
perience with the construction of thin-bonded portland cement 
concrete overlays of existing concrete pavements through the use 
of fast-track paving is described. The study was conducted in 
cooperation with FHWA, and paving mixtures tested in a FHW A 
mobile laboratory were used. The study showed that the pave
ment could be overlaid and opened to traffic within 48 hr. Of 
special interest was the finding that the overlay concrete bonds 
to the base concrete with or without the use of a bonding grout. 

The placement of new portland cement concrete (PCC) ov
erlays on old PCC pavements is not a new technology. In 
fact, several such overlays were constructed in Virginia as 
early as the 1920s (1). Even thin-bonded overlays are not 
particularly new; they have been used for a number of years 
as an acceptable rehabilitation alternative for old PCC pave
ment, both jointed and continuously reinforced (2). A general 
requirement is that the underlying (old) concrete should be 
in reasonably good structural condition to adequately support 
the overlay. Thus, thin-bonded overlays typically have been 
used to structurally enhance sound pavements in anticipation 
of increased traffic volumes and loads. 

The construction of such overlays using slip form pavers in 
a fast-track mode (rapid construction) is a relatively new tech
nology that was first introduced in Iowa in 1986 (3,4). The 
promoters of this technology are candid in admitting that a 
major impetus to its development is an attempt to provide 
and demonstrate a construction window (lane closure time) 
that would compete favorably with that of asphaltic concrete 
overlays and would, therefore, make PCC overlays more ac
ceptable to both the traveling public and maintenance 
engineers. 

Recognizing that a competitive climate between the two 
paving industries is an important economic issue, the Virginia 
Department of Transportation (VDOT), through the Virginia 
Transportation Research Council and in cooperation with 
FHW A, selected a suitable Virginia location on which to try 
a thin-bonded PCC overlay. Among a number of sites con
sidered were several on Interstate routes on which the limited 
access feature lends itself well to the construction operations 
involved. Sites with high traffic volumes were not considered 
acceptable because of the experimental nature of the work. 
The site selected was an old PCC pavement on U.S. Route 
13 in Northampton County. This pavement was still in rea-

Virginia Transportation Research Council, Box 3817 University Sta
tion, Charlottesville, Va. 22903-0817. 

sonably good condition with moderate traffic volume. The 1-
mi section chosen for the fast-track project has only one side 
entrance to be accommodated during construction of the 
overlay . 

PURPOSE 

The major purpose of the project was to evaluate the feasi
bility of constructing a thin-bonded portland cement concrete 
overlay of an existing concrete pavement in a fast-track mode 
to minimize lane closure times. A secondary purpose was to 
evaluate the performance of the overlay during a 5-year pe
riod. Unfortunately, the experimental nature of the project 
prohibited any realistic evaluation of costs that might apply 
to a similar nonexperimental project. 

HISTORY OF EXISTING PAVEMENT 

The existing PCC pavement on the fast-track project was 
constructed in 1965. The original design consisted of a native 
sand and gravel subgrade topped with a sand and gravel select 
material used as a subbase. The concrete pavement was 8-in. 
thick with transverse joints spaced at 20 ft. No dowels were 
used in the joints, which were sealed with a hot-poured rub
berized asphalt. Traffic records indicate that the section had 
sustained approximately 2.2 million 18-kip equivalent single 
axle loads (ESALs) in the outside lane. Although project 
records did not indicate the design ESAL, traffic records in
dicate a rather modest growth of approximately 2.5 percent 
annually since 1980. 

The major distresses manifested by the old pavement were 
joint faulting and a few instances of joint spalling. Some slabs 
had failed because of longitudinal cracking. Preliminary dis
tress surveys available in VDOT files provided background 
material for evaluation of the performance of the overlay. 

SPECIFICATION DEVELOPMENT 

The development of construction specifications for the project 
was a cooperative effort ofVDOT, FHWA, and the American 
Concrete Paving Association (ACPA) . Because of the time 
constraints inherent in the process , several iterations were 
necessary before an acceptable specification was realized and 
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made available for bidding purposes . A list of the major ele
ments of the project, many of which will be discussed in more 
detail, follows. 

1. The project consisted of the design and placement of a 
nominal 3 V2-in.-thick thin-bonded overlay applied to the pre
pared surface of the old pavement. 

2. The old pavement was repaired to restore any areas of 
structural failure in order to give the overlay a more uniform 
foundation. 

3. The paving portion of the project was constructed in a 
fast-track mode with a lane closure time of 48 hr, beginning 
with the initiation of concrete placement and ending with the 
removal of the curing blanket . 

PRELIMINARY TESTING 

Trial Concrete Batches 

For the fast-track overlay, the following concrete specifica
tions were required: 

•Minimum compressive strength at 24 hr: 3,000 psi, 
• Aggregate size number: 57 or 68, 
•Nominal maximum aggregate size: 1, 
• Minimum cement content: 750 lb/yd3

, 

• Maximum w/c: 0.42, 
• Slump: 0 to 3 in., 
• Air content: 6 ± 2 percent, and 
•Water-reducing admixture: AASHTO M194. 

Special provisions stated that for bonding the overlay to the 
base concrete, a grout (portland cement and water) should 
be applied on the clean dry surface when the ambient tem
perature was 90°F or below. At higher temperatures, the base 
concrete surface should be in a saturated surface dry condi
tion. The grout should contain the same portland cement as 
the overlay and should have a maximum water/cement ratio 
(w/c) of 0.45. Thus, the grout quality would approximate that 
of the paving concrete. Curing of the overlay should be with 
a liquid membrane seal applied at a dosage of 1.5 times the 
standard rate. The membrane seal was followed by insulating 
blankets consisting of closed-cell polystyrene foam having a 
minimum R value of 0.5 and protected on one side by a plastic 
film . 

The contractor selected a prestressing plant at Cape Charles, 
Virginia, close to the job site, to furnish the concrete. Two 
sets of trial batches were used to develop mixture proportions 
and evaluate the bonding of the overlay. 

The first trial set was made in April 1989 in cooperation 
with the FHWA Demonstration Projects division using the 
council's laboratory facilities and FHWA's mobile concrete 
laboratory and included a trip to the plant with the mobile 
laboratory and some batching at the plant. The second set of 
trial batches was made in May 1990 at the plant. 

First Set of Trial Batches 

In the first set, 11 batches of concrete were prepared using 
the materials furnished by the plant at Cape Charles as well 
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as materials available in the laboratory. These batches are 
explained in detail in the FHWA report on the study (5). Two 
cements were used. One was a finely ground Type II cement 
obtained from the plant; the other was a Type III cement 
available in the laboratory. The coarse aggregate furnished 
by the plant was crushed granite from Stafford County, and 
the fine aggregate was siliceous sand from King George County. 
The w/c was variable, with a maximum of 0.42. Either a water
reducing admixture (WR) or a water-reducing and retarding 
admixture (WR+ R) with minimal retardation at low dosages 
(as claimed by the producer) was used. Experimental batches 
were made using the previously mentioned materials and ad
mixtures. Some of these included a sand having a better par
ticle shape than the one used in normal plant production. 
Others contained a high-range water-reducing admixture 
(HRWR) or fly ash in order to provide the range of worka
bility and strength that could be achieved at early ages with 
the available materials. All of the batches contained a neu
tralized vinsol resin as an air-entraining admixture to provide 
the specified air content (6 ± 2 percent). Compressive strengths 
were determined at different early ages by testing 4-in. x 8-
in . cylinders in accordance with AASHTO T 22 using neo
prene pads in retaining rings. The results indicated that the 
various combinations of w/c and HRWRs with the job ma
terials were capable of reaching the required strength of 3,000 
psi within 24 hr. This strength was attained as early as 12 hr 
with a w/c of 0.35 and an HRWR. However, because of econ
omy, better control of workability, and a close resemblance 
to a mixture commonly used at the plant, trial mixture 
TB 11 (see following table) was chosen for the experimental 
installation. The w/c of 0.415 and the 3-in. slump were at
tained without the use of an HRWR. This mixture attained 
3,000 psi in about 23 hr. The following table presents the 
mixture proportions (lb/yd3) . 

TBll Job 

Cement 750 750 
Maximum water 311 315 
Coarse aggregate 1,902 1,877 
Fine aggregate 1,065 1,045 

Subsequently, the mobile concrete laboratory was moved 
to the plant, and a 2-yd 3 batch with the same proportions as 
TB11 was prepared using a 4-yd3 capacity stationary concrete 
mixer. The results indicated that 3,000 psi was achieved with 
this batch in 24 hr. 

Both at the laboratory and at the plant, the maturity method 
(ASTM C 1074) and the pulse-velocity method (ASTM C 
597) were used to predict the strength of the concrete. These 
methods are explained in the FHWA report (5). One signif
icant advantage in these methods besides their convenience 
is that testing is in situ; consequently, the actual strengths 
developed in the pavement are determined. This is in contrast 
to conventional concrete testing, in which strengths are ob
tained using test cylinders. Because of their small mass, much 
lower heats of hydration are usually generated in the cylin
ders, which leads to lower early strengths than those in the 
structure the cylinders represent. Because of the need to open 
fast-track projects to traffic as soon as possible, determination 
of the actual early strength of the concrete in the pavement 
is needed, and conventional test methods are not suitable. 
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The data on temperature gradients are also useful in pre
dicting the possibility of thermal cracking. 

Although the maturity and pulse-velocity methods appear 
useful in estimating the early strength of concrete, the vari
ability in test results, the need for specialized equipment, and 
the need for correlation of the pulse-velocity and conventional 
test results using job concretes limit their usefulness for formal 
acceptance testing . 

Second Set of Trial Batches 

The specifications required the use of grout as a bonding 
material and a minimum bond strength of 200 psi at 24 hr 
when tested in tension using the method described in ACI 
503R. Most bonded fast-track overlays have used a bonding 
grout, but ACPA representatives indicated that a satisfactory 
bond could be achieved without a grout. Thus, in May 1990, 
more trial batches were made to determine whether a bonding 
material was necessary, and also to determine the workability 
and finishing characteristics of the concrete using admixtures 
available commercially. Tests were also conducted to deter
mine whether a type or brand of cement other than that used 
in the paving concrete and with a higher w/c than the 0.45 
maximum specified was adequate for the bonding material 
should it be required . A WR from one producer and WR+ R 
at two different dosages from another producer were tried . 
Thus, three batches of concrete were prepared using the job 
proportions presented in the following table. The maximum 
w/c of the overlay concrete was 0.42. A 3.5-in. overlay was 
placed in three sections (see following table) over an existing 
concrete slab at the plant. The surface of the slab was shot
blasted in the same manner as it would be in an actual job 
to properly clean the surface of the base concrete. The grout 
was prepared using two different proportions and two differ
ent cements (Type I and Type II), as shown in the following 
table , and was pumped and scrubbed on the surface. Grout 
in Section 1 had 5 gal of water for 1 bag of cement (w/c = 
0.44), which met the specifications (maximum w/c = 0.45), 
but was difficult to pump. Therefore, in other sections, 6 gal 
of water for 1 bag of cement (w/c = 0.53) was used. The 
following table presents grout proportions and type of cement. 

Section 

1 
2 
3 

wlc 

0.44 
0.53 
0.53 

Cement 

Type I 
Type I 
Type II 

At an age of 24 hr, the compressive strengths of the con
cretes were determined at the plant . The results are sum
marized in Table 1 and indicate that 3,000 psi could be achieved 

TABLE 1 24-hr COMPRESSIVE STRENGTH 
FOR TRIAL SECTIONS 

Soc:t!on Aclmmure lniru.lated Boz Under Blanket 

1 WR+R 4,020b 2,960 

2 WR 4,460 3,200 

3 WR+R• - 3,000 

"Twice the do&Ol9 rate uaed In Section 1. 
bt'ut valu• are aver- of two cylinden for thooe in the illlru.lated box Bild 
tbne for thoBO under the blllllkot. 
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in 24 hr. Some of the 4-in. x 8-in. specimens were kept in 
an insulated box; others were left under the curing blanket. 
As expected, the retention of heat was an important factor 
in achieving the early strengths. The specimens in the insu
lated box had about 37 percent higher strength than the ones 
under the blanket. The temperature of the insulated box was 
about 120°F at 24 hr, whereas the 4-in. x 8-in. specimens 
under the blanket had lower temperatures (see Figures 1 and 
2, which display the temperature of the air , the mid-depth of 
the slab, and the specimens in sections 1 and 2). The con
tractor selected the use of WR+ R at the lower dosage rate 
of 25 oz/yd3 (Section 1) for economic reasons and to minimize 
possible retardation. The temperature profiles in the overlays 
for sections 1 and 2 indicate a delay of about 3.5 hr before a 
temperature rise occurred. 

To determine the effects of bonding material, two methods 
of testing were used. In one (the shear test), 4-in.-diameter 
cores were drilled from the concrete test slab, and then the 
bond area was sheared. In the other (the pull-off test), 2-in.
diameter cores were drilled through the overlay and into the 
base concrete to a depth slightly below the bond interface. A 
cap was attached to the top of the core by an epoxy resin, 
and a load was applied to pull off the cap. This procedure 
applies a direct tensile stress to the bond area. The tests were 
conducted 24 hr after placement. Because of difficulties in 
controlling the rate of loading on the machine at the plant, a 
definite conclusion could not be drawn in the shear test. With 
the direct tension test, it was difficult to apply a uniaxial load 
on the cap and a continuous rate of loading. In view of the 
difficulties in controlling tests in the plant environment, it was 
decided to discontinue bond testing at that site. However, 
having abandoned the plant bond tests, it was still necessary 
to evaluate the need for grout on the project. Therefore, in 
a final effort to determine the bond strength, 4-in.-diameter 
cores were drilled from the test slabs at the plant and brought 
to the research council for shear tests at an age of 2 days. 
The results (summarized in Table 2) show that satisfactory 
and comparable bond strengths (exceeding 200 psi) were 
achieved with and without a bonding grout. The results also 
show that the type and brand of cement can be different than 
that in the overlay and the w/c in the grout can be higher than 
that in the overlay. These findings were supported by a pe
trographic examination of lapped vertical slabs cut from the 
cylinders and examined at the research council. The exami
nation indicated that adequate bonding was achieved in all of 
the specimens. Thus , based on the limited lab results, it was 
decided that bond strength with and without the grout would 
be evaluated in the field . The job grout with a w/c of 0.53 
and Type I cement was used for half of the overlay , and the 
other half was placed without a bonding material. The shear 
test was used to determine the bond strength. 

JOB CONCRETE 

The PCC overlay was placed using mixture proportions des
ignated as job concrete that were presented previously. Con
cretes were air entrained with a commercially available neu
tralized vinsol resin. A WR+ R was added at a dosage of 25 
oz/yd3 • 
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FIGURE 2 Temperature data for trial, Section 2. 

TABLE 2 2-DAY BOND STRENGTH FOR TRIAL 
SECTIONS 

Section Grout Specimen 1 Specimen 2 Average 

2 Typel 215 365 290 

2 None 395 275 335 

3 Typell 430 265 345 

NOTE: Strength values are In pounds per square Inch. 

The overlay was placed June 14 and 15, 1990. Concrete 
placed each day was tested for compressive strength (AASHTO 
T 22) , splitting tensile strength (ASTM C496), flexural strength 
(ASTM C 78), and rapid chloride permeability (AASHTO T 
277). The specimens from each of the two batches were cured 
under blankets near the pavement. For the first batch, ad
ditional cylinders were made to determine the compressive 
strength using the temperature-matched curing concept (TMC). 
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Special molds with heating elements were used to match the 
temperature of the 4-in. x 8-in. specimen in the mold with 
that of the concrete by monitoring the mid-depth temperature 
of the overlay with a thermocouple. At the same time, air 
temperature , wind velocity , and relative humidity were con
tinuously measured . The temperatures of the air, at mid-depth 
of the overlay, in the 4-in. x 8-in . cylinder kept under the 
insulating blankets and in the specimen in the TMC mold are 
shown in Figure 3. The data on environmental conditions (air 
temperature, relative humidity, and wind velocity) given in 
Figures 3-5 indicate that favorable conditions existed for 
placement of concrete. The rate of evaporation from the con
crete surface was minimal , and the air temperatures were high 
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enough to provide an adequate rate of hydration. The tem
perature data indicate that, initially , the TMC molds follow 
the actual temperature of the overlay closely but are several 
degrees above the overlay temperature. However, about 12 
hr after placement, failure of a generator resulted in a drop 
in the temperature in the TMC molds. The temperature pro
file for the 4-in. x 8-in. cylinders shows that the same tem
perature rise achieved in the overlay or the TMC mold was 
not obtained by curing under the insulating blankets . 

The compressive strength values given in Table 3 indicate 
that 3,000 psi were easily achieved in less that 24 hr. In the 
TMC mold, higher early strengths were obtained than with 
the regular molds cured under blankets . This was expected 

----
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FIGURE 4 Relative humidity data from job. 
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because higher temperatures were developed in the TMC 
molds. The different strength tests for various ages summa
rized in Table 3 were all satisfactory . The chloride permea
bility (coulomb) values at 28 days were in the high range, but, 
at 90 days, they were either in or close to the moderate range. 
The temperature data indicate that the job concrete temper
ature rise occurred at about 3.5 hr after batching as it did in 
the trial batches. This is a considerable delay, and should 
concretes with higher early strengths than required in this 
project be desired, the possibility of using an accelerator in
stead of a retarder should be considered. 

Half of the overlay was placed without a bonding agent, 
and half was placed with a grout that contained Type I cement 
at a w/c ratio of 0.53. To determine the bond strengths at 
different sections with and without the bond, cores were taken 
and tested for shear strength at 7 days in the laboratory. The 
results are summarized in Table 4. These results indicate that 

TABLE 3 TEST RESULTS FOR JOB CONCRETE 

No. of Spocimooa Bl B2 

Air content, ,. 1 6.4 6.7 

Slump, inch 1 2.8 2.2 

CoDJP"MI ... lltn!ngth, poi: 
TMC 17hour 2 3,460 -
TMC 24hour 2 4,0~ -

17hour 2 2,940 -
18hour 2 - 3,660 
24hour 2 3,760 4,090 

7day 2 6,240 6,690 
28day 2 6,060 6,760 

SpU~ temile lltn!oath, pei: 
2.4 hour 2 360 346 

7<!ay 2 460 476 
28day 2 646 660 

Fluunol otnioath, poi: 
28day 3 836 796 

Permeability, coulombl: 
28day 2 6,290 4,220 
90day 2 4,070 2,690 
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excellent bond strengths are achieved with and without the 
grout, and that 7-day bond strengths at the interface were 
close to the shear strengths of both the base concrete and the 
overlay concrete. 

CONSTRUCTION OPERATIONS 

Traffic Control 

Traffic control was accomplished through the provision of 
temporary detours on each end of the 1-mi-long site. The 
detours set up the two northbound lanes on the four-lane, 
divided highway for two-way operation to accommodate the 
southbound traffic during working hours. During the initial 
pavement preparation and the final finishing work after the 
overlay, southbound traffic was permitted to use the test site 
during nonworking hours, generally overnight and on week
ends. 

Preparation of Existing Pavement 

Pavement Repairs 

The preparation of the existing pavement began in spring 1990 
with the removal and replacement of concrete considered to 

TABLE 4 SHEAR STRENGTHS AT 7 DAYS 

Bonded Bonded 
With Without Bue 

l!ptdmon Grout Grout Concrete Overlay 

1 696 860 il3lj 786 

2 606 760 830 776 

3 900 740 940 880 

Awrap 700 716 800 7~ 

&.ndonl 
Ile"riation 173 69 168 ~2 
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be too badly damaged to leave in place under the overlay. 
Replacement concrete was standard pavement repair concrete 
with design strength of 3,000 psi in 24 hr. Compressible ma
terial V2-in. wide was placed on one side of each repair in the 
old pavement. All joints in the old pavement were cleaned 
and resealed with hot-poured joint sealing materials conform
ing to AASHTO Specification M173. 

Surface Preparation 

Preparation of the surface of the existing concrete pavement 
to ensure full bonding of the thin overlay was a major issue 
throughout the planning and conduct of the project. As was 
finally agreed on and specified, final preparation was accom
plished through the use of shotblasting machines traveling in 
tandem, triplicate, or quadruple. In order to preclude surface 
contamination by traffic, actual sandblasting operations did 
not begin until the lanes were closed to traffic early on the 
first day of the placement of the overlay . Each machine cov
ered approximately an 18-in.-wide path with each pass. Al
though some trial and error was necessary to achieve the 
texture finally agreed on by all parties, once the speed of the 
machines and other details were established, no further prob
lems occurred in that operation. The texture was considered 
to be acceptable when coarse aggregate particles in the ex
isting surface had a clean exposed face. Final touch-up of the 
surface was by use of a portable sandblasting machine placed 
about 100 ft ahead of the paving machine in order to catch 
oil spills and the like from the paving operation. Adequate 
bond strengths were obtained both with and without the ap
plication of a grout. 

Paving 

Placement of Concrete 

Paving with a Gomaco slip form paver began at 1:00 p.m. 
June 14, 1990. Concrete was deposited from 8 yd3 transit mix 
trucks in front of the paver directly on the existing pavement. 
Once the paver had moved forward enough to carry a "head" 
of concrete, the portland cement slurry grout (where used) 
was sprayed from a grout machine onto the surface imme
diately in front of the paver and then swept into place with 
brooms. For approximately the second half of the project, 
the grout was omitted. 

Early in the paving operation, plywood pads were used to 
cover the shotblasted old pavement as a protection against 
oil drippings and the like from the concrete trucks. Soon, 
however, it became clear that the pads were not needed be
cause the trucks were relatively new and well maintained. 
Because use of the pads was cumbersome, the contractor was 
glad to discontinue that portion of the operation. 

During placement, two major difficulties were encountered 
in the supply of concrete. First, the supply was somewhat slow 
because of the number of trucks assigned to the project. Al
though the haul distance was short, project layout was such 
that trucks furnishing concrete early in the work had to back 
most of the 1-mi length of the project. In the grouted section, 
delays in concrete delivery caused some concern that the grout 
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might dry out before concrete placement. This was soon over
come by a decision to rake concrete from the paver head 
forward to cover the grout until delivery resumed. A second 
concrete supply problem occurred for a short time when the 
mixture contained excessive water, and several loads had to 
be rejected because of high slump. 

Finishing 

In general, the mixture was of such a consistency that the 
paver, with spud vibrators at about 18-in. centers, produced 
an overlay with well-formed edges requiring little handwork. 
Magnesium floats were used to close the surface while some 
hand work was done on the edges. A fine texture was applied 
by means of a burlap drag attached to a hand-operated bridge, 
which was moved at intervals judged by the finishers. The 
transverse tining specified by VDOT (Vsin. x Vs-in . with %
in.-wide land areas) was applied by a hand-held wire tine. 

Curing 

Liquid membrane-curing compound was applied from a roll
ing bridge as soon as the tining was completed. This was 
followed by the application of a curing blanket having a min
imum R value of0.5 and intended to hold the heat of hydration 
and contribute to early strength development. As noted ear
lier, air temperatures, relative humidities, and wind velocities 
were such that curing was not considered to be a major con
cern on the project. 

Joint Sawing and Sealing 

The virtual certainty that all joints and cracks in the under
lying old pavement will reflect through the overlay in a short 
time dictated that a great deal of attention be paid to ensure 
that the new cracks were directly above the old. With the 
help of project inspectors, the contractor used a stringline 
across each transverse joint and crack to place paint marks 
on each shoulder where a second stringline could be stretched 
after the overlay. 

As soon as the overlay was sufficiently hardened to hold 
the equipment, the second stringline was used to mark the 
locations of early saw cuts. These cuts, approximately Vs-in. 
wide, accommodate the early shrinkage cracking and prevent 
the formation of random or uncontrolled cracks. The location, 
configuration, and depths of these saw cuts were the subject 
of a preconstruction discussion and ultimately were done in 
compliance with ACP A suggestions. Transverse sawcuts were 
V2-in . deeper than the thickness of the overlay to ensure pos
itive control. On the other hand, because of the difficulty in 
precisely locating longitudinal joints in the old pavement after 
application of the overlay, the decision was made to saw the 
overlay to a depth of only 1 %-in. over those joints. The think
ing in this case was that the provision of some room for vertical 
"wander" of the reflection crack could prevent twin cracking, 
which might occur if a full-depth sawcut was to miss the joint 
in the underlying pavement. 
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At the earliest possible time, most transverse joints were 
resawed and sealed with preformed compression seals. Lon
gitudinal joints and transverse joints over repair joints con
taining expansion material were sealed with a hot-poured rub
berized asphalt joint-sealing material. 

OPENING TO TRAFFIC 

The project was opened to traffic 58 hr after the first load of 
concrete appeared on the job. Although this length of time 
did not meet the 48-hr target, project personnel were con
vinced that only a few logistical modifications in the trans
portation of concrete and sawing operations would have per
mitted that target to have been met easily. 

EARLY PERFORMANCE 

Roughness tests conducted on the project at an age of about 
1 week showed that the original international roughness index 
of some 160 in./mi was not substantially changed by the pro
vision of the 3V2-in overlay. This finding was not surprising 
to project personnel in view of the relatively good original 
ride and in view of the frequent interruptions in the paving 
operation because of the erratic supply of concrete. 

A thorough evaluation of the project in March 1991 re
vealed only one narrow uncontrolled crack. The slight spalling 
of some sawed joints appeared related to the harsh texture 
and not to a materials or structural condition. All joint seals 
appeared to be in excellent condition. Early performance of 
the project was judged to be excellent. 

CONCLUSIONS 

The following conclusions are based on the construction ex
perience from this project, during which there were favorable 
weather conditions, and on the observations of early 
performance. 

1. Concrete overlays achieving compressive strengths of 3 ,000 
psi within 24 hr can be placed using either Type III or finely 
ground Type II cements with a w/c of 0.42 or less. 

2. The generation of external heat or retention of the heat 
of hydration of the concretes assists in faster strength devel
opment at early ages. 

3. Overlays can be bonded to properly prepared base con
crete with or without the bonding grout. 
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4. Thin-bonded concrete overlays applied in a fast-track 
mode appear to be a suitable alternative for rehabilitation of 
jointed concrete pavements when those pavements are not 
seriously distressed but are in need of structural enhancement. 

5. Nondestructive test methods of maturity and pulse ve
locity can provide rapid evaluations of in situ concrete strengths. 
When using the maturity method, information on temperature 
gradients is also obtained, which indicates whether there is a 
possibility of thermal cracking. 
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Twenty-Year Performance of 
Latex-Modified Concrete Overlays 

MICHAEL M. SPRINKEL 

Fourteen bridge decks with latex-modified concrete (LMC) over
lays ranging in age from 2 to 20 years and two overlays without 
latex were studied, and their general condition was found to be 
good. The half-cell and chloride data indicate that the overlays 
are performing satisfactorily. Rate-of-corrosion data indicate that 
the overlays can be used to extend the life of decks suffering from 
chloride-induced corrosion of the top mat of the rebar even though 
corrosion continues under the overlay. The permeability to chlo
ride ions was an average of 630 coulombs (very low) for a 1.25-
in.-thick LMC overlay and 5,274 coulombs (high) for the base 
concretes. The 2-in.-thick overlays with and without latex had 
permeabilities of 101and1,305 coulombs, respectively. Adequate 
shear and tensile rupture strength at the bond interface was ob
tained and maintained. The data indicate that LMC overlays 
placed on decks with less than 2 lb/yd3 of chloride ion at the rebar 
can be expected to have a service life of more than 20 years. The 
study provided the opportunity to evaluate two overlays with latex 
and two without latex that were installed as part of two bridges 
constructed in 1974. When data from these bridges were obtained 
in 1990 and compared with data obtained from earlier evalua
tions, the high quality portland cement concrete overlays without 
latex showed greater negative increases in half-cell potentials, 
greater increases in chloride content, and a higher percentage of 
higher rates of corrosion than the LMC overlays. Also, for these 
two bridges, higher shear and tensile rupture strengths were ob
tained at the bond interface with LMC than with concrete without 
latex. Higher rupture strengths were not obtained on the other 
bridges because of the low strength of the scarified surface of the 
base concrete. 

Latex-modified concrete (LMC) is a portland cement concrete 
(PCC) in which an admixture of latex dispersed in water is 
used to replace a portion of the mixing water. This type of 
concrete has been used on highway bridges during the past 
30 years (1) and was first used on a bridge deck in Virginia 
in 1969 (2). 

The Virginia Department of Transportation's (VDOT's) 
special provision for LMC overlays requires 3.5 gal of styrene 
butadiene latex (46.5 percent to 49.0 percent solids) per bag 
of cement (3). Other VDOT requirements are minimum ce
ment content of 658 lb/yd3

, maximum water content of 2.5 
gal per bag of cement, water/cement ratio (w/c) of 0.35 to 
0.40, air content of 3 to 7 percent, slump of 4 to 6 in. when 
measured 4.5 min after discharge from the mixer, and cement/ 
sand/coarse aggregate ratio by weight of 1.0/2.5/2.0. By com
parison, the requirements for class A4 concrete used in bridge 
decks include minimum cement content of 635 lb/yd3

, maxi
mum w/c of 0.45 (0.47 from 1966 to 1983), air content of 5 
to 8 percent, and slump of 2 to 4 in. (4). Thus, it can be seen 

Virginia Transportation Research Council, Box 3817 University Sta
tion, Charlottesville, Va. 22903-0817. 

that, by design, the LMC is batched with more cement, less 
water, less air, and at a higher slump than A4 concrete. 

In 1974 VDOT installed overlays on two new bridges near 
Berryville, Virginia (5). One overlay on each bridge contained 
latex, and one was a high-quality PCC overlay without latex. 
The overlay without latex was designed to have minimum 
cement content of 705 lb/yd3, maximum w/c of 0.41, air con
tent of 4 to 8 percent, and maximum slump of 2.5 in. Before 
the overlays were placed, the base deck (which was 2 days 
old) was sandblasted and moistened to achieve a saturated 
surface dry condition. Just ahead of the high-quality concrete 
placement, a portland cement slurry with a w/c of 0.40 was 
broomed onto the base deck. By comparison, for the LMC 
overlays, the mortar fraction of the overlay concrete was 
broomed onto the base decks. 

As compared with A4 bridge deck concrete and high-quality 
PCC, the LMC is reported to be more resistant to the intrusion 
of chlorides, to have higher tensile, compressive, and flexural 
strengths, and to provide better freeze-thaw performance (1). 
The greater resistance to chloride intrusion is said to be at
tributable to the lower w/c and a plastic film the latex produces 
within the concrete, which inhibits the movement of chlorides. 
The concrete is reported to have a higher strength because 
the w/c is lower and because the plastic film produces a higher 
bond strength between the paste and aggregate. Its freeze
thaw performance is said to be superior because the lower 
permeability helps keep water out of the concrete and because 
the concrete is more flexible and therefore able to withstand 
the expansion and contraction associated with freezing and 
thawing (1). Although high-quality PCC overlays without la
tex have been used by VDOT, the LMC overlay has been 
the standard protective system for the rehabilitation of bridges 
in Virginia since the mid-1970s. 

PURPOSE AND SCOPE 

The purpose of this research was to evaluate the performance 
of LMC overlays. It consists of evaluations of 3 test areas on 
each of 12 bridge decks with LMC overlays and 2 test areas 
on each of 2 decks (1 overlay with latex and 1 without on 
each deck). The same test areas on 11 of the decks had been 
evaluated 7 years earlier (6). Each test area consisted of the 
travel lane and shoulder of a 50-ft segment of one span or the 
entire length of spans less than 50 ft long. 

Because the principal purpose of the use of an LMC overlay 
is to inhibit the penetration of chloride ions to the reinforcing 
steel, permeability tests were conducted on 3 cores removed 
from each of the 14 bridges. For 12 of the bridges, 1 core was 
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removed from the shoulder of 1 test area, the right wheel collected before the placement of the overlays and at later 
path of the next test area, and the center of the travel lane ages. For the LMC overlays on bridges 1B and lD and the 
of the third test area. In addition, because the strength of the overlays without latex on bridges lA and lC, all measure-
bond between the overlay and the base concrete is a factor ments were made in one test area. 
in service life, three other cores were taken from the center These data were used to quantify the performance of the 
of the travel lane of one test area on each bridge and subjected overlay on the basis of its having maintained satisfactory bond 
to a shear force directed through the bond line to measure and compressive strengths and having prevented the infiltra-
the shear bond. The ACI 503R tensile adhesion test was also tion of chloride, a negative increase in half-cell potentials, 
used to measure the tensile bond strength at seven locations and high rates of corrosion. The data were also used to de-
in the left and right wheel paths of the same test area on each termine whether it is an acceptable practice to place LMC 
deck from which cores were taken for shear bond tests. Four overlays on concrete having c1- contents in excess of 2.0 lb/ 
2.25-in.-diameter cores approximately 6.5 in. long were also yd3 at the level of the top rebar. 
removed from the wheel path of the same test area on each 
deck and used to measure the compressive strength of the 
overlays and the base concretes. In addition, the chloride RESULTS 
(Cl-) content was determined, and the electrical half-cell po-
tentials and the rate of corrosion of the top mat of rebar were Data supplied by the district bridge engineers in Virginia for 
measured for the shoulder and travel lane of the other two the 14 bridges selected for study are presented in Table 1. 
test areas on each bridge. The data were compared with data The LMC overlays on bridges lB, lD, and 2 and the overlays 

TABLE 1 GENERAL INFORMATION ON DECKS 

Date Original 
Bridge Structure Diatrict Type Overlay Date Deck 

No. No. Route (City or County) Superstructure Placed Constr. Contractor Latex Condition Cost $/yd2 

1A, lB 1052 Rte. 7,EBL, Staunton 3-50' steel 6/1974 6/1974 Moore Bros. Const. Co. Dow Good 24.00 
overN&WRR (Clarke) (latex on lB) (lA-15.00) 

lC,lD 1058 Rte. 7, WBL Staunton 3-50' steel 6/1974 6/1974 Moore Bros. Const. Co. Dow Good 24.00 
overN&WRR (Clarke) (latex on lDl (lC-15.00) 

2 1124 Rte.29,NBL Lynchburg Steel, 8 span 11/1974 11/1974 Engliah Const. Co. Dow Good 32.27 
over29 (Pittsylvania) 35', 120', 35' 

3 1030 Rte.29,NBL Lynchburg Steel, 7 span 5/1975 4/1953 Lanford Brothers Dow Good 40.00 
over Otter Rr. (Campbell) 

4 1029 Rte. 29, NBL, Lynchburg 5 steel spans 5/1970 8/1950 Dow Dow Fair 9.00 
over So. R.R. (Campbell) (latex on A,B,C) 

8 2032 Rte. 181, NBL, Bristol 3 cone. spans 1982 1964 Ram co Polysar Good, 35.26 
over683 (Smyth) 32'to47' Cracked 

9 2033 Rte. 181, SBL, Bristol 3 cone. spans 1982 1964 Ramco Polysar Good, 29.02 
over683 (Smyth) 32' to 47' Cracked 

10 2000 Rte. 181, NBL Salem 3-39' cone. 1983 1962 Whitting Turner Dow Good 30.70 
over Rte. 640 (Roanoke) tee beam spans 

11 2900 Rte. 166, WBL Culpeper 3 steel spans 1980 1961 Central Atlantic Dow Good 21.00 
over Bull Run (Fairfax) Wagman 

12 2024 Rte. 181, NBL, Staunton 5-70' prest. 1979 1966 Central Atlantic Dow Good 26.00 
over Narrow (Edinburg) I-beams 
PBBSage Cr. 

13 2000 Rte. l-81, NBL, Salem 4 steel spans, 1980 1959 Chapin Dow Good 21.97 
Rte.100 and (Pulaski) 55' 
Rte.11 

14 1043 Rte. 501, over Lynchburg 15-50' steel 1979 1958 Lanford Brothers Dow Good 32.10 
Baniater River (Halifax) spans 

17 1045 Rte.29NBL Lynchburg 6 steel spans 1988 1948 Lanford Brothers Dow Good 42.19 
over Baniater (Pittsylvania) 32' -85' 
River 

18 1006 Rte. 340SBL Staunton 3 concrete 1986 1939 Lanford Brothers Dow Good 46.94 
over Hawksbill (Rockingham) spans 32' 
Creek 
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without latex on bridges lA and lC were placed as part of 
the construction of a new deck. The overlays on the other 11 
bridges were used to rehabilitate older decks. Bridges 1-A, 
1-B, 1-C, and 1-D are separate spans of 2 bridges. Spans 1-
B and 1-D have 2-in.-thick LMC overlays, and spans 1-A and 
1-C have 2-in.-thick PCC overlays without latex (2-in. max
imum slump). The LMC overlays on bridges 2 and 4 do not 
contain coarse aggregate. Bridge 4 has five spans. Spans A, 
B, and C were overlaid with LMC, and spans 4-D and 4-E 
were completely replaced with A4 concrete. Unless indicated 
otherwise, the data refer to spans A, B, and C. Bridge 17 was 
evaluated because two liquid membrane curing materials were 
used to cure four experimental areas of the overlays (7). 
Bridge 18 was evaluated because it was Virginia's first high
early-strength LMC overlay (8). 

Permeability 

The rapid permeability test (AASHTO T-277) was used to 
measure the permeability to chloride ions of the top 2 in. and 
the next 2 in . of each of three cores removed from each 
overlay. For bridges 8, 9, and 10 it was necessary to cut and 
test sections from the cores at greater depths from the top 
for determining the permeability of the base concrete because 
the LMC overlays were thicker than 2.0 in. No acceptable 
base concrete specimens were obtained for bridge 10 because 
the LMC overlay was 4.7 in. thick. The results of the tests 
are shown in Figure 1. 

Permeability of Base Concrete 

The permeability values provide an indication of the differ
ences between the base concretes. One possible explanation 
for the differences is that the requirements for bridge deck 
concrete in Virginia have changed over the years, and a sig
nificant change was made in 1966. In that year, cement con
tent was increased from 588 to 634 lb/yd3 , w/c was reduced 
from 0.49 to 0.47, slump was changed from 0 to 5 in. to 2 to 
4 in ., air content was changed from 3 to 6 percent to 5 to 8 
percent , and 28-day strength was increased from 3,000 to 
4,000 psi . The base concretes of bridges lA, lB, lC, lD , 2, 
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FIGURE 1 Permeability to chloride ion. 
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and 12 were constructed in 1966 or later and exhibited an 
average permeability of 4,476 coulombs as compared with 
5,806 coulombs for the older bridges. Average values of 3,862 
coulombs (1966 or later) and 5,068 coulombs (before 1966) 
were obtained for the base concretes in 1983 (6). Although 
the cause of the improvement in permeability cannot be de
termined because of the many requirements that were changed, 
it appears that concrete produced after the 1966 specifications 
were implemented has a lower permeability on the average 
than concrete produced before that time. The average perme
ability of the base concrete was 5,274 coulombs. An average 
of 4,590 coulombs was obtained in 1983 (6). 

Permeability of Top 2 in. 

The permeability of the top 2 in. was significantly less than 
the permeability of the conventional A4 base concrete for all 
bridges. Overlays 2 in. thick without latex on lA and lC had 
a permeability of 1,305 coulombs. Overlays 2 in. thick with 
latex on lB and lD had a permeability of 101 coulombs. The 
LMC overlays without coarse aggregate on bridges 2 and 4 
had an average permeability of 1,288 coulombs and an average 
thickness of 1.4 in. The LMC overlays on the other bridges 
had an average permeability of 375 coulombs and an average 
thickness of 1.7 in. 

It is believed that the principal reason for the differences 
in the permeability of the top 2 in. of the cores from the LMC 
overlays is the thickness of the overlay. Figure 2 shows the 
relationship between permeability and overlay thickness. The 
best fit of the data shows that for a typical deck with a 1.25-
in.-thick LMC overlay, the average permeability of the top 2 
in. is 630 coulombs, which is similar to the average value of 
773 obtained in 1983 (6). The data for bridges lA, lC, 2, and 
4 were omitted from the best fit. 

Bond Strength 

Shear Bond Strength 

Three cores were removed from each of the 14 LMC overlays 
and the 2 overlays without latex and subjected to shear tests. 
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FIGURE 2 Relationship between permeability and thickness of 
overlay. 
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FIGURE 3 Shear strength. 

The shear force was first directed through the bond interface 
of each core to provide an indication of its shear bond strength . 
The shear force was then directed through the base concrete 
and through the overlay to provide an indication of their shear 
strengths. The results of these tests are shown in Figures 3 
and 4. Figure 3 shows the shear strength, and Figure 4 shows 
the location of the failures in the vicinity of the bond interface. 

The average shear bond rupture strength of the LMC over
lays was 640 psi, with 71 percent of the failures in the base 
concretes. For bridges lB and lD, the average shear bond 
rupture strength was 1,092 psi, with 72 percent of the failures 
in the base concretes. For the overlays without latex on bridges 
lA and lC, the shear bond rupture strength was 614 psi, with 
1 percent of the failures in the base concrete. The average 
shear strength for the LMC overlays was 931 psi as compared 
with 581 psi for the overlays without latex. The average shear 
strength of the base concretes was 603 psi. 

Tensile Bond Strength 

Seven ACI 503R tensile adhesion tests were conducted on 
each of the 14 LMC overlays and the 2 overlays without latex. 
The results are shown in Figures 5 and 6. The results do not 
include tests in which the adhesive failed unless the rupture 
strength was higher than the average for the overlay. 
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FIGURE 4 Location of failures in shear tests. 
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Tensile Rupture Strength 
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FIGURE 5 Tensile rupture strength. 

The average tensile rupture strength of the LMC overlays 
was 233 psi with 68 percent of the failures in the base con
cretes. For bridges lB and lD the average tensile rupture 
strength was 428 psi with 59 percent failure in the base con
crete, as compared with 294 psi with no failure in the base 
concrete of the overlays without latex on bridges lA and lC. 
The tensile bond strength data agree with the shear bond 
strength data. 

Bond Strength 

Based on the data in Figures 3 and 5, it can be concluded 
that the shear and tensile bond strengths of the LMC overlays 
and the overlays without the latex are high, and the strength 
of the bond interface is usually as high or higher than that of 
the base concrete. From Figures 4 and 6, it can be concluded 
that the majority of failures were in the base concrete, which 
is reasonable, because the base typically exhibited a lower 
strength than the bond interface (see Figure 3). The data for 
bridges lA, lB, lC, and lD show that higher shear and tensile 
rupture strengths at the bond interface can be obtained with 
LMC than those obtained with concrete without latex. How
ever, the data for the other bridges show that the higher 
rupture strengths are not typically obtained in the rehabili
tation of bridges because of the lower strength of the older 
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FIGURE 6 Location of failures in tensile rupture tests. 
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base concrete and the damage caused by the preparation of 
the surface of the old concrete. In addition, it can be con
cluded that adequate bond strengths are typically obtained 
with LMC overlays and overlays without latex and that the 
strengths can be maintained for 16 to 20 years. 

Compressive Strength 

Four cores that had diameters of 2.25 in. and were approxi
mately 6.5 in. long were removed from each of the 14 LMC 
overlays and the 2 overlays without latex. The cores were 
sawed perpendicular to the length before testing for com
pressive strength. The length of the base concrete specimens 
ranged from 2.5 to 4.0 in. and that of the overlay specimens 
from 2.0 to 3.9 in. 

The compressive strength data are shown in Figure 7. Com
pressive strength results could not be obtained for all overlays 
and for the base concrete in bridge 10 because specimens with 
a height of at least 2 in. could not be obtained. 

The compressive strength of the base concretes ranged from 
2,860 to 6,400 psi, with an average of 4,500 psi. The com
pressive strength of the LMC overlays ranged from 5,450 to 
7,330 psi, with an average of 5,950 psi for the overlays on 
rehabilitated decks and 5,740 psi for the overlays on new 
decks. The compressive strength of the overlays without latex 
ranged from 4,280 to 4,900 psi; the average was 4,590 psi. 

Chloride Ion Content 

Chloride ion content greater than 1.3 lb/yd3 at the level of 
the reinforcing steel can cause corrosion in the presence of 
oxygen and moisture. Table 2 and Figure 8 show the average 
chloride ion content (AASHTO T260) in 1983 for the shoulder 
and travel lane based on one sample from each of three spans 

TABLE 2 CHLORIDE ION CONTENT DATA 
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FIGURE 7 Compressive strength. 

of each of the bridges and in 1990 based on one sample from 
the travel lane of each of two spans. Where available, data 
determined by district personnel before the installation of the 
overlays are shown. (Data for bridges lA, lB, lC, and lD 
were obtained by research council personnel.) Reasonable 
estimates of the background chloride that can be attributed 
to the aggregates are also reported. The depth of the rein
forcing steel based on measurements made at the time the 
samples were taken are also shown in Table 2. Table 3 shows 
the chloride content as a function of depth for samples taken 
at each location in 1990. 

From Table 2 and Figure 8, it can be concluded that there 
was reasonable agreement between the chloride ion contents 
determined before 1983 and those determined by council per
sonnel in 1983. Also, it can be concluded that there was suf
ficient chloride in the vicinity of the steel in bridges 3, 4, 8, 
9, and 11-14 to cause corrosion. With the exception of bridges 
4, 8, 9, and 12, 1 lb or less of additional chloride has reached 

Depth of Depth of" _ _,,Ch......,lo..,,a .. • d.,.e_,,C"';o""n.,te..,.n.._t ... CJ..,,bl"'vd ... 3_,,)_ Change In Chloride Content Ob/yd3) 
Overlay Date of Overlay Depth of Chloride Chloride Prior to 1983-Prior 1990-Prior 

BridgePlacement Background Thickness Top Rebar 1983 1990 Due to Overlay to Overlay to Overlay 
Number Date Data (in) (in) (in) (in) Aggregate Placement 1983 1990 Placement Placement 1990-1983 

lAb 1974 1975 2.0 2.3 2.0 2.0 0.4 0.4 0.9 0.5 0.5 0.1 -0.4 
1B 1974 1975 2.0 2.3 2.0 2.0 0.4 0.4 0.4 0.6 0.0 0.2 0.2 
1cb,c 1974 1975 2.0 2.3 2.0 0.4 0.4 1.1 0.7 
1D• 1974 1975 2.0 2.3 2.0 0.4 0.4 0.5 0.1 
2d 1974 1.3 3.3 3.1 3.5 0.1 0.1 0.1 0.5 0.0 0.4 0.4 
3d 1975 1.7 3.0 2.9 3.5 0.5 1.8 1.1 -0.7 
4d 1970 1.2 2.2 2.1 2.0 0.1 1.4 2.9 1.5 
8 1982 1981 1.6 4.0 2.3 2.5 0.4 3.5 3.3 5.7 -0.2 2.2 2.4 
9 1982 1981 1.8 3.5 2.3 2.5 0.4 1.2" 4.5 5.8 3.3 4.6 1.3 
10 1983 4.4 3.3 2.3 2.5 0.4 3.0 0.4f 0.3 -2.6 -2.7 -0.l 
11 1980 1979 1.2 3.5 2.3 2.0 0.3 4.7 4.6 4.2 -0.l -0.5 -0.4 
12 1979 1977 1.1 1.8 2.0 2.0 0.2 0.3 0.8 1.5 0.5 1.2 0.7 
13 1980 1.1 2.5 2.0 2.5 0.3 2.4 0.6' 1.6 -1.8 -0.8 1.0 
14 1979 1977 1.5 2.7 2.5 2.5 0.5 3.6 3.6 2.5 0.0 -1.l -1.1 
17C.d 1988 1.5 2.9 2.0 0.5 0.7 
18c.d 1986 1.4 3.8 3.0 0.2 0.6 

•See Table 3 for chloride rontenta at other deptb8 
bHigh quality 2.5-in maximum elump PCC overlay 
•Brid81! wae not tested in 1983 
dchloride data not available prior to latex installation 
"All lllltllplee taken along edge of parapet 
fdhJoride sample taken from l.ute:J: wncrete ueed for claee II repair 
IChloride sample taken from A4 wncrete used for claae II repair 
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Bridge Number 

- Aggregate Chloride 

- 1963 Chloride 

D Prior Chloride 

D 1990 Chloride 

Chloride contents prior to latex overlay are unavailable for bridges 3, 4, 17, and 16. 
Bridges 1C, 10, 17, and 16 were not tested in 1963. 

FIGURE 8 Chloride ion content near rebar. 

the level of the top rebar since the overlays were installed or 
since the 1983 survey. The greater increase for bridges 8 and 
9 can be attributed to the large number of cracks in the over
lays. The greater increase for Bridge 4 can be attributed to 
its higher-than-usual permeability. The overlay on Bridge 4 
does not contain coarse aggregate. 

Figure 9 shows the average annual change in chloride ion 
content as a function of depth for selected combinations of 
the overlays. The cracked LMC overlays showed the greatest 
increases. The chloride ion contents in the vicinity of the 
rebars have not changed significantly. Also, Figure 9 and 
Table 3 show that, after 16 years, the LMC overlays on bridges 
lB and lD have restricted the infiltration of chloride ion much 
more than the high-quality PCC overlays without latex on 
bridges lA and lC. 
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Half-Cell Potential 

Copper sulfate half-cell potentials (ASTM C876-77) were 
measured at grid points 5 ft apart over the shoulder and travel 
lane of three spans of each bridge in 1983 and two spans in 
1990 and are presented in Table 4. Also shown are the results 
of the measurements made by district personnel before the 
installation of the overlays that were constructed as part of 
the rehabilitation of older bridges and the results of the mea
surements made by council personnel shortly after the in
stallation of the overlays on bridges lA, lB, lC, and lD. The 
data taken before 1983 generally agree with the data taken 
in 1983. Data taken in 1991 are not significantly different from 
data taken in 1983. It is interesting to note that even on bridges 
4, 9, 11, and 13, on which there was greater than 95 percent 

1.7 in 
LMC cracked 

2.0 in 
LMC • 

2.0 in 
PCC • 

Overlay Type and Thickness 
• new deck 

FIGURE 9 Average annual change in chloride ion content. 



TABLE 3 1990 CHLORIDE ION CONTENT DATA 

Chloride Content (lb/yd3) at Depth (in) 
Bridge 
Number Span 1/8 - l/2 1/2 - 1 1-11/2 11/2-2 2-2112 21/2-3 3-31/2 31/2 
+ 

lA 11.523 1.567 1.974 0.631. 
lB 2.924 1.152 0.487 0.566. 
lC 8.654 4.934 2.255 1.115. 
lD 1.269 0.541 0.562 0.636. 
2 B 2.847 1.436 1.417 0.777 0.629. 
2 c 2.776 1.422 1.311 1.773 0.320. 
3 c 4.999 1.226 1.227 2.129 1.509. 
3 D 1.820 0.222 0.851 0.709 0.679. 
4 A 8.269 6.866 3.496 3.108. 
4 B 6.172 3.224 2.488 2.603. 
8 B 6.279 1.689 1.577 6.190 6.246 4.217. 
8 c 4.579 2.173 3.344 3.296 6.164 6.928° 
9 A 6.170 3.761 5.615 6.856 5.474 3.246° 
9 B 12.911 8.366 6.866 4.921 6.126. 
10 1 2.462 0.874 0.140 0.289 0.360. 
10 2 3.561 0.960 0.246 0.399 0.328 0.369° 
11 1 4.869 3.544 4.980 3.683 2.594. 
11 2 6.628 6.621 6.459 4.776. 
12 1 8.214 6.609 2.418 0.932. 
12 2 9.363 4.796 2.639 2.062. 
13 3 7.430 5.498 2.823 1.500 1.975. 
13 4 10.759 8.396 6.619 2.667 1.255. 
14 F 0.923 0.981 2.275 2.583 3.633. 
14 G 1.649 0.673 1.325 2.899 1.401. 
17 A 0.662 0.262 0.681 0.674. 
17 B 0.328 0.163 0.302 0.520. 
17 c 1.271 0.202 0.824 0.789. 
18 B 6.172 2.903 0.929 0.752 0.628. 
18 c 6.773 2.599 0.575 0.886 0.646. 

• chloride content closest to rebar 

TABLE 4 ELECTRICAL HALF-CELL POTENTIALS, PERCENTAGE OF TOTAL 
NUMBER OF READINGS 

Hal[ Ollll fgts:ntial Distrilmtian Pri11I ~ !.'.mdat fla~11111n,, in Ul8ll iDd iu lll!M! 
!! Q[fatentiala s 11.20 ll/2D S ~ a[ Pot.eMi.ala S !l.31i ~ 12[fotenti11lll >II ali 

Overlay Date of Prior to Prior to Prior to 
Bridge Placement Background Overlay Overlay Overlay 

Number Date Data Placement 1983 1990 Placement 1983 1990 Placement 1983 1990 

lA 1974 1975 100 76 39 0 22 54 0 3 7 
lB 1974 1976 100 100 89 0 0 11 0 0 0 
le• 1974 1975 100 33 0 65 0 2 
ID" 1974 1975 100 80 0 18 0 2 
2b 1974 98 96 2 4 0 0 
3b 1975 84 83 13 14 3 3 
4b 1970 24 11 36 46 40 43 
8 1982 1981 6 7 32 72 86 69 22 7 9 
9 1982 1981 13 7 17 39 71 58 48 22 25 

10 1983 53 30 60 32 63 39 15 7 1 
11 1980 0 0 36 29 65 71 
12 1979 1977 99 14 1 1 86 98 0 1 1 
13 1980 3 33 13 71 36 58 26 31 29 
14 1979 1977 66 76 96 33 21 4 1 4 0 
17a,b 1988 74 26 0 
15a.b 1986 0 64 36 

•Bridge was not tested in 1983 
bElectrical half- cell potential data not available prior to overlay installation 
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FIGURE 10 Percent of electrical half-cell potentials more 
negative than - 0.35 V (CSE). 

probability that corrosion was occurring over a large area, the 
overlays had no major delaminations, spalls, or patches and 
were providing a durable surface. It is also interesting that 
for bridges for which pre-1983 data were available, the scar
ification of the deck and installation of the overlay did not 
significantly change the corrosion potential of the steel. 

Figure 10 shows the percentage of potentials that are more 
negative than - 0.35V (CSE) as a function of time for selected 
combinations of the overlays. Figure 10 suggests the corrosion 
potentials have not changed much since the overlays were 
placed. However, the corrosion potentials for new bridges lA 
and lC without latex have become more negative than for 
bridges 1B and lD, which have LMC overlays. 
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Rate of Corrosion 

A three-point linear polarization device was used to measure 
the rate of corrosion of the top mat of rebar in two spans in 
1990. The data are shown in Figure 11. As can be seen, no 
corrosion damage can be expected on any of the bridges within 
2 years based on Clear's criteria (9). Corrosion at rates that 
can cause damage within 10 years is occurring in most of the 
decks. The data suggest that if sufficient salt is present at the 
rebar, corrosion occurs. Even so, overlays can be used to 
extend the service life of decks. Since corrosion rates for 
bridges lA and lC (without latex) are higher than for bridges 
lB and lD (with latex), a longer service life can be expected 
for the LMC overlays. 

Shrinkage Cracks 

Of the 14 bridges studied , only bridges 8 and 9 exhibited many 
wide plastic shrinkage cracks. Many randomly oriented hair
line drying shrinkage cracks were observed in bridges 2 and 
4. It is believed that these cracks were caused by the absence 
of coarse aggregate in the overlays. A few cracks in some of 
the other bridges were probably caused by drying shrinkage, 
reflection from the base concrete, or deck movements under 
traffic, but no more were noted than are typical of most A4 
concrete bridge decks. These observations agree with data 
presented by Bishara showing that long-term shrinkage is about 
the same for LMC as for concrete without latex (10). 

Spalls and Patches 

The following bridges were delaminated, spalled, or patched 
(percentages are of the deck area evaluated): lA: 0.3 percent, 
lC: 0.6 percent, lD: 8.7 percent, 4: 2.6 percent, 8: 20.0 per
cent, 9: 0.5 percent, 12: 0.5 percent; 13: 0.1 percent. The 
other overlays had no spalls or patches. Because of the good 
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< 2 

FIGURE 11 Rate of corrosion ICORR reading distribution 
(ICORR = corrosion current in milliamps per square foot). 
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bond strength of the overlays, it is believed that the spalls 
were caused by localized construction problems such as in
correct placement and curing of the concrete or inadequate 
surface preparation and concrete removal. 

CONCLUSIONS 

1. The average permeability to chloride ions of a 1.25-in.
thick LMC overlay was 630 coulombs, which is 12 percent of 
the 5,274 coulombs found to be the average permeability of 
the class A4 base concrete on which the overlays were placed. 
Two-in.-thick overlays with and without latex had perme
abilities of 101 and 1,305 coulombs, respectively. 

2. The shear and tensile rupture strengths at the bond in
terface between the LMC overlay and the base concretes were 
typically as good or better than the shear and tensile strengths 
of the base concretes, and good bond has been achieved and 
maintained for 20 years. Although higher bond rupture strengths 
can be obtained with LMC than with concrete without latex, 
the higher strengths are not usually obtained because of the 
low strength of the scarified surface of the base concrete. 

3. LMC overlays have been placed over salt-contaminated 
concrete and steel exhibiting half-cell potentials more nega
tive than -0.35 V CSE, and the performance of these over
lays continues to be good for as long as 20 years. However, 
the rebar continues to corrode under the overlays, and in 
another 2 to 10 years spalling may occur on some bridges. 

4. The half-cell potential measurements and chloride con
tent determinations show that the LMC overlays are per
forming satisfactorily. The half-cell potentials and the chloride 
ion contents in the vicinity of the rebars have not changed 
significantly since the overlays were placed. However, the 
chloride ion contents in the overlays have increased . 

5. High-quality PCC overlays without latex showed greater 
negative increases in half-cell potentials, greater increases in 
chloride content, and a higher percentage of higher rates of 
corrosion than similar LMC overlays. 

6. LMC overlays placed on decks with less than 2.0 lb/yd3 

of chloride ion at the rebar can be expected to have a life of 
more than 20 years. 
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Design and Construction of Bonded Fiber 
Concrete Overlay of Continuously 
Reinforced Concrete Pavement 

WILLIAM H. TEMPLE, STEVEN L. CUMBAA, AND WILLIAM M. KING, JR. 

The purpose of this research was to study the design and con
struction of a bonded, steel-fiber-reinforced concrete overlay on 
an existing 8-in. continuously reinforced concrete pavement 
(CRCP) on Interstate 10 south of Baton Rouge, Lo·uisiana . The 
existing 16-yeac-old CRCP which i estimated to have carried 
twice it design load , contained everal edge punch-out failure 
per mile. The research objective were to provide an overlay with 
a high probability for long-term success by using a high-srrength 
concrete mix with internal reinforcement and good bonding char
acteristics. A 4-in. concrete overlay containing steel fibers was 
designed. An inverted U-shaped reinforcing bar was added at the 
edge of the pavement to provide positive edge bonding. hot 
bla t surface cleani11g of the existing tine surface ea ·ily met a 
specification requiring an avernge texture depth of0.045 in. Water
cement grout wa applied to the cleaned urface, producing bond 
strengths in excess of900 psi . The concrete overlay in combination 
with 9-in. tied concrete shoulders reduced edge deflections by 60 
percent under a 22,000-lb moving si.ngle axle load applied 2 ft 
from the edge. In general, the serviceability index o[ the pave
ment incTeased from 3.4 to 4.4, with measured profile index level 
typically below rhe 5-in.lmi specification. The bonded overlay has 
been in service since August 1990 and carrie ave rag daily traffic 
of 41 ,000 vehicles. Cores taken over transverse cracks in the 
overlay indicated reflection crack.ing from transverse crack in 
the original pavement. Anricipation of reflective crack ing was 
one consideration in using the steel fibers, which provide three
dimensional reinforcement. 

Continuously reinforced concrete pavement (CRCP) became 
a standard rigid pavement design for Louisiana's Interstate 
construction during the 1970s. A total of 127 centerline mi 
was constructed on three Interstate routes 8 in. thick with 
identical section design details. The cross-sectional area of 
the steel was 0.6 percent; river gravel was used as coarse 
aggregate. 

Performance of CRCP under heavy Interstate traffic varied, 
with several projects experiencing longitudinal cracking and 
multiple edge punch-out failures within only 5 years of service. 
Those pavements were typically reconstructed before they 
reached 10 years of age. Many of the remaining CRCP proj
ects, including the subject overlay project, began to develop 
failures within 10 years of service. Previous performance has 
shown that this mode of failure continues at an increasing 
rate if not arrested. 

In 1989 the Louisiana Department of Transportation and 
Development (LADOTD) selected a CRCP for overlay that 
contained several edge punch-out failures per mile and at-

Louisiana Transportation Research Center, P. 0. Box 94245, Baton 
Rouge, La . 70804-9245. 

tempted to arrest the failures by thickening the 8-in. slab to 
a thickness sufficient to carry continued Interstate loads. The 
project selected for bonded concrete overlay was a 16-year
old, 4-lane section of Interstate 10, located south of Baton 
Rouge. The design objectives were to provide an overlay with 
a high chance of long-term success by providing strong con
crete with internal reinforcement and excellent bond. 

EXISTING CRCP PROJECT 

The existing pavement consisted of 8 in. of CRCP constructed 
over a 4-in. asphaltic concrete base and lime-treated soil. The 
roadway contained 14-in.-thick asphaltic concrete shoulders 
with no provision for pavement drainage. The 1990 average 
daily traffic was 41,000 vehicles (22 percent being trucks), and 
the pavement has carried approximately twice the design load 
for an 8-in. CRCP since it was opened to traffic in 1974. 
Longitudinal cracking and edge failures were first observed 
in 1984, indicating that structural failures probably occurred 
near the time the pavement had carried its design load. Av
erage transverse crack spacing was estimated to be 4.5 ft. 
Before overlay the pavement contained two to three failures 
per mile and had an AASHTO serviceability index of 3.4. 

The location of this section of Interstate 10 is between 
Siegen Lane and LA 42 (Highland Road) in East Baton Rouge 
Parish. The total project length is 5.2 mi, with 2.2 mi of actual 
concrete overlay constructed. The remainder of the project 
consists of bridges, overpasses, and roadway transition sec
tions that were reconstructed of jointed plain concrete pave
ment up to 800 ft on each end of existing structures. 

OVERLAY AND SHOULDER THICKNESS DESIGN 

The total projected 18-kip load for a 20-year design resulted 
in an estimate of 39 million applications. Calculations using 
Louisiana's AASHTO design procedure indicated that a 
thickness of 12 in. was required to satisfy anticipated loads. 
On the basis of these calculations a decision was made to 
thicken the existing 8-in slab using 4-in. of bonded concrete. 

A 9-in.-thick tied concrete shoulder was designed for both 
the 10-ft outside and the 4-ft inside shoulders. The shoulders 
were designed to be tied to the original 8-in. pavement and 
to be jointed every 15 ft with 1 1/4-in. dowel bars spaced on 
24-in. centers. 
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CONCRETE MIX DESIGN 

Concrete mix design for the overlay included 85 lb/yd3 of 
deformed steel fibers conforming to ASTM A-820, Type I or 
Type II. The nominal length of the fiber was specified to be 
not less than 1 in. and not greater than 2 in. with an aspect 
ratio not less than 40 and not greater than 60. The fibers 
selected were 1-in. long with an aspect ratio of 42. A minimum 
of 7.5 sacks of cement per yd3 was required with a maximum 
water/cement ratio of 0.40. A slump of 1 to 2 112 in. was 
specified to be measured after adding the fibers. Both a water 
reducing set retarder and an air entraining agent were re
quired. The total air content was lowered to 3.5 percent ± 
0.5 percent (percent by v lume) from Loui ·iima's typical lip
form mix specification of 5 percent ± 2 percent to minimize 
the chance of upward swings in air content , which may affect 
bond strength (J). 

EDGE BONDING REINFORCEMENT 

An edge reinforcement technique similar to curb bars was 
included to discourage debonding along the slab edges, which 
may result from curling stresses in the concr te verlay. The 
techniqu u ·ed curb-type reinforcement bars epoxied into the 
existing slab surface 8 in . from each outside edge (Figures 1 
and 2) . The invert d U- haped bar were 4 ft long with a 2-
ft spacing along the lab edge . The plans called for the bars 
to coincide with the center of the 4-in . overlay and therefore 
to be raised 2 in. above the existing surface. This was con
sidered adequate clearance for concrete flow under the bar 
because the top size aggregate in the mix was limited to 1/2 
in . Internal vibrntors were required on each side of the edge 
bonding reinforcement to maximize consolidation in this area. 
Tran ver e constmction join t in the verlay were required 
to coincide with a reinforcement bar on each slab edge to pin 
the overlay to the original slab at these I cati ns. 

OVERLAY CONSTRUCTION 

All patching of CRCP was accomplished in accordance with 
standard LADOTD patching procedures where reinforce-

FIG UR• 1 Cle~ned surface with edge bonding 
reinforcement bars. 

FIGURE 2 Edge bonding reinforcement bar (number 5 bar, 
4-ft long, raised 2 in. above concrete). 
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ment is replaced in-kind with appropriate lapping of steel. 
The patches were cured a minimum of 7 days before surface 
preparation . 

An average texture depth of 0.045 in. was required follow
ing surface cleaning by roto-mill or shot blast. The contractor 
elected to use shot blast equipment with steel shot between 
0.0046 and 0.0055 in. in diameter. The overall mean average 
texture depth achieved using the sand patch test (LADOTD 
TR 617) was 0.060 in. with a standard deviation of 0.009 in. 

The specified minimum average texture depth was easily 
achievable on this project because the existing surface con
tained a transversely tined finish . 

A stiff slurry grout c nsisting of 7 gal of water to one bag 
of cement was prayed n the cleaned dry concrete surface 
just ahead of the paver. The 4-in.-thick steel-fiber-reinforced 
concrete overlay was then placed and finished with a slip-form 
paver using string line control. The concrete mix with its high 
cement factor provided adequate extra paste to coat the steel 
fibers, and the mix proved to be as constructible as normal 
slip-form paving concrete. Artificial turf drag was selected as 
the drag finish but was discontinued because of fibers catching 
on the material. Burlap drag was then substituted with no 
apparent problems, followed by transverse tinning on 1/2-in. 
centers. White pigmented curing compound was applied at 
one and a half times the normal application rate. Finally, the 
entire overlay paving was covered with a clear plastic mem
brane for a minimum of 72 hr. 

Project requirements limited the temperature of plastic con
crete to 90°F. This proved to be an occasional problem while 
the westbound roadway was being paved; however, measured 
concrete typically only exceeded the specification by several 
degrees. The contractor elected to pave the eastbound road
way during the evening to avoid upward temperature swings. 
Temperature restrictions on plastic concrete have subse
quently been revised to a maximum of 95°F for placement of 
concrete overlay mixes in Louisiana. 

OVERLAY BOND STRENGTH 

Two methods were used to determine overlay bond strength. 
One was the Iowa Department of Transportation shear collar 
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FIGURE 3 ACI pull test was one test used to 
measure overlay bond strength. 

method, in which the overlay is sheared at the bond interface 
using the collar device mounted in a laboratory compression 
tester (2) . The other method was an American Concrete In
stitute (ACI) procedure that subjects the specimen to a direct 
pull in an attempt to disband the overlay (Figures 3 and 4). 
The latter method is suitable for field evaluation because a 
core is drilled through the overlay and into the original pave
ment approximately 1 in. below the bond interface. Next, a 
threaded connection cap is epoxied to the top of the core and 
allowed to cure for several hours . Finally, the pull apparatus 
is screwed into the connection cap, and the force required to 
debond the specimen is recorded. Field tests using this pro
cedure were unsuccessful because all failures occurred either 
at the epoxy bond interface or at delaminations in the original 
pavement layers. An additional set of cores was taken to the 
laboratory to repeat this test so that the epoxy could be al
lowed additional time to cure . 
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FIGURE 4 Cores of bonded overlay pull tested in laboratory. 

Bond strength data are presented in Table 1 for both the 
shear collar and pull test procedures. The average bond strength 
measured with the shear collar was 943 psi, which significantly 
exceeds the 200 psi minimum traditionally specified. The av
erage pull strength was 128 psi , which exceeds the 100 psi 
minimum set forth by ACI for multicomponent epoxy ad
hesives used to bond fresh concrete to hardened concrete 
(ACI 503 .2-79) (3). 

SURFACE SMOOTHNESS AND RIDE QUALITY 

Quality control measurements were conducted daily using a 
profilograph to check the 5-in./mi specification requirement. 

TABLE 1 OVERLAY BOND STRENGTH FOR SHEAR COLLAR AND 
DIRECT PULL TESTS 

CORE SHEAR DIRECT LOCATION OF FAILURE IN DIRECT 
LOCATION COLLAR, PSI PULL, PSI PULL TEST 

1 906 86 Field • Failed at epoxy/overlay interface. 

2 832 91 Field · Failed at epoxy/overlay interface. 

3 836 Field · Core removed by Contractor. 

4 816 Field • Core damaged by vehicle. 

5 1290 118 Field • Failed at epoxy/overlay interface. 

6 736 6 Field • Failed in existing pavement. 

7 1129 36 Field • Failed at epoxy/overlay interface. 

8 1145 145 Field • Failed at epoxy/overlay interface. 

9 1107 91 Field • Failed at epoxy/overlay interface. 

IO 916 95 Field • Failed at epoxy/overlay interface. 

11 884 91 Field • Failed at epoxy/overlay interface. 

12 868 91 Field · Failed at epoxy/overlay interface. 

13 868 111 Lab · Failed at bond interface. 

14 1063 159 Lab · Failed at bond interface. 

15 1033 48 Lab · Failed in old concrete. 

16 664 115 Lab · Failed at bond interface. 

Average 943 128* 

*This average is based only on those test which failed at the bond interface. 
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TABLE 2 NONDESTRUCTIVE TESTING EDGE DEFLECTIONS 
UNDER A MOVING 22,000 lb LOAD 

AVERAGE EXPERIMENTAL RESULTS 

Stages Pavement Deflection Shoulder Deflection 

Pre-Construction 

Pre-Overlay Shoulder milled 
S in., etc. 

After Concrete Overlay 

Post-Construction 
With Tied Shoulders 

On one occasion the profilograph trace indicated that the 
paving of an entire day was significantly out of tolerance, 
resulting in a profile index of 12-in./mi. A thorough exami
nation of the paving equipment resulted in the discovery of 
an equipment sensor that was malfunctioning. After replace
ment of the sensor the profile index returned to the 5-in./mi 
level on subsequent paving lots. It is important to note that 
without daily quality control testing with the profilograph the 
paving equipment problem would have gone u.ndetected dur
ing construction. The overall ride quality of the pavement 
increased from an AASHTO serviceability index of 3.4 to 4.4 
after placement of the concrete overlay. 

DEFLECTION TESTING 

An indication of the reduction in edge deflection attributable 
to the fiber concrete overlay and to the tied concrete shoulder 
was provided by measuring deflections induced by a slowly 
moving 22,000-lb single axle load. The load was applied 2 ft 
from the outside pavement edge while the time-deflection 
profile was measured with transducers and an oscilloscope 
recording system. Placement of concrete overlay resulted in 
a reduction in edge deflection of approximately 50 percent. 
The 9-in. tied concrete shoulder reduced the deflection an
other 10 percent for a total reduction of 60 percent, as cal
culated from the data presented in Table 2. 

OVERLAY CRACKING 

A survey of transverse cracks before overlay indicated that 
the CRCP contained an average crack spacing of approxi
mately 4.5 ft. Expectation of reflective cracking through the 
overlay was a major consideration in using steel fibers because 
they have the potential of providing three-dimensional rein
forcement throughout the overlay. The first indications of 
reflective cracking became apparent 3 months after the ov
erlay was completed. After 1 year of service, some areas of 
the overlay were found in which only 30 percent of the cracks 
reflected through and others in which essentially 100 percent 
of the cracks reflected through. In all locations surveyed the 
reflection cracks are tight and are not expected to present a 
problem in overlay performance . 

0.0062 in. 0.0048 in. 

0.0069 in. 0.0060 in. 

0.0033 in. 0.0038 in. 

0.0025 in. 0.0019 in. 

PROJECT COSTS 

The total cost for the 5.2-mi project was $5,618,356, of which 
$1,033,768, or $16.85/yd2 , was for the 2.2-mi-long bonded 
concrete overlay and $61,242, or $1.00/yd2, was for surface 
preparation. Major item costs in addition to the overlay costs 
required to complete the project included removal and re
placement of pavement for transitions at bridges, portland 
cement concrete shoulder construction, signs and barricades, 
temporary pavement markings, temporary detour roads, mo
bilization , and precast barriers . 

CONCLUSIONS 

1. A 4-in. fiber concrete overlay was successfully bonded 
to a 16-year-old CRCP that had carried twice its design load. 
The overlay was constructed in an attempt to arrest progres
sive development of edge failures and to provide slab thick
ness designed for 20 years of Interstate highway loading. 

2. Design variables included to increase the probability of 
long-term performance include the following: (a) concrete 
reinforced with steel fibers and a high cement factor, (b) a 
clean, textured bonding surface, (c) edge bond reinforcement 
that pinned the overlay along slab edges, and (d) full-width 
tied concrete shoulders. 

3. After 1 year of service varying degrees of transverse 
cracks have reflected through the bonded overlay; however, 
the cracks were anticipated and are held tight by the steel 
fiber reinforcement. 

4. A combination of water-cement grout and a clean, tex
tured surface provided excellent bond between fresh and 
hardened concrete as indicated in the results of the Iowa shear 
collar test. 
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Abridgment 

Constitutive Relations and Failure 
Model for Plain Concrete and 
Steel-Fiber-Reinforced Concrete 

M. REZA SALAMI 

A constitutive model based on the theory of plasticity is proposed 
and utilized to characterize the stress-deformation behavior of 
plain concrete and steel-fiber-reinforced concrete. It nil ws for 
factors uch as stress hardenings, volume changes , stress paths, 
cohesive and tensile strengths, and variation of yield behavior 
with mean pressure. It is applied lo characterize behavior of plain 
concrete and steel-fiber-reinforced concrete. The constants for 
the model are determined from a series of available laboratory 
tests conducted under different initial confinements and stress 
palh obtained by using multiax ial and cylindrical triaxial tc ting 
devices. The model is verified with respect to ob erved lab rat ry 
responses . Overall , the propo ed model is found suitable to char· 
acterize the behavior f plaiu concrete and teel-fiber-reinforced 
concrete. 

Characterization of the stress-deformation behavior of con
crete has long been a subject of active research. Linear elastic, 
nonlinear (piecewise linear) elastic, elastic-plastic, and en
dochronic models have been proposed and used by various 
investigators, and the literature on the subject is extensive. 
An excellent review of various models together with their 
implementation in numerical (finite element) procedures is 
presented by the subcommittee on the subject chaired by 
Chen et al. (J) This paper presents a general model to char
acterize ultimate (and failure) and hardening (softening) re
sponse in the context of the theory of plasticity. 

PROPOSED MODEL 

One of the functions used to define yield function in the 
context of incremental plasticity (2,3) is given by 

(1) 

where l w is the second invariant of the deviatoric stress ten
sor, and a, 13, 'Y, and k are response functions. For the be
havior of plain concrete and steel fiber concrete, a, 'Y, and k 
are associated with the ultimate surface, whereas 13 is adopted 
as the growth function (hardening). Figures la and lb show 
plots of Fin the (Jw) 112 Jl and triaxial planes for plain con
crete, respectively. 

Department of Civil Engineering, North Carolina A. & T. State 
University, Greensboro, N.C. 27411 . 

To include the cohesion and the tensile strength in the 
ultimate criterion , a translation of the principal stress space 
along the hydrostatic axis is performed. A new yield function 
becomes 

For material at ultimate, Equation 2 becomes 

)0 

8 

J 

CTC 

l.O psi = 6.89 kPa 

o. so 0.75 

Strain, EJ = ez, (%) 

FIGURE 1 Observed ultimate 
surfaces: a, in (]20) 112 - } 1 and 
b, in triaxial plane for plain 
concrete; c, comparison of stress
strain responses of triaxial 
extension test for plain concrete. 

(2) 

(3) 
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where 

(4a) 

(4b) 

(4c) 

The resulting normal ultimate stresses ai1 , aj2 , and a;3 in 
equations 4a-c are then expressed as 

ai1 <111 +R (Sa) 

ai2 <T22 +R (Sb) 

a ;3 <T33 + R (Sc) 

and 

R= apa (6) 

where a = dimensionless number and Pa = atmospheric pres
sure. For cohesionless geological materials, R = 0, and the 
resulting ultimate function in Equation 2 reduces to Equation 
1. If the uniaxial tensile strength (Ji) is not determined ex
perimentally, Salami (3) and Lade (4) give an approximate 
formula relating f, to the unconfined compression strength 
<fcu) through the following power function as 

where 

m and n 
f, = 

fcu 
Pa = 

dimensionless numbers, 
uniaxial tensile strength, 
unconfined compression strength, and 
atmospheric pressure. 

(7) 

For concrete materials, m = 0.62 and n = 0.68. Once f, is 
known, the value of R can be estimated. With the estimated 
value of R, the resulting stresses in equations 5a-c are cal
culated and then substituted into the expressions of the stress 
invariants given by equations 4a-c. The parameters a and g 
for the ultimate surface are determined by substituting ulti
mate stresses for various stress paths in equations 4a-c and 
then substituting them in Equation 3. Hence, a set of simul
taneous equations that can be solved is obtained. 

Growth Function, fl 

To define hardening and softening, the growth function is 
expressed as 

~a J (8) 
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where 

~u = 3u, 
~. and 11 1 = constants determined from hydrostatic com

pression tests, 
~b and 11 1 = constants determined from shear or coupled 

(shear and volumetric) tests, 
i = elastic limit (for material showing plastic 

yielding from the beginning of loading i = 0), 
~ = trajectory of plastic strains 
~ = f( de1jdEfj) 112 (9) 

rv = the ratio of trajectory of deviatoric plastic 
strains 

~v = f(dEfjdEfj) 112 to~' and 
Efj = deviatoric plastic strain tensor. 

Elastic Constants 

The value of Eis found as (average) slope of the unloading
reloading portion of the stress-strain curves; often the curves 
for the conventional triaxial compression (CTC) path are used 
for this purpose. The value of Poisson's ratio can be found 
from the measurements of the principal strains, e1, e2 , 

and e3 • 

APPLICATIONS 

The behavior of both plain and steel-fiber-reinforced concrete 
is verified by using the proposed model. For plain concrete, 
the entire hardening and ultimate responses are modeled, 
whereas for steel-fiber-reinforced concrete only the ultimate 
(failure) behavior is considered. Comprehensive laboratory 
tests under various stress paths (Figure 2) using the multiaxial 
testing device (3) reported by Scavuzzo et al. (5) and Egging 
( 6) are used. 

The constants for the two materials were obtained by using 
the foregoing procedures. Their values are presented in Tables 
1 and 2. 

VERIFICATION 

The proposed model was verified by predicting laboratory 
test results under different stress paths. The incremental con
stitutive equations were integrated along a given stress path, 
starting from a given initial (hydrostatic) condition: 

{da} = [ cep]{de} = ([ C•] - [OJ) {de} (10) 

where {da} and {de} are vectors of incremental stresses and 
strain, respectively, and [ C•P] is an elastic-plastic constitutive 
matrix with [ C•] as its elastic part and [ cP] as its plastic part. 
The latter was derived by using the theory of plasticity with 
Fin Equation 2 as the yield function with the normality rule 

(11) 

and the consistency condition dF = O; here A. is a scalar 
proportionality parameter. Note that the matrix [C•P] is ex-
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FIGURE 2 Commonly used stress paths in a, three
dimensional stress space and octahedral plane; b, triaxial 
plane; c, circular stress path with principal stress 
relations given (1.0 psi = 6.89 kPa) (compression stresses 
positive). 

TABLE 1 MATERIAL CONST ANTS FOR PLAIN 
CONCRETE FROM DIFFERENT STRESS PATH TESTS 

F.nglilh Uni11 SIUnill 

K 2000bi 13790MPa 

Elulic G ISOObi 10343MP1 

Cons1.u111 B 3600bi 24822MPa 

v 0.2 0.2 

Constanll for a 0.184 0.184 

Ullimale 'Y 0.28 bi 1.931 MP1 

Yield mo &=3R l.070bi 7.378 MP1 

Conatana fl. 4.96wo-3 4.96h10-3 

for Tl! 4.92lx!O-l 4.921xl0-1 

Hardening fib 6.2422x 10-l 6.2422x!0-1 

T12 1.932xlO-l L93lx.I0-1 

1.0 pai = 6.89 kPa 

TABLE 2 ULTIMATE MATERIAL CONSTANTS FOR 
STEEL-FIBER-REINFORCED CONCRETE FROM 
DIFFERENT STRESS PA\TH TESTS 

Bnglilh Uni11 S!Unill 

C01111ant1 for a 0.2215 0.2215 

Ullimale y 0.139bi 0.95TIMPa 

Y-iolclinji flui,=3a 0.6645 0.66'Cl 

~=3R 1.743 bi l2lll MP• 

1.0 pai = 6.89 kPa 

(b) 

(c) 

TC 

Predieced Ul!imace 
Envelopes 

:1 Observed 
Planes 

Hydrostatic Axis 

cr0 = 8 ksi / 
_. /' 

,.,~"" 

)- . 

1 2 • 2 0 

V2 crx = ..J2 cry. (ksi) 

Predicced Ul1ima1e 
Envelopes cr1 

SS (0 = 30°) 
TC (0 = (fJ0

) 

8 

't0, (ksi) 

FIGURE 3 Ultimate date and predicted ultimate 
envelopes (1.0 psi = 6.89 kPa): a, in (120) "

2 
- 11 plane 

for steel-fiber-reinforced concrete; b, in triaxial plane 
for steel-fiber-reinforced concrete; c, in octahedral 
plane for steel-fiber-reinforced concrete. 
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pressed in terms of stress, stress increments, and the material 
constants (Tables 1 and 2). 

The predicted responses for plain concrete and steel-fiber
reinforced concrete were compared with typical observed 
curves. Figures la and b show the ultimate envelopes in 
[J1 - (120 )

112
] and triaxial planes for plain concrete. Figure 

le shows comparisons between predictions and observations 
(plain concrete) for the triaxial extension (TE, u 0 = 6 ksi) 
test. Also, Figures 3a-c show comparisons between predic
tions and observations of steel-fiber-reinforced concrete for 
envelopes in the (11 - (120)

112
], triaxial and octahedral planes , 

respectively. 
These results indicate that the model can predict the stress

strain and the volumetric behavior satisfactorily. In this study, 
unloading and reloading were assumed to be elastic and linear 
as defined by the elastic constant (£, v). 

CONCLUSION 

A general, yet simplified, model is proposed and used to 
model behavior of geological and engineering materials such 
as concrete, rocks, and soils as affected by complex factors 
such as state of stress, stress path, and volume change. It 
allows for continuously yielding and stress hardening, ultimate 
yield and cohesive and tensile strength components. A series 
of multiaxial laboratory tests conducted under various stress 
paths and initial multiaxial laboratory tests conducted under 
various stress paths and initial confinements was performed. 
The test results were used to derive material constants. The 
model was verified with respect to laboratory test data used 
for finding the constants and a complex circular stress path 
test not used for finding the constants. The model was found 
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to provide satisfactory predictions for the observed behavior 
of the plain concrete and steel-fiber-reinforced concrete. 
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Effects of Aggregate, Water/Cement 
Ratio, and Curing on the Coefficient of 
Linear Thermal Expansion of Concrete 

GABRIEL D. ALUNGBE, MANG TIA, AND DAVID G. BLOOMQUIST 

A study to determine the coefficient of linear thermal expansion 
of concrete was conducted using concrete mixtures prepared with 
three types of coarse aggregates: porous limestone, dense lime
stone, and river gravel. A Type II portland cement was used at 
contents of 508, 564, and 752 lb/yd3 and water/cement ratios of 
0.53, 0.45, and 0.33, respectively. The concrete specimens were 
moist-cured and tested at 28 and 90 days. The concrete made 
with the porous limestone had the lowest coefficient of linear 
thermal expansion (5.42-5.80 x 10-6 in. 2/°F), whereas the con
crete made with river gravel had the highest (6.49 - 7.63 x 10·6 

in. 2/°F). The concrete made with dense limestone had an inter
mediate coefficient (5.82 -6.14 x 10-6 in. 2/°F). The water
saturated concrete specimens had a lower coefficient of linear 
thermal expansion than the oven-dried specimens. The coefficient 
of oven-dried concrete decreased with moist-curing time. No sig
nificant difference between the 28-day and 90-day moist-curing 
was observed in the water-saturated concrete specimens. 

The coefficient of linear thermal expansion of concrete is 
listed in the literature as varying from 4 to 8 millionths/°F (7 .2 
to 14.4 millionths/0 C). Data on Florida concretes, which are 
made of predominately porous limestone, are lacking. In ab
sence of actual data, a value of 6 millionths/°F is usually as
sumed. This could result in an error of 30 percent in the 
coefficient of linear thermal expansion and errors of more 
than 100 percent in the computed maximum thermal-load
induced stresses in concrete pavements. In view of the afore
mentioned reasons, the research reported here was started to 
obtain the needed data to be used in modeling and analysis 
of concrete pavement response and performance. 

The coefficient of linear thermal expansion of concrete has 
been reported to be affected primarily by factors such as type 
and amount of aggregate and moisture content, as well as by 
the type and amount of cement and concrete age (J-3). How
ever, the effect of the moisture content on the coefficient of 
linear thermal expansion applies only to the paste component 
as reported by one researcher ( 4,5). The variation of the 
coefficient of linear thermal expansion of cement paste is 
much greater than that of concrete (6). Orchard (7) pointed 
out that the coefficient of linear thermal expansion is not 
affected by drying wet-cured concrete specimens. Meyers (8) 
observed that the coefficient of linear thermal expansion in
creases with an increase in the cement content of the concrete 

G. D. Alungbe, Department of Engineering Technology, Central 
Connecticut State University, New Britain, Conn. 06050. M. Tia and 
D. G. Bloomquist, Department of Civil Engineering, University of 
Florida, Gainesville, Fla. 32611. 

mix and that the coefficient is dependent on the quantity of 
tricalcium silicate in the cement. He reported that cement 
with low tricalcium silicate had a low volume change with 
temperature variation. The type of cement does not greatly 
affect the coefficient of linear thermal expansion of concrete 
(7,8). Orchard (7) reported that the time of wet-curing (i.e., 
in water) has little effect on the coefficient of linear thermal 
expansion, whereas the time of dry-curing (i.e., in air) has 
little effect up to 3 months and tends to reduce the coefficient 
slightly between 3 months and 1 year. 

MATERIALS 

The following materials and variables were used to prepare 
the concrete specimens for the study: 

1. Three types of aggregates were used: a porous limestone 
(Florida Brooksville aggregate), a river gravel, and a dense 
limestone (Alabama aggregate). The aggregates had a max
imum size of % in. because of the small size of the concrete 
test specimens. Although a maximum size of% in. might also 
have been used, the% in. size was used to minimize the effects 
of specimen size and facilitate consolidation of the fresh con
crete in the specimen molds. The physical properties of the 
aggregates are presented in Table 1. The fine aggregate used 
for all mixtures was a fine sand from Goldhead, Florida. The 
physical properties for the sand are as follows: bulk specific 
gravity = 2.50, absorption = 0.65 percent, and fineness mod
ulus = 2.23. 

2. The cement used was a Type II portland cement. The 
results of the physical and chemical analyses on the cement 
follow. Cement contents of 508, 564, and 752 lb/yd3 were used. 

TABLE 1 PHYSICAL PROPERTIES OF COARSE 
AGGREGATES 

Coarse Aggregates 

Porous Dense 
Property Limestone Limestone 

Bulk specific gravity 2.50 2.70 
(SSD) 

Absorption (%) 2.95 0.5 
Unit weight (lb/ft') 92.0 96.82 

River 
Gravel 

2.59 

1.46 
100.38 
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The results of the physical tests are as follows: 

•Fineness (Blaine air permeability test): 3,970 cm2/g; 
•Soundness (autoclave expansion): - 0.01 percent; 
•Time of setting (Gilmore): 2 hr, 45 min (initial); 4 hr , 25 

min (final); 
• Compressive strength: 1,990 psi (1 day), 3,040 psi (3 days), 

and 4,190 psi (7 days); and 
•Air entrainment: 9.1 percent . 

The results of the chemical analyses (in percentages) are as 
follows: 

•Silicon Dioxide (S;02): 21.6, 
•Aluminum Oxide (Al20 3): 4.5, 
•Ferric Oxide (Fe20 3): 4.1, 
•Magnesium Oxide (MgO): 0.6, 
• Sulfur Trioxide (S03): 2.9, 
•Loss on Ignition: 0.9, 
•Insoluble Residue: 0.17, 
•Alkalis (percent Na20 + 0.658K20): 0.36, 
• Tricalcium Silicate: 54, 
• Dicalcium Silicate: 21, 
• Tricalcium Aluminate: 4.8, and 
• Tetracalcium Alumina Ferrite: 12.6. 

3. The water/cement (w/c) ratios were 0.33, 0.45, and 0.53. 
4. The curing durations were 28 days and 3 months. 
5. An admixture, Mighty RDl, was used to adjust the slump 

of the fresh concrete to a target slump of 3 in. This admixture 
meets all the requirements of ASTM C494 Type G and Type 
D and is classified as a water-reducer and retarder. A Darex 
air-entraining admixture was used. It was assumed that the 
small variation of admixtures used did not have any significant 
effects on the test results. 

6. A Sikadur 32, Hi-Mod, 2-component (A and B), solvent
free moisture-insensitive structural epoxy adhesive was used 
to secure contact points to the concrete specimens used to 
determine the coefficient of thermal expansion. 

EQUIPMENT 

A length comparator, a water tank, and a forced draft oven 
were used to conduct the study on the coefficient of linear 
thermal expansion of concrete. 

Length Comparator 

The length comparator (shown in Figure 1) consists of a sen
sitive dial micrometer mounted on a sturdy upright support 
that is attached to a solid triangular base. The dial micrometer 
is graduated to read to 0.0001 in. The range of the scale is 
0.4000 in. The dial has one large and two small count hands 
with needle pointers. The scale may be rotated to zero at any 
indication of the large needle pointer, at which point it can 
then be locked by a set screw. The two smaller count hands 
with needle pointers on the face of the la.rge dial show the 
number of revolutions of the larger pointer . One of the count 
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FIGURE 1 Length comparator. 

hands shows the reading in 0.010 in ., and the other hand 
shows it in 0.100-in. intervals. 

Two anvils are fitted with collars and shaped to meet the 
measuring studs cast into the ends of the test concrete bars . 
As supplied by the manufacturer, one of the anvils is movable, 
whereas the other is stationary. The movable anvil is attached 
to the end of the indicator spindle; the stationary one is at
tached to the base with a threaded fastener through the base 
and a hex lock nut. The threaded fastener could be modified 
to facilitate adjustment to various heights to accommodate 
short specimens. 

Water Tank 

A water tank was constructed and used to saturate and con
dition the concrete specimens to the specified test tempera
tures . The rectangular water tank is 4 ft long x 2 ft wide x 
1 ft high (see Figure 2). It wa fabricat ed in tbe laboratory 
from 0.125-in .-thick tee!. The tank wa fitted with a heatiJ1g 
element thermometer thermo ra t and pump . Two mall hol
low rectangular pieces of rods were glued to the bottom of 
the tank for the specimens to be placed on. This helps to 
circulate the heated water to all surfaces of the specimens. 
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FIGURE 2 Water tank. 

Forced Draft Oven 

A standard laboratory oven with approximately 2 ft 3 capacity 
was modified in the laboratory to enable flow of warm air 
through the oven. The modification was performed by pro
viding a large inlet port on one side of the oven and a small 
exit port on the top. A flexible aluminum duct was used to 
connect the two ports. A 375-cfm air booster was installed 
over the inlet port on the outside of the oven and connected 
to the duct line (see Figure 3). A thermostat and sensor were 
also installed to control the temperature of the oven. A small 
hole was made on the side of the oven so that a thermometer 
could be inserted to check the temperature inside the oven. 

Specimen Molds 

A one-compartment mold with inside dimensions of 3 in. x 
11.25 in . was used to cast the test specimens. A total of ten 
molds were used per batch. The thickness of the steel mold 
is 0.5 in. (see Figure 4). Two 0.375-in.-thick, 3-in . square steel 
plates with a hole at the center were used to hold the contact 
points in place. After the concrete had set, the two steel plates 
were removed, leaving the two contact points embedded in 
the concrete specimen. 

TRANSPORTATION RESEARCH RECORD 1335 

FIGURE 3 Forced draft oven. 

TEST SPECIMENS 

The test specimens measured 3 in. wide x 3 in. thick x 11.25 
in. long. The specimens were obtained from concrete batches. 
Each batch varied in w/c ratio , type of coarse aggregate used, 
and cement content . Thermocouples were embedded in a 

FIGURE 4 Specimen mold. 
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FIGURE 5 Concrete specimen with embedded thermocouples. 

portion of the concrete specimens to check the temperatures 
in the specimen at various stages of the tests. Figure 5 is a 
photograph of a concrete specimen with embedded thermo
couples. 

EXPERIMENT DESIGN 

A summary of the mix combinations is presented in Table 2. 
To ensure effective study of the effects of the mix parameters 
on the coefficient of linear thermal expansion of concrete, a 
factorial experiment was used. A complete factorial design 
facilitates statistical analyses and interpretation of the test 
results. The main factors and their levels under study are as 
follows: 

• Factor A: Aggregate type: 
-Level 1. Porous limestone, 
-Level 2. River gravel, and 
-Level 3. Dense limestone; 

TABLE 2 DESIGN FOR TEST ON EFFECTS OF 
AGGREGATE TYPE, w/c RATIO AT VARIABLE CEMENT 
CONTENT, AND CURING DURATION 

W/C • 0.53 

Aggregate (1) 
508 1 b/cy 

121 28-day 90-day 

Porous 
x x 

L imastone 

River Gravel x x 

Dense Limestone x x 

X • Two replicate batches per cell . 

!!ill: 

!l> Cement content 

m Curing Du rat i ans 

W/C • 0.45 W/C • 0.33 

564 1 b/cy 752 l b/cy 

28-day 90-day 28-day 90-day 

x x x x 

x x x x 

x x x x 
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•Factor D: Curing duration: 
-Level 1. 28-day and 
-Level 2. 90-day; and 

•Factor E: Water-Cement ratio: 
-Level 1. 0.53, 
-Level 2. 0.45, and 
-Level 3. 0.33. 

The following linear model was used to analyze the full 
factorial experiment: 

where 

+ D1 + (AD)u + (ED)p + (AED);p 

+ (BD)wlkl + e(ijkl)m i = 1,2,3; 

j = 1,2,3; k = 1,2; 1 = 1,2; m = 1,2,3 

(1) 

Y;Jklm response variable of the mth specimen of the 
/th level of curing duration, kth batch, jth level 
of w/c ratio, and ith level of aggregate type; 

µ, = overall mean; 
A; = effect of the ith level of aggregate type; 
E; = effect of the jth level of w/c ratio; 

(AE);; = effect of the interaction of the ith aggregate 
type and the jth w/c ratio; 

Bwlk = effect of the kth batch nested under the ith 
aggregate type and jth w/c ratio; 

o(ifkl = restriction error caused by subjecting samples 
from the same batch to different curing con
ditions; 

D1 = effect of the /th curing duration; 
(AD);1 = effect of the interaction of the ith aggregate 

type with the /th curing duration; 
(ED)11 = effect of the interaction of the jth w/c ratio with 

the /th curing duration; 
(AED);;i = effect of the interaction of the /th curing du

ration, jth w/c ratio, and ith aggregate type; 
(BD)u;)kl = effect of the interaction of the /th curing du

ration with the kth batch; and 
e(iikl)m = effect of the mth random error within the /th 

curing duration, kth batch, jth w/c ratio, and 
ith aggregate type. 

TEST PROCEDURE 

Measurement of Length Change 

Before length changes of the specimens were measured, a 
high and low reading for the standard Invar reference bar was 
obtained. Another high and low reference bar reading was 
taken at the conclusion of the measurements. This was done 
because the room temperature might not be constant at the 
location of the apparatus, and the reading was used to adjust 
the change in length of the reference bar. The following for
mula was used to correct length readings of the reference bar, 
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if necessary, taken at temperatures other than the standard 
temperature: 

Lstct temp , = Lx - (Tx - Std. temp.) G ex 

where 

Lstd. temp. = corrected length reading of the reference bar, 
Lx length reading of the reference bar taken at 

temperature Tx, 
Tx temperature of the room when length readings 

were taken, 
G = gauge length, and 
ex = coefficient of linear thermal expansion of the 

reference bar material. 

The coefficient of linear thermal expansion of Invar is 1.6 
x 1Q - 6 !°F (0.9 x 10 - 6/0 C). The correction factor for a 5°F 
(2.8°C) variation in temperature for the Invar bar is 0.000093. 

A few trial runs with specimen embedded with thermocou
ples confirmed that the desired temperature can be attained 
within 3 hr of conditioning. However, readings were taken 
after at least 6 hr of conditioning. 

A preliminary study was conducted to determine the reli
ability of the length comparator. First the variability f th 
length readings from cycle to cycle wa determined for the 
various temperatures. Then the number of ycles of readings 
was determined based on the variability of the data. It was 
observed that the variability of readings from cycle to cycle 
is higher when readings are taken at 140°F. For all conditions, 
the standard deviations are equal to or less than 0.0001 in., 
which is the sensitivity of the length comparator. This indi
cates that the method used for the measurement of the length 
is reliable and its precision is limited only by the precision of 
the length comparator. Although it could have been ufficient 
to use only one cycle of measurement, two cycles were used 
so that the mean length measurement would be more reliable 
and the variability of the readings could be checked. The 
standard deviations of the means were much less than 
0.0001 in. 

A conditioned specimen was brought to the instrument with 
the dial indicator retracted. It was carefully positioned in the 
lower anvil, and the indicator was released slowly and care
fully to make contact with the upper anvil. The specimen was 
then rotated slowly while measurement of the length on each 
of the four sides was read aloud by one person and recorded 
by another or by cassette recorder. Four readings were made 
per cycle. A st:1.:und per on or cassette recorder was used to 
minimize the time the conditioned specimen was exposed to 
ambient conditions. The direction of the rotation of the spec
imen in the length comparator for Cycle 1 was opposite of 
that used for Cycle 2. Opposite directions were used to reduce 
the effects of the direction of rotation on the results. The 
specimens were placed in the length comparator with the same 
end p inted up each time a length mea urement was made. 
The mean of the eight readings (four per cycle) was used as 
the length reading for the specimen at a given temperature. 

Calculation of Coefficient of Linear Thermal 
Expansion 

The coefficient of linear thermal expansion of each of the 
samples was computed from the following equation: 
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tlLIL 
(2) 

where 

ex = coefficient of linear thermal expansion of test spec
imen per degrees Celsius or Fahrenheit, 

tlL = change in length of the specimen from temperature 
Ti to Ti, 

L = original length of test specimen in inches or centi
meters, 

Ti = original temperature of test specimen in degrees Cel
sius or Fahrenheit, and 

Ti = final temperature of test specimen in Celsius or Fahr
enheit. 

STATISTICAL METHODS OF ANALYSES 

Analysis of Variance 

The response variables were analyzed by a statistical method 
called analysis of variance (ANOVA). The SAS/STAT soft
ware developed by the SAS Institute, Inc., was used to per
form the analyses. PROC ANOV A procedure was used. The 
expected mean squares presented in Table 3 enabled the con
struction of appropriate test statistics. In ANOV A, a P-value 
indicates the probability of error of the statement that a factor 
has a significant effect on the measured parameter. A lower 
P-value for a factor means that such factor has a higher level 
of significance. A probability of error (ex) level of 0.05 was 
used. A factor is considered to be significant if the P-value 
of the factor is equal to or less than 0.05. It should be noted 
that a statistical significance may not necessarily mean a prac
tical significance or importance and vice versa. 

Before the analysis of variance, the data were screened 
visually by scanning and printing of the high and low values 
of the data. The purpose was to locate and remove outliers. 
The presence of outliers causes the data to depart from the 
basic assumptions of ANOV A, which are normal distribution, 
equal variances, and independent random samples. Outliers 
were removed before statistical analyses were performed. An 
assumption of independence among observations was satisfied 
because measurements were taken in a random order. 

The Burr-Foster Q-test was used to check the assumption 
of homogeneity of variance, which is required in the ANO VA 
technique. The results of the Burr-Foster Q-test indicated no 
deviations from the assumptions . 

Duncan's Multiple Range Test 

The rejection of the null hypothesis after running ANOV A 
only shows that at least one pair of group means are unequal. 
In order to determine specifically which pair or pairs of means 
are unequal, multiple comparison of means was performed 
using Duncan's test at a significance level of 0.05. 

RESULTS OF COEFFICIENT OF LINEAR 
THERMAL EXPANSION TEST 

The mean results of the coefficient of linear expansion test 
on the test specimens are presented in Table 4. In water-



TABLE 3 EXPECTED MEAN SQUARE ALGORITHM FOR ANOVA MODEL 

No. of levels 3 3 2 2 3 

Type of Treatment• F F R F R Expected Mean Square 

Subscript i j k 1 m 
(EMS) 

Source 

0 3 2 2 3 c/ + 60/ + 6oa2 + 360,. 
2 

A, 

E, 3 0 2 2 3 a/+ 6a/ + 608
2 + 36or; ' 

(AE) IJ 0 0 2 2 3 a/ + 60/ + 6oa2 + 12oA£ 

BuJlk 1 1 1 2 3 a/ + 60/ + 6aa
2 

1 1 1 2 3 a,2 + 60,s ' 6 hJ.U 

Di 3 3 2 0 3 ot2 + 3oeo
2 + 5400 

2 

(AD) u 0 3 2 0 3 a,
2 + 3osn2 + lSoAD 

(ED)H 3 0 2 0 3 o/ + 3aso
2 + lBoEe ' 

(AEDliH 0 0 2 0 3 o/ + 3aeo 
2 + 6oA£

2
o 

(BD)"' " 1 1 1 1 0 3 a/ + 3oso
2 

1 1 I 1 I > 
E (ljU )., a, 

• F = Fixed R = Random 
NOTE: See Equation 1 for model. 

TABLE 4 MEAN, STANDARD ERROR OF THE MEAN, AND 95 PERCENT 
CONFIDENCE INTERVAL OF COEFFICIENT OF THERMAL LINEAR EXPANSION 
RESULTS 

2 

Condition 
Moist -Curing 

Duration• 
Standard Error 

of Me an (x10·•; °F) 
95% Confide nee 

Interval (x10· •; °F) 

(a) Porous Limestone 

Water-Saturated 28- and 90-day 5.42 0. 04396 5 . 33 , 5 . 51 

28-day 5 . 57 0 . 08999 5 .39 , 5 . 75 

Ove n-Dri ed 90 -day 5 .80 0 . 07389 5 . 66 , 5 . 94 

28- and 90-day 5 . 68 0. 05983 5 . 56, 5.80 

Water- Sat ura ted 
28 -day 5. 52 0. 05749 5.41, 5 . 63 

90 - day 5. 59 0 . 05258 5 . 49, 5. 69 
and Oven -Dried 

28- and 90-day 5. 55 0 . 03888 5 . 47 ' 5. 63 

(b) Dense Limestone 

Water-Saturated 28- and 90-day 5 . 83 0 . 06828 5. 70, 5 . 96 

28-day 6.14 0. 07403 5 . 99, 6. 29 

Oven-Dried 90 -day 5 .83 0 . 10384 5 . 63 , 6 . 03 

28 - and 90- day 5. 99 0. 06793 5.86, 6.12 

Wa t er-S aturated 
28 -day 6. 00 0 . 06257 5 .88, 6 . 12 

90 -day 5.82 0 . 07198 5.68, 5. 96 
and Oven -Dried 

28- and 90-day 5. 91 0 . 04873 5 .81 , 6 . 01 

(c) River Gravel 

Water-Saturated 28- and 90-day 6 . 49 0. 06904 6 . 35 , 6 . 63 

28 -day 7 .63 0. 07606 7 .48, 7. 78 

Oven-Dried 90 - day 6 . 77 0 . 12958 6 . 52 , 7 .02 

28- and 90-day 7. 20 0.10389 7.00, 7 .40 

28-day 7 . 12 0 . 11056 6. 90 , 7.34 
Water-Satu r ated 

90 - day 6. 58 0. 08293 6 . 42' 6. 74 
and Oven - Ori ed 

28- and 90-day 6.85 0.07547 6 . 70, 7.00 

•Moist-curing duration for water-saturated condition is not significant. 



50 

saturated concrete, the curing duration was found to be in
significant by Duncan's Multiple Range Test. Therefore, the 
results from the two curing durations were combined. 

STATISTICAL ANALYSES RESULTS 

A Student's t-test analysis on the means of the coefficient of 
linear thermal expansion of water-saturated and oven-dried 
conditions showed that there is a difference between them. 
Hence, they were analyzed separately. The ANOVA results 
for water-saturated specimens are presented in Table 5. The 
results show that only the effect of aggregate type is signifi
cant. The results of the Duncan's test performed on the ag
gregate type al 5 percent alpha level show that the three 
aggregates are ignificantly different from one another (Table 
6). River gravel produces the highe ·t coefficient of linear 
thermal expansion (6.49- 7.63 x 10- /"F) followed by den e 
limestone (5.82-6.14 x 10- 61°F) and porous limestone (5.42-
5.80 x 10- 6/F). 

The results of ANOV A performed on data obtained from 
oven-dried results are summarized in Table 7. It is to be noted 
that, due to the presence of restriction error, the interaction 
term B(A • E) was used to test for the significance of factors 
A, E, and AE, whereas the interaction term BD(A*E) was 
used to test for the significance of D, AD, ED, and AED. 
The error term e was used to test for the significance of 
B(A * E) . The A NOVA re ult · indicated that the interaction 
factor B(A • £)was highly significant. T his meant that it could 
not be pooled together with the error term e. The ANOVA 
resu lts indicated that aggregate type moist curing duration, 
and their interaction are highly significant. A comparison of 
the means of the significant effects by Duncan's multiple range 
test at 5 percent probability of error level was performed. 
The results are summarized in Table 8. At the 2 -day moist 
curing duration, each aggregate is are significantly different 
from the others. At the age of 90 days, concrete made with 
porous limestone and dense limestone does not show signif
icant difference in the value of the coefficient of linear thermal 

TABLE 5 RESULTS OF ANOVA ON DATA FROM 
COEFFICIENT OF LINEAR THERMAL EXPANSION TEST 
ON WATER-SATURATED CONCRETE SPECIMENS 

Source of 
Varhtion' df SS HS 

A 2 18.40E-12 9.20E-12 

E 2 0.84E-12 0 . 42E-12 

AE 4 J.43E-12 D.36E-12 

B(A*E) 9 2 .43E-12 0.27E-12 

D 1 0.22E-12 0.22E-12 

AD 2 0.03E-12 0 . 02E-12 

ED 2 O. lOE-12 0.05E-12 

AED 4 l.46E-12 0 . 36E-12 

BD(A*E) 9 3 .87E-12 0.43[-12 . 67 4.93E-12 0 . 07E-12 

R-Squ•re • 0.858281 

I See Equ•tlon (1) for definition of the tenns 
•• Significant at a • 0 . 01 level. 

F p 

34. JO 0.0001*-

1.56 0.2616 

1.33 0 .3309 

-
0.51 0.4936 

0 . 04 0.9651 

0.12 0.8875 

0.85 0. 5304 

5.85 0.0001•• 

- . 
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TABLE 6 GROUPING OF AGGREGATE TYPE BY MEANS 
OF COEFFICIENT OF LINEAR THERMAL EXPANSION OF 
WATER-SATURATED CONCRETE FROM DUNCAN'S TEST 

Aggregate Type Hean Grouping• 

River Gravel 6.49 x 10·1/'F A 

Dense Limestone 5.83 x 10·1/'F 8 

Porous Limestone 5 . 44 X 10-'/'F c 

• Note: Means with different letters are significantly different at 
a • 0.05 level . 

TABLE 7 RESULTS OF ANOVA ON DATA FROM 
COEFFICIENT OF LINEAR THERMAL EXPANSION TEST 
ON OVEN-DRIED CONCRETE SPECIMENS 

Source of 
Variation' df SS HS f p 

A 2 43.85E-12 21.93E-12 52.23 0.0001 .. 

E 2 O. lOE - 12 0.05E-12 0.12 0 .8845 

AE 4 4.37E-12 J.09E-12 2.60 0. 1076 

B(A*E) 9 3. 7BE-12 0.42E-12 -
0 1 2. 75E-12 2. 75E-12 11.08 0 .0088 .. 

AD 2 5.17E-12 2.59E-12 10.41 0.0046 .. 

ED 2 0.13E-12 0.07E - 12 0 . 26 0. 7799 

AED 4 1.91E-12 0.48E-12 1.92 0. 1906 

BD (A" E) 9 2.24E -12 0.25E-12 2. 54 0.0136* . 72 7 .04E-12 O. IOE - 12 

R-Square • 0. 901342 

# See Equation (I) for definition of the terms. 

* Significant at a = 0.05 level. 

** Significant at a= 0.01 level. 

TABLE 8 GROUPING OF AGGREGATE TYPE BY MEANS 
OF COEFFICIENT OF LINEAR THERMAL EXPANSION OF 
OVEN-DRIED CONCRETE FROM DUNCAN'S TEST 

Moist Curing 
Duration Aggregate Type Mean Group Ing• 

River Gravel 7.63 x 10-6/'F A 

28 - day Dense Limestone 6.14 x 10·'/'F 8 

Porous Limestone 5.64 x I0-6/'F c 

River Gravel 6. 71 x 10·'/'F A 

90 - day Porous Limestone 5.85 x 10-6/'F B 

Oense limestone 5.83 x 10-6/'F B 

* Note : Means at each moist curing duration wHh the same letter are not 
significantly different at a • 0.05 level. 

expansion. However, the river gravel produced a significantly 
higher value than the other two aggregates. 

CONCLUSIONS 

1. Aggregate type has some effect on the coefficient of 
linear thermal expansion of water-saturated and oven-dried 
concrete. Under water-saturated conditions, the three aggre-
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gates are significantly different from one another. The river 
gravel has the highest coefficient; porous limestone has the 
least. Under oven-dried conditions, the three aggregates are 
significantly different from one another at 28-day moist-cured 
age. The river gravel produced the highest coefficient, fol
lowed by dense limestone; porous limestone had the least. 
At the 90-day moist-cured age, the porous limestone and 
dense limestone did not show any significant difference from 
each other. The river gravel, however, yielded a significantly 
higher coefficient than the other two aggregates. 

2. The w/c ratio and the cement content did not show any 
effect on the coefficient of linear thermal expansion. 

3. The moist-curing duration does effect the coefficient in 
the oven-dried condition but not in the water-saturated con
dition. The coefficient of concrete in oven-dried condition is 
significantly higher at 28-day moist curing than at 90-day moist 
curing. 
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Abridgment 

Analytical Expressions for Uniaxial 
Tensile Strength of Concrete in Terms of 
Uniaxial Compressive Strength 

M. REZA SALAMI 

For the purpose of including reasonable va lues of tensile strengths 
in the available failure criterion (for frictional materials with ef
fective cohesion), it may be necessary to include the uniaxia l 
tensile strength in the parameter determination. A simple expres
sion for evaluation of the uniaxial ten ile strength on 1he basis 
of the uniaxial compressive . rrength is propo ed. Differenr types 
of geological materials were ino'luded in the study. Also, on the 
basi of available experimental data on fl ex ural and splitting ten-
ile trength of concreie, simple expression for valuation of 

these strengths as a functio11 of uniaxia.I cornprehen ·ive treng1h 
are given . The correlation between the experimental re ult and 
analytical predictions are good and provide a simple approach 
for developing tensile trength mod Is for plai n concrete. 

The uniaxial tensile strength (f,), split cylinder tensile strength 
(f,p), and flexural tensile strength (f,) have often been ex
pressed as a fraction of the uniaxi al cylindrical compre sive 
strength (f;) and uniaxial cubical compressive strength Uc). 
Mitchell (I) indicates that f, (given as the flexural strength, 
which may be higher than the true value off,) for cemented 
soils is about 1/5 to 1/3 off;, whereas data compiled by Han
nant (2) show that f, for concrete varies between 5 and 13 
percent of fc. However, Bortolotti (3,4) shows from experi
mental results conducted by Shah and Ahmad (5) that linear 
relationships exist among the ratios of f;lf,, feel[,, f;Plf;, and 
f,lf, as follows: 

1 = 5.12 + 0.000844 t: (1) 

1, = 6.4 + 0.000844 fc (2) 

Ee= 5.0 + 0.001 t: (3) 
!'c 

f = 1.2 + 0.0000167 t: (4) 
f, 

Therefore, from Equations 1-4, the uniaxial strength ten
sile strength, split cylindrical tensile strength (direct tensile 
strength), and beam flexural tensile strength of concrete can 
be determined as a function of cylindrical compressive strength 

Department of Civil Engineering, North Carolina A&T State Uni
versity, Greensboro, N.C. 27411. 

(f;) or as a function of cubical compressive strength (fc) , 
assuming that t: is equal to 0.8 f c as follows: 

!.' 
f, = (5.12 + 0~000844/: ) (5) 

f. t. 
I = (6.4 + 0.000844/c) 

(6) 

f~ t:p = __ _:;.:; __ _ 
(5.0 + 0.001[; ) 

(7) 

f, = (1.2 + 0.0000167 f;) f, (8) 

where f,, f;P, f,, fc, and/; are given in psi. The value off, 
differs from f;P by about 10 percent , as shown in Figure 1. 

TEST DATA AND EXPERIMENTAL 
RELATIONSHIPS BETWEEN CONCRETE 
STRENGTH PARAMETERS 

Figure 1 ( 4,5) shows the plot of the experimental data and 
equations for predicting the split cylinder strength of concrete 
as a function of its cylindrical compressive strength. Figure 2 
( 4,5) shows the plot of the experimental data and equations 
for predicting the beam flexural tensile strength of concrete 
as a function of its cylindrical compressive strength. Figure 3 
shows a comparison of the relationships between uniaxial ten-

.-. ·c;;. 

1000 .--- ------Proposed Model 

Proposed Model [Eq. lOj 

_e, 800 
[Eq. 9] (Mean) 

fsp'=7.4~ 
[Eq. 5) . 

o ~~~~~~~~~__.____._~ 

~ 
15 ~ 
10 .:!' 
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FIGURE 1 Split cylinder tensile strength (4,5). 



Salami 

1200 

4000 8000 12000 
Compressive Strength, fc', (psi) 

FIGURE 2 Beam Oexural tensile strength (4,5). 

sile and uniaxial compressive strengths for materials presented 
in Table 1. 

PROPOSED TENSILE STRENGTH EXPRESSION 

The proposed analytical expression of uniaxial strength (f,) 
as a function of cylindrical compressive strength for concrete , 
on the basis of experimental results obtained by Shah and 
Ahmad (5), Salami (6), Salami and Desai (7) , Egging (8) , 
and Lade (9), is given as follows: 

(t:)" f, = -mP. pa (compression positive) (9) 

where m and n are dimensionless numbers (for plain concrete 
m = 0.62 and n = 0.68) and Pa is atmospheric pressure in 
the same units as f, and t:. The proposed equation is shown 
in Figure l. It is evident from the figure that the prediction 
from the proposed model compares well with experimental 
results and the model proposed by Bortolotti ( 4), which is 
also shown in Figure I. Values of m and n have been deter
mined for several frictional materials, which are presented in 

CERAMICS 

FIGURE 3 Relationships between uniaxial tensile 
strength and uniaxial compressive strengths for 
various types of frictional materials. 

TABLE 1 VALUES OF PARAMETERS m AND n FOR 
VARIOUS TYPES OF FRICTIONAL MATERIALS 

Material m n 

Cemented soils (J) 0.37 0.88 
Plain concrete (for f,) 0.62 0.68 

A. = 0.56 0.68 
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Plain concrete ~for f;)) 
Plain concrete for f, a. = 0.68 13 = 0.71 
Igneous rocks (9) 0.53 0.70 
Metamorphic rocks (9) 0.00082 1.60 
Sedimentary rocks (9) 0.22 0.75 
Ceramics (9) 1.0 0.73 
Mortar (10) 0.61 0.67 

Table l. These values represent the best fit between experi
mental data and the simple expression in Equation 9. A com
parison of the relationships between uniaxial compressive 
strengths for the materials in Table 1 is shown in Figure 3. 
The straight lines shown on the log-log diagram span over the 
ranges of uniaxial compressive strengths indicated by avail
able data . Both relatively weak and very strong frictional 
materials are presented in Figure 3. Note that the lines are 
clu tered and slope away from the line representing equal 
uniaxial tensile and uniaxial compres ive strengths. Thus the 
weak materials have relatively higher uniaxial tensile strengths 
than the strong materials . 

PROPOSED EXPRESSION FOR SPLIT 
TENSILE STRENGTH 

On the basis of experimental results obtained by Shah and 
Ahmad (5), Salami (6), and Salami and Desai (7) and Equa
tion 9, the split tensile strength of concrete is given as follows: 

(compression positive) (10) 

where A. and n are dimensionless numbers (for plain concrete 
>.. = 0.56 and n = 0.68) and Pa is atmospheric pressure in 
the same units as those off, and f; . The proposed equation 
is sbown in Figure 1. It is evident from the figure tbat the 
prediction from the proposed model compares well with ex
perimental results and the model proposed by Bortolotti ( 4), 
which is also shown in Figure 1. 

PROPOSED BEAM FLEXURAL 
TENSILE STRENGTH 

Based on experimental results obtained by Shah and Ahmad 
(5) , Salami (6) , and Salami and Desai (7) and Equation 9 the 
flexural tensile strength is given as follows: 

(
!.' )~ f, = aP. ; . (compression positive) (11) 

where a and f3 are dimensionless numbers (for plain concrete 
a = 0.69 and f3 = 0.68) and P. is atmospheric pressure in 
the same units as f, and t:. The proposed equation is shown 
to afford a satisfactory fit of the experimental data plotted in 
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Figure 2. In addition, the proposed model compares well with 
the model proposed by Bortolotti (4), which is also shown in 
Figure 2. 

CONCLUSION 

For the purpose of including reasonable values of tensile 
strengths in the available failure criterion (for frictional ma
terials with effective cohesion), it may be necessary to include 
the uniaxial tensile strength in the parameter determination. 
Simple expressions for evaluation of the uniaxial tensile 
strengths on the basis of the uniaxial compressive strength are 
given. 

Uniaxial compressive and tensile tests were performed on 
plain concrete. The purpo e of these tests was to acquire some 
understanding of the strength behavior of plain concrete sub
jected to compre sive and tensile load histories, and the re
sults of the e test · were used to calibrate the prop sed tensile 
strenglb model for predicting the tensile strength of plain 
concrete on the basis of experimental uniaxial compressive 
loading. 

The proposed model has two material constants. Labora
tory tests were performed to determin them. The propo. ed 
model predictions are shown in Figures 1 and 2. The corre
lation between the experimental results and analytical pre
dictions are good and provide a simple approach for devel
oping tensile strength models for plain concrete. 
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NOTATION 

The following symbols are used in this paper: 

f~ = uniaxial cylindrical compressive strength, 
fc = uniaxial cubical compressive strength, 

TRANSPORTATION RESEARCH RECORD 1335 

f, direct uniaxial tensile strength, 
f;p split cylinder tensile strength, 
f, beam flexural tensile strength, 

m, n dimensionless constants, 
P0 atmospheric pressure, 

>.. dimensionless constant, and 
u, I) dimensionless constants. 
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History of the Rapid Chloride 
Permeability Test 

DAVID WHITING AND TERRY M. MITCHELL 

orrosion f reinforcing t el is recognized a the predominant 
cause of brid~e deck deteri ration. Tile need for a mor precise 
meth d to estimate the usceptibility fa bridge to corrosion led 
to the development r the rapid chi rid permeability test 
(AA HT T. 27~-89 <11d A .'TM 1202-91). The developers of 
the test de cnbe its concepuon , development and applications. 

oncept of permeability as applied 10 concrete are discussed 
and the n.eed for a rapid measure of chlol'ide ion penctrnrion into 
con?rete 1s a~dressed. The author describe the d •velopment and 
testing of~ field rnetbod bas~d n forcing chloride i n to migrate 
towa~d r.e1~fo1:c111g te •I mamtainccl a1 a po itive po1ential and 
note its hm1tauons; . ncur~·cn.t dcv~lopment of a laboratory pro
cedure bn ed on s11111lar pnnc1ple · ts de cribed. and results of a 
round-robin statistical evaluation of method precision are pre
sented. Further evaluation , current applications, and limitations 
are also discussed. 

In the mid-1970s FHW A began to publish a series of com
prehensive reports (1-3) dealing with factors involved in cor
rosion of reinforcing steel in concrete. Corrosion of reinforc
ing steel had been recognized as the predominant cause of 
premature bridge deck deterioration, as demonstrated by field 
investigations carried out at a number of agencies in the 1960s 
( 4,5). The FHW A reports related the onset of corrosion to 
the presence of chloride ions that penetrated through the 
concrete cover after deicing agents were applied to the bridge 
surface. Other factors, such as moisture content and oxygen, 
were also needed to support corrosion once initiated. Finally, 
because the chloride ions had to penetrate through the con
crete in order to reach the reinforcing steel, the permeability 
of the concrete cover became a determining factor in the time
to-corrosion of the reinforcement. 

Recognizing that the ability to measure a number of these 
factors in actual structures would allow a more precise esti
mate of the susceptibility of a given bridge deck to corrosion, 
~H~ A supported a series of contracts designed to develop 
field mstruments capable of measuring these parameters. De
vices to measure in situ chloride (6) and moisture content (7) 
were developed. A method to rapidly (and nondestructively) 
measure the permeability of bridge deck concrete to chloride 
ions was also needed, and in 1977 FHW A let a contract with 
Construction Technology Laboratories of Skokie, Illinois, to 
develop such a device. (Note: Some individuals believe the 
term "permeability" is not appropriate when referring to the 
mechanism for chloride ion movement , but instead speak of 
concrete's "lack of resistance to chloride ion penetration." 

D . Whiting, Construction Technology Laboratories, Inc., 5420 Old 
Orchard ~o.ad , Skokie , Ill . 60077-1030. T. M. Mitchell , Federal High
way Adm1mstrat10n, HNR-30, 6300 Georgetown Pike McLean Va 
22101. , , . 

Beca~. e the dictionary defines "permeability" as "the quality 
of bemg able to be diffused through or penetrated," the au
thors believe the use of that term in this context is correct.) 
The development of the field device and sub quent wide-
pread use of a laboratory method based on the same prin

ciple is the subject of this paper. 

ORIGINS OF THE TEST METHOD 

Literature Review 

Considerable work in the area of concrete permeability had 
already been carried out at the time this re earch wa. initiated. 
A comprehensive literature review was conducted; much of 
L~e ame material is covered in a more recent review by C 1-
ltn e~ al. (8). Tl~~se reviews indicate that most of the early 
work m permeab1ltly of concrete dealt with flow of bulk water 
through concrete under relatively high pressure heads, as such 
data ~1erc oeeded in de ign of concrete mixture [or hydro
electric and fl.ood control projects . Cla sic paper in this field 
inclu.;le tho e by Ruettger et al. (9 and Cook (JO) . These 
and the r studie dem 11 trated that the permeability of con
crete could vary by as much as two orders of magnitude as 
the water to cement ratio (w/c) increa e · from 0.4 to more 
than 0.7. 

The steady~state flow of water under a hydraulic gradient, 
as measured m the early studies, was deemed to be not rel
evant to the bridge deck situation. What was of interest was 
t~e penetration of chloride ions (derived primarily from so
dmm chlorid deicing agents) to the vicinity of the steel. Ex
~ept for the near-surface region of lhe concrete, where cap
illary fo.rces (11) may be active under drying conditions, the 
predommant mechanism for transport of chloride ions in crack
free concrete is by ionic diffusion through the water-filled 
pore syste.m. Studies by tear (1-3) Monfore and O t (12) , 

ollepard1 et al. (13), Berman and Chaiken {14), and Kondo 
~~a l. (15~ have demonstrated this mechanism and again ver-
1f1ed the influence of w/c on tbe rate of chloride diffusion. 

· Th~se ~ea ·urcn~ent , h~wever invo.lved either long-term 
pondmg with chloride solution and sub equent measurement 
of chlo ride concentration with depth or direct measurement 
?f diffusio.n using classical diffusion cell techniques (16) , both 
mappropnate to rapid field testing. This i not to ay that the 
subject . f fie ld testing of concrete permeability had been 
tota!IY ignored b~fore 1977. By the early 1970s , for example , 
Levitt (17) and Figg (18) had developed devices that indicate 
~he relative permeability of concrete to water or air . However, 
1t was not at all certain wh ther such techniques would cor-
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relate with diffusion of chloride ions into concrete, which was 
the primary concern of FHW A. Highest priority was given to 
developing a method based on measurement of chloride ion 
penetration, as this would also serve as a direct field dem
onstration that low-permeability concretes under develop
ment at that time (19-21) could indeed retard the penetration 
of chlorides into bridge deck surfaces. 

Genesis of the Method 

A special case of diffusion occurs when an electric potential 
is applied across an electrolytic solution, free or contained 
within a porous material. The ions will then be transported 
toward the electrodes of the opposing sign (22). Ionic mobility 
is given by the following expression: 

x 
µ=---

l(dE!dx) 

where 

µ = ionic mobility (cm2/V·s), 
x = distance (cm), 
t = time (sec), and 

dE!dx = electric field strength (V/cm). 

(1) 

Using these principles, studies carried out in the mid-1970s 
(23,24) indicated that chloride could be extracted from a con
crete slab quite rapidly by applying an external electric field 
between the concrete slab surface and the reinforcing steel. 

It was reasoned that this technique could be used as a 
chloride permeability method if the polarity were reversed, 
that is, if the reinforcing steel were made anodic (positively 
charged); chloride ions, having a negative charge, would mi
grate into the concrete when the voltage was applied. After 
a suitable period of treatment , samples could be taken to 
verify the ingress of chloride by subsequent wet chemical 
analysis. This approach was called the applied voltage con
cept. A few preliminary experiments using thin membranes 
composed of cement pastes, aggregate materials , and mortars 
indicated that the concept was sound, and chloride ions could 
be forced to migrate through these materials in reasonably 
short periods of time. Furthermore, results were generally 
comparable to longer term experiments on the same materials 
that involved diffusion under conditions under which no volt
age was applied across the membranes. (Note: Measuring how 
easily chloride ions can be forced to move through mortars 
or concretes electrically is not directly measuring chloride 
permeability; that such measurements correlate with the re
sults of long term diffusion experiments means , however , that 
applied voltage methods can be regarded as indirect methods 
of measuring chloride permeability.) Experiments on concrete 
were then planned. 

TEST METHOD DEVELOPMENT 

Optimization of Test Parameters 

The first task undertaken was optimization of the various test 
parameters (area of measurement, time of measurement, volt-

TRANSPORTATION RESEARCH RECORD 1335 

age level) within the context of a rapid and practical field 
method. 

A drawing of the apparatus used in the preliminary studies 
is shown in Figure 1. A de power supply applied a constant 
voltage between the copper screen and steel reinforcing mat. 

Conventional reinforced concrete slabs were prepared at 
both high and low w/c ratios (0.35 and 0.60). Testing was 
conducted at voltages from 10 to 120 Vdc and over periods 
of time from 1 to 8 hr. Parameters evaluated included currents 
generated during the test, chloride content of the concrete 
slabs at various depths [up to 2 in. (50 mm)] after test, chloride 
content of the solution after test, and temperatures generated 
inside the slabs during test. The following conclusions were 
reached: 

1. A test period of 6 hr at 80.0 Vdc offered the optimum 
test condition for distinguishing between concretes having high 
and low chloride permeabilities. 

2. Up to 2.6 amperes of current was passed through a highly 
permeable concrete slab during the test period, compared 
with 1.8 amperes for a low-permeability slab. 

3. After 6 hr of testing at 80.0 Vdc, approximately half as 
much chloride ion was detected % in. (19 mm) below the 
surface of the low-permeability slab as was detected at the 
same depth in the high-permeability slab. 

4. Whereas chloride concentration of the surface solution 
after testing could be measured in the laboratory, accurate 
field techniques did not exist at that time. Therefore, use of 
the change in concentration of the surface solution as a mea
sure of permeability was abandoned. 

5. Temperature rise in the slabs during testing was signif
icant, being greatest for the high-permeability concrete. How
ever, in full-scale bridge decks this was not expected to present 
a problem because of the much larger heat sink, as compared 
with small laboratory specimens. 

Application to Other Concretes 

The promising initial results led to an expanded test program 
on a variety of concrete slabs. These slabs were prepared by 
FHW A laboratories from a number of concrete types. Slabs 
were tested in three different states, as-received (after con
ventional curing for each type of concrete, e.g., 14 days with 
moist burlap covering for ordinary port land cement concrete), 

rylic Cover Plate 

llln. 

Acrylic Dike 

Binding Pi:>st 

3.0% NaCl Sclulion 
L.~L~•J.!!.§£1_~-------

mm=in.x25.4 

FIGURE 1 Apparatus used in preliminary studies. 
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after approximately 3 months of moist storage, and after 2 
weeks of forced-air drying at 130°F (54°C). The test protocol 
throughout this phase consisted of a 6-hr application of 80.0 
Vdc between a 3 percent sodium chloride solution ponded on 
top of the slab and a mat of reinforcing bars located 2 in . (50 
mm) below the slab surface. 

Representative examples of the behavior of current flowing 
through the slabs during the test period are shown in Figure 
2. In the highest permeability concrete tested (w/c = 0.6), a 
peak occurred in the plot of current versus time, whereas for 
the other concretes current increased continuously with time. 
The magnitude of the current flow was generally proportional 
to the expected relative permeabilities of the various con
cretes. 

The plots of current versus time were also integrated to 
obtain the total electric charge (in coulombs) passing through 
the slabs during the test period. In addition, after chloride 
analyses were obtained at v.-in. (6-mm) depth increments 
after each test, the plots of chloride content versus depth were 
integrated to obtain an estimate of total integral slab chloride 
content. Results for the as-received slabs after testing are 
presented in Table 1. The various concretes were placed into 
four convenient major groups. The first , conventional con
cretes, exhibits relatively high total chloride levels and charge 
passed. In the next group, which encompasses latex-modified 
and Iowa concretes, values of total chloride and charge passed 
are about 20 to 30 percent lower than the best of the con
ventional concretes. The third group, internally sealed con
cretes, showed a dramatic drop in both parameters. (Inter
nally sealed concrete was an experimental material developed 
in the 1970s made by mixing small, discrete wax particles into 
conventional portland cement concrete mixtures . After 
curing, the concrete was heated and the wax melted and flowed 
into the capillaries and bleed channels ; when the heat source 
was removed, the wax cooled and produced a low-permeability 
concrete.) Note that when internally sealed concrete was not 
heat treated, its permeability was the same as conventional 
concretes. The final group, polymer-impregnated and poly
mer concrete , shows negligible permeability to chlorides. 
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FIGURE 2 Current flow versus time through FHWA slabs. 

TABLE 1 PERMEABILITY CHARACTERIZATION 
PARAMETERS 

Total Total Charge 
Description Integral Passed Chloride 

Chloride (Coulombs) Permeab i lity 

•le " 0.60 0 . 77 52. 570 High 

•le - 0.50 0.56 39 , 380 High 

• le - 0.40 0.37 20,410 High 

Latex - Overlay 0.37 16, 950 Mode rate 

Latex - Full Depth 0. 27 8 , 670 Moderate 

Iowa - Overlay 0.31 JS, 270 Moderate 

Internally Sealed - Full 
Depth- - Heated' 

0.10 5, 770 Low 

Internally Sealed - Full 0. 93 36. 070 High 
Depth - Unheat ed 

Internally Sealed - Overlay 0.09 3,020 Low 
- Heated!!. 

Int ernal l y Sealed - Overlay 0.47 22, 418 High 
- Unheated 

Polymer Impregnated Very low 

Polymer Co ncrete Overlay~ Very Low 

!S labs tested in moist condition only . 
!!s labs not sampled for chloride. 

Correlation with 90-Day Ponding Results 
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Jn the late 1970s, the most commonly used procedure for 
determining chloride permeability of concrete was that spec
ified in AASH 0 T 259, Resistance of oncrete to Chloride 
Ion Penetration. In T 259, concrete samples are ponded with 
a 3 percent sodium chloride solution for 90 days , after which 
the chloride content of the concrete at various levels in the 
sample is established by wet chemical analysis . This ponding 
procedure was applied to companion specimens prepared along 
with specimens used in the evaluation of the applied voltage 
test. Correlation analyses (using linear regression techniques) 
were performed between the data in the second and third 
columns of Table 1 and the results of 90-day ponding tests. 

The correlations indicated that the closest relationship was 
between the charge passed (coulombs) in the rapid test and 
the total integral chloride in the 90-day test. A correlation 
coefficient of 0.92 was calculated. Data obtained on the moist
cured specimens were also encouraging. However, when the 
applied voltage technique was tested on a set of slabs sub
jected to forced air-drying for 2 weeks at 130°F (54°C), serious 
problems were encountered. The values of charged passed 
and total chloride were much lower than those recorded on 
companion slabs tested in the as-received or moist conditions. 
It was obvious that the drying reduced the moisture content 
of the concrete to such an extent that the amount of current 
that could be passed through the slabs was limited by the high 
electrical resistance caused by the drying. Therefore, a method 
for preconditioning the test area to a moisture content close 
to that of the original concrete was needed. 

To develop preconditioning procedures, the test apparatus 
was modified to enable a vacuum of - 25.5 in Hg (15.0 kPa 
absolute pressure) to be drawn over the surface of the slab 
by use of a vacuum chamber sealed to the slab surface by 
silicone-based caulk. Various resaturation schemes were eval
uated , and the following approach was found to be most 
effective. 

1. A vacuum is maintained over the test area for 60 min. 
Limewater is then introduced into the chamber, and the vac
uum is maintained for another 60 min. 
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2. The vacuum is broken, and the limewater is heated and 
held at 140°F (60°C) for approximately 18 hr. 

3. The limewater is removed, the 3 percent sodium chloride 
solution is poured into the chamber, and the applied voltage 
test is conducted as previously described. 

This procedure was incorporated into the design of the 
prototype and was used in all succeeding work. 

Development of Field Prototype 

Many workers who routinely use the AASHTO T 277 labo
ratory technique are not aware that a field Vt!rsiun u[ the 
procedure was developed and tested more than 10 years ago. 
This device incorporated the features of the laboratory com
ponents into a single package. The field in trumentation con
sisted of three separate modules, one to vacuum saturate the 
concrete before test, the second to apply the voltage to the 
salt solution on the concrete surface, and the third (the elec
tronics package) to provide the voltage source and accumulate 
the data. A detailed description of the instrumentation can 
be found in a report by Whiting (25). 

The field test procedure can be conveniently separated into 
four stages: 

1. Location of reinforcing steel and bonding of test dike, 
2. Vacuum saturation and heating of test area, 
3. Applied voltage test, and 
4. Optional chloride sampling. 

Each test takes 2 full work days; if two dikes are used, four 
tests can be completed in 1 work week (modifying the elec
tronics package could further increase productivity by allow
ing two or more tests to be conducted at the same time). Stage 
2 requires overnight operations; however, the unit may be 
left unattended during this period. 

Before proceeding to actual field testing, the prototype was 
tested on slabs intermediate in size between the small spec
imens tested in the initial phases of the project and full-scale 
bridge decks. This allowed evaluation using a more realistic 
heat sink and also allowed the evaluation of a number of 
variables within a single slab. Variables studied in detail were 
the following: 

1. Concrete cover, 
2. Ambient test temperature, 
3. Geometry of reinforcing cages, and 
4. Presence of chloride in concrete before test. 

Results of these tests indicated that (a) deviations of ± 1 in. 
(25 mm) in concrete cover from the nominal 2-in. (50-mm) 
test cover caused deviations of ± 25 percent in charge passed; 
(b) reinforcing bar size and cage geometry had no significant 
effect on charge passed; (c) charge passed increased with an 
increase in initial slab temperature; and (d) initial slab chlo
ride contents of up to 5 lb/yd3 (3 kg/m3) had little effect on 
charge passed. 

Field testing was carried out on a conventional concrete 
bridge deck (just constructed) and on an older deck that had 
recently been overlaid with dense low-slump concrete (26). 
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Results on the conventional deck fell within the ranges to be 
expected from a bridge deck concrete with w/c between 0.4 
and 0.5, but interpretation of test results on the overlay was 
complicated by varying relative thicknesses of overlay and 
substrate at the different test locations. 

In addition, the presence of chlorides in the aggregates 
appeared co interfere with the chloride analysis and subse
quent calculation of integral chloride values. Finally, a ·erie. 
of four in situ tests required that one lane of traffic be clo ed 
continuously for 5 days. This is quite expensive when traffic 
control requirements are considered. Although workable, the 
field te t appeared to need further development, and, in any 
case, was somewhat impractical in terms of operation on in
service structures. As an alternative, a laboratory test, de
scribed in subsequent sections, was developed. 

ADOPTION OF A LABORATORY TEST 
PROCEDURE 

Description of the Laboratory Method 

In view of the limitations on the field device, a laboratory 
version of the apparatus was developed. It should be noted 
that the laboratory test was developed originally as an alter
native to the field test, to be used in those instances when it 
was not practical to employ the in situ device. It was not 
viewed as an accurate, standard laboratory test to determine 
the absolute permeability of a given concrete; the objective 
of the original research project had simply been to develop 
a rugged, in situ indicator of permeability. Because the lab
oratory test was viewed as a fallback, it was not developed 
and tested nearly as thoroughly as the field method, and no 
systematic investigations were carried out of the many vari
ables that might influence the test. 

The new device was called the applied voltage cell and is 
shown in Figure 3. The cell is machined out of solid acrylic 
plastic (e.g. , polymethylmethacrylate) and allows for two res
ervoirs of approximately 200 mL capacity to be fitted onto 
either face of a 4-in. (102-mm) diameter core by use of a 
rapid-setting silicone compound. One reservoir is filled with 
0.3 M NaOH, the other with 3.0 percent NaCl. The core 
specimen [usually 2 in. (51 mm) thick] is coated on its pe
riphery with epoxy and vacuum saturated for 18 hr before 
test. The core is then sealed between the cell halves, the 
reservoirs are filled, and the specimen subjected to an applied 
voltage of 60.0 Vdc for 6 hr. Current is monitored during the 
6-hr period, and, as in the field test, the integral of current 
over time yields a value of charge passed (in coulombs) during 
the test. 

The lab procedure was applied to cores taken from the same 
set of slabs used in development of the field device . In addition 
to the charge passed parameter, the amount of chloride ion 
present in the positively charged half of the cell, representing 
the chloride that had passed entirely through the sample dur
ing the test period, was also measured. Attempts were also 
made to construct chloride profiles by obtaining thin slices 
from the cores after the test was completed; however, this 
process was tedious and not appropriate for inclusion in a 
rapid test procedure. 
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FIGURE 3 Schematic drawing of applied voltage cell. 

As had been done for the slab tests, correlation analyses 
were run between charge passed through the cores and the 
results of 90-day chloride ponding on companion slabs. The 
correlation coefficient for the charge passed through cores 
compared with the integral chloride contents of the compar1-
ion slabs was 0.83. This was somewhat less than the c rre
lation coefficient for the charge passed through slabs versus 
integral chloride content, which was 0.92. The difference was 
perhaps due to the limited surface area included in the core 
test, as opposed to the approximately 1 ft2 (0.09 m2) of surface 
included in the slab tests. This indicated that multiple samples 
would need to be tested in order to btain a more repre
sentative test area. The coefficients of variation for 6-sample 
groups prepared from batches of high w/c (0.6) and latex
modified concretes were each approximately 6 percent. 

Standardization of the Laboratory Method 

In 1982, researchers presented the laboratory method to 
AASHTO for consideration as a standard test method. The 
method had come to be referred to as the rapid chloride 
permeability test (RCPT), or the coulomb test, and was im
mediately adopted by AASHTO and given the de ignation 
T 277-83, Rapid Determination of the Chloride Permeability 
or Concrete. The method presented for standardization and 
adopted wa essentially the material contained in Appendix 
1 of the original FHWA report (25). 

This version of the te t method included a table to interpret 
the results; it is presented here as Table 2. In the AASHTO 
version, only the charge passed (in coulombs) is used as an 
indicator of permeability. Many users of the method believe 
that these values represent a large data base of concrete tests 
and are typical of what to expect in testing concretes of the 
types described. In fact, the table was constructed from results 
obtained on single cores of each concrete type, taken from 
the slabs originally supplied by the FHW A. As a further cau
tion, in Appendix 1 of the FHW A report, the following advice 
is given: "The effect of uch variables as aggregate type and 
size, cement content and composition , density, aod other fac
tors have not been evaluated. We recommend that persons 

using this procedure prepare a set of concretes from local 
materials and use these to establish their own correlation 
between charge passed and known chloride permeability for 
their own particular material . The values given in Table I 
[Table 2 in tbis paper] may be used as e timates until more 
data has been developed by a number of agencies on a wider 
range of concretes." Although further testing of some of these 
variables has since been carried out, it has been limited, and 
the values in Table 2 still must be applied with extreme cau
tion. The concretes listed in the third column were intended 
to serve as examples of concretes that might typically give the 
coulomb values in the first column. Because of the many other 
factor that may affect chloride permeability, this imple cor
respondence does not always hold true. 

In late 1991 the laboratory method was also adopted by 
ASTM, as C 1202, Standard Test Method for Electrical In
dication of Concrete's Ability to Resist Chloride Ion Pene
tration. Although some differences exist between the ASTM 
and AASHTO versions, none are significant; the basic test 
procedures are identical. 

One important feature of both standard versions of the test 
method is the precision statements, which were developed 
from an interlaboratory study carried out in late 1985. A total 
of 11 laboratories participated in this round-robin study to 
develop values for within- and between-laboratory precision. 

TABLE 2 CHLORIDE PERMEABILITY BASED ON 
CHARGE PASSED 

Charge Passed!! Chloride 
(Coulombs) Permeability Typical of 

> 4,000 High High water-cement ratio, 
conventional (~ 0.6) PCC 

2,000 - 4,000 Moderate Moderate water-cement ratio, 
convent 1 ona l (0.4-0.5) PCC 

l,000 - 2,000 Low low water-cement ratio, 
convent 1 ona l (< 0.4) PCC 

100 - 1,000 Very Law Latex-modified concrete 
Internally sealed concrete 

< 100 Negligible Polymer impregnated concrete 
Po 1 ymer concrete 

.!!Coefficients of variation for repl 1cate specimens from a single batch were 
.ipproximately 6 percent. 
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Two conventional and two latex-modified concrete mixtures 
were included, and each laboratory tested triplicate specimens 
from each mixture. Detailed results can be found in publi
cations by Mobasher and Mitchell (27,28). The following are 
the precision statements that were developed and are now 
part of both standards: 

• Single-operator precision: The single-operator coefficient 
of variation of a single test result was found to be 12.3 percent. 
Therefore, the results of two properly conducted tests by the 
same operator on the same material should not differ by more 
than 35 percent. 

• Multilaboratory precision: The multilaboratory coeffi
cient of variation of a single test result was found to be 18.0 
percent. Therefore, results of two properly conducted tests 
in different laboratories on the same material should not differ 
by more than 51 percent. The averages of three test results 
in two different laboratories should not differ by more than 
29 percent. 

These precision estimates (especially that for single
operator essentially a measure of within-test precision) seem 
somewhat high when compared with other tests that are more 
commonly used to assess quality characteristics of concrete. 
For instance ACI 214 (29) categorizes within-test coefficients 
of variation for field control testing as poor if they exceed 6.0 
percent. Mobasher and Mitchell (27) suggest the variabilities 
from the round-robin may have been higher than they should 
have been because laboratories deviated from details of the 
AASHTO T 277 procedure and from the round-robin instruc
tions. Several of the laboratories were relatively new users of 
the method and apparently did not recognize the importance 
of some aspects of the test. 

Although Hooton (30) notes that permeability of concrete 
is, in general, a more variable quantity than strength, there 
is reason to believe that significant improvements can be 
made in the precision of the test. Because the test is now an 
ASTM standard, laboratories will presumably more closely 
follow the detailed ASTM version of the method. Between
laboratory variations would likely be reduced if the method 
were added to the list of those inspected by laboratory eval
uators such as the Cement and Concrete Reference Labo
ratory during their periodic tours. Finally, after researchers 
evaluate the ruggedness of various test parameters and make 
additional refinements in the procedure , improved precision 
would be expected and another interlaboratory study might 
be approprial~ . 

Current and Future Applications of the Method 

Since its adoption by AASHTO as an interim test method in 
1983, the RCPT has come into increasing use in the areas of 
concrete materials research, development and testing of con
crete mixtures, and acceptance of job-site concrete. The tech
nique apparently gives users the ability to measure a property 
of concrete that heretofore has been relatively difficult and 
time-consuming to determine. The availability of commercial 
instrumentation designed specifically to conduct AASHTO 
T 277 or ASTM C 1202 now makes it possible for almost any 
test lab to obtain a permeability value. A word of caution is 
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advised, however, because the quantity measured by the RCPT 
is not permeability in the strictest sense, but is instead an 
indication of permeability based on the ability of a given 
concrete specimen to conduct electric current. Any materials 
that cause concrete to be more (or less) conductive will in
crease (or decrease) the value obtained using the RCPT, ir
respective of the effects that such materials or treatments have 
on actual permeability, diffusion, or other mass transport 
phenomena. 

In spite of these limitations, the utility of the RCPT for 
gaining an understanding of the effects of materials and treat
ments on concrete permeability has been demonstrated by 
the large numbers of studies where it has been successfully 
used. The reader is referred to its use in studies of concrete 
consolidation (31), of the effects of aggregates (28) and ce
ments and pozzolans (32,33) on permeability, and of specialty 
concretes (34-36) and coatings and sealers (37,38). In these 
and most other studies the RCPT has been the sole method 
used for determination of permeability to chloride ions, other 
techniques being too costly or time-consuming. However, in 
those instances in which other measures of permeability have 
been used, agreement with the RCPT has generally been quite 
good. 

Were it not for two developments, the RCPT might still be 
a laboratory curiosity limited to occasional research studies. 
The first of these, its standardization by AASHTO, has al
ready been noted. A number of state highway agencies began 
to use the test immediately, especially for product and mixture 
design evaluation. The second development that has lead to 
widespread use of the method is the large growth in the use 
of silica fume as a concrete admixture in the mid- to late 
1980s. Holland (39) noted that more than 350,000 yd3 (270,000 
m3

) of silica fume concrete was placed in 1986 alone, and its 
use is expected to increase annually . Its primary application 
is for reducing permeability of concrete to chloride ions in 
such structures as bridge decks and parking garage slabs. Al
though the RCPT is an indirect method, Luther ( 40) noted 
that since 1986 it has increasingly been specified for use in 
parking garage slab placements and on shotcrete repair jobs. 
In many cases, an arbitrarily chosen value of charge passed 
(in coulombs) is selected as the maximum design value, usu
ally between 700 and 1,000 coulombs. Trial mixtures are usu
ally tested to see if this limit can be met. On the actual job, 
samples are obtained either in the form of cast cylinders or 
as cores taken from the cured slabs. Testing is carried out at 
various ages , from 28 to 90 days, with a 42 days apparently 
the most common. Accelerated curing, using techniques sim
ilar to ASTM C 684-89, Standard Test Method for Making, 
Accelerated Curing, and Testing Concrete Compressive Test 
Specimens-Procedure B-Boiling Water Method has been 
used . Acceptance is based on the average value of charge 
passed being less than the specified limit. Statistically based 
acceptance schemes are nonexistent. In the authors' opinion, 
further work on definition of acceptable limits, development 
of statistical acceptance schemes, and improvement in the 
precision of the test must be done before this technique can 
be equitably applied to acceptance of silica-fume and other 
types of concrete. Users must also recognize that chloride 
permeability depends not only on the mix design and the 
component materials, but also on such aspects of construction 
as degree of consolidation and type and extent of curing. 
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SUMMARY 

In the late 1970s, in response to the needs of the highway 
engineering community, a method was developed that af
forded an in situ indication of the chloride permeability of 
reinforced portland cement concrete bridge structures. Al
though results obtained via this method correlated well with 
long-term ponding of chloride solutions, practical consider
ations made it more pragmatic to obtain cores from the struc
ture of interest and test these cores using a laboratory version 
of the method. This laboratory version was standardized by 
AASHTO in the early 1980s, and with the increasing use of 
silica fume in the latter half of the decade has been increas
ingly applied to design, testing, and acceptance of such mix
tures. Comparison studies have shown the test method, at 
least in its original version, to be less precise than methods 
generally used in acceptance of concrete, such as compressive 
strength. Although the method is adequate for research and 
materials development purposes, further standardization and 
development of statistically based decision schemes are needed 
before the technique can be equitably applied as an accept
ance tool. 
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Aspects of Concrete Strength and 
Durability 

]AMSHID M. ARMAGHANI, ToRBJORN J. LARSEN, AND 

DAVID c. ROMANO 

Research is under way to study the strength and durability of 
concrete in Florida. Results of the first phase of this research are 
presented. Twenty-two concrete mixture were prepared and te ted 
for compressive trengrh water permeability 1 chloride pcnnea
bility (AASHTO T277) and corro ion re i iance. Four groups 
of concrete mixture · that covered a wide range or materials and 
mixture proportions were included. Water/cementiti us ratios used 
were 0.45 , 0.3 , and 0.33 corresponding to cememitious contents 
of 564 658, and 752 lb /yd3, respectively . Different combination 
of fly a b and ilica fume were used. Fly ash c nrenr ranged 
between JO and 50 percent by weight of the total ccmentitiou 
material. ilica fume was included in proportions between 5 and 
.15 percent. Effects of fly ash and si lica fume on strength and 
permeability of concrete and n conosion of steel in concrete are 
discussed. Correlation is established between results of the Flor
ida water permeability test and results of the AASHTO T277 
chloride permeability test. It is also shown that concrete mixtures 
with equal com pre sive strengths do not necessarily produce equal 
levels of permeability, e pecially when ny ash and si lica fume are 
incl.uded in the mixture. This lack of correlation continues until 
the trength reaches about 8,000 p i. At and beyond 8,000 p i, a 
well-defined trend i observed. With increased concrete strength, 
the permeability becomes consi tently low t very low according 
to both AASHTO 1'277 and water penneability cb1 ·sifications. 
Findings from this phase of the research '1£firm the need to de
velop pecification for concrete durabjlity based on requirements 
for both compressive strength and permeability of concrete. 

Quality and performance of concrete have traditionally been 
assessed by its compressive strength. However, in marine 
tructures problems associated with pO()r durability , such as 

corro ion of the reinforcement are by far m re prevalent 
than problems related to strength. Tbus when structure· in 
aggre ive environment (such as sea water) are considered , 
emphasis i placed not only on achieving a concrete with 
optimum strength but also, and mor important on ensuring 
a highly durable concrete. In these situations testing for and 
evaluating concrete durability become equally, if not more 
important as testing for strength. Durability i better eva lu
ated from permeab.ility and strength te ·t than from a strength 
test alone. Resi ·tance to freezing and thawing i another in. 
dication of durabi lity. However a freeze-thaw test of concrete 
was not considered in this study because Florida is not con
cerned with freezing temperatures. 

In most specifications, permeability has not been estab
lished as a requirement for concrete durability. Material spec
ification address the durability aspect by requiring a I w 
water/cement ratio (w/c) and tbe use of poz:zolanic materiaJ 

Florida Department of Transportation, Materials Office, P.O. Box 
1029, Gainesville, Fla. 32602. 

and admixtures . Low w/c and the use of such pozzolanic ma
terials as fly ash, blast-furnace slag, and silica fume are design 
parameters that can contribute to improved strength and long
term performance of concrete. 

It is generally assumed that achieving a specified target 
strength in concrete would also imply a given level of dura
bility. The problem is how to accurately evaluate and ensure 
an acceptable level of durability in a given mixture when its 
compressive strength has met the specified strength require
ment. Durability is greatly influenced by concrete permea
bility. Many mixtures, designed with widely different mate
rials and mixture proportions, can produce concretes with 
equal strength but different permeability levels. Concrete that 
meets only the strength requirement may fail to develop the 
expected durability if the permeability is high. Against this 
background, the Florida Department of Transportation 
(FDOT) has embarked on a major research effort to study 
strength and durability of concrete. The overall objective of 
this research is to develop an advanced understanding of the 
relationship between concrete durability and strength. The 
goal is to develop specifications for testing and classifying 
durability of concrete using test data related to aggressiveness 
of the environments. 

Findings from the first phase of this extensive research pro
gram are presented in this paper. Work discussed here was 
limited to one source of Florida limestone aggregate. Differ
ent proportions of cement, fly ash, and silica fume were used 
in the concrete mixtures. Results of the compressive strength, 
permeability, and corrosion tests are correlated to assess the 
durability of different concrete mixtures. A water permea
bility classification for concrete is developed based on cor
relation between results of the water permeability test, de
veloped in Florida (1), and of the rapid chloride permeability 
test (AASHTO T277). 

EXPERIMENTAL PROGRAM 

Materials 

Type II cement was used throughout this phase of the inves
tigation. The chemical and physical properties of the cement 
are shown in Tables 1 and 2, respectively. Class F fly ash and 
silica fume in slurry form were used primarily as partial re
placements for the cement. However, in two mixtures, silica 
fume and fly ash were added to the cement content. The 
chemical composition and physical properties of fly ash are 
presented in Tables 1 and 2. 
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TABLE 1 CHEMICAL COMPOSITION 

conatitu•nt 
Paroant 

CaloiUlll OZid• (CaO) 
Silioon Diozid• (Si02 ) 
AlUlliDWI Ozida (Al20,) 
Parrio ozid• (P•20,) 
llaCJD••iwa ozide (KqO) 
suuur Triozide (SO,) 
Lo•• OD Iqnition 
Inaolubla R••idua 
Alkalis 

(ll•20 + 0 .15581!:10) 
Trioaloiwa silicate (C,B) 
Dicalciwa Bilicata (C28) 
Tricalciwa Alwainata (C,A) 
TatracalciWI AlWlliDofarrit• (CoAJ') 

TABLE 2 PHYSICAL TESTS RESULTS 

THt 

Pinaneaa -
Blaine, m2/kq 
Ratainad OD K••h 325, ' 
aoundnaaa 

Po••olanic Activity Inda~ G 28 D•y• 

specific Gravity 

Gillmor• sattinq Tim• -
Initial sat, Minutes 
Pinal Bat, Kinutaa 

coapra•aiv• stranqth, pai -
1 Day 
3 Day 
7 Day 

1 psi = 0.0069 MP& 

U.23 
20.21 --, 

5.53 ::j 
4.32 
0 .152 
2 .157 
1.u 
0.33 
0.48 

52.84 
18.07 

7.34 
13.16 

Type II 
Cement 

383 

0.02 

3.15 

120 
245 

2038 
3188 
4319 

Class P 
Ply Ash 

4.71 

86.53 

1.24 
2.88 

Ply 
Ash 

23.63 
0.01 

84.90 

2.47 

The coarse aggregate was crushed limestone, and the fine 
aggregate was silica sand. B th aggregates were obtained from 
sources in Florida. Table 3 presents the physical properties 
and gradation of the aggregates. 

Mixture Proportions 

Table 4 presents the concrete ingredients for the 22 mixtures 
batched during this study. Four primary groups are included. 

TABLE 3 PROPERTIES AND GRADATION OF 
AGGREGATE 

Prop arty 

specific Gravity, Dry 
&pacific Gravity, BSD 
Al:laorption, % 
unit Waiqht lb/cu.rt 
Pinana•• Modulus 

Gradation 

Coarse 
Aqqraqata 

2.32 
2.u 
5.3 
88 
7,13 

Biava % Paadnq Biava 

1 in 100 3/8 in. 
3/4 in 96 #4 
1/2 in 62 #8 
3/8 in 23 #16 

#4 3 #30 
#8 3 #SO 

#100 

1 lb/ft3 = u.02 kq/•', 1 in = 25.4 ma 

' 

Pina 
Aqqraqata 

2.61 
2.63 
0.7 

2.u 

Paaainq 

100 

" 98 
85 
54 
1t 

2 
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Mixtures in Group A were basically designed with water ce
mentitious ratio (w/ct) of 0.45, and cementitious content of 
564 lb/yd3• The fly ash content in this group was between 10 
and 30percent by weight of the cem ntitious material. Group 
B mixtures had w/ct of 0.38, and a cementitiou content of 
658 lb/yd3

• The fly ash content was similar in percentages to 
those in Group A. Group C included 6 mixtures. Each mixture 
was de igned with 0.33 w/ct and contained 752 lbs/yd3 of the 
cementitious material. In this group, the percent fly ash in 
the cementitious material ranged between 10 and 50. 

In Group D mixtures, the cementitious material included 
both silica fume and fly ash. The silica fume was in slurry 
and, according to the upplier, contained an unspecified A TM 
Type high-rauge water-reducer RRWR) . The basic design 
for mixtures DI through 06 was imilar to the control mixture 
( I) with respect to w/ct and the total weight of the cemen
titiou material. The difference was the use of silica fume as 
part of the cementitious content. Mixtures Dl, D2, and D3 
used silica fume , respectively, at 5, 10, and 15 percents by 
weight of the total cementitiou material. Mixtures D4 to D6 
included 20 percent fly ash with 5, 10, and 15 percent silica 
fume. 

The last two mixtures in this group were different from the 
rest. In mixtures D7 and D8, the fly ash and silica fume were 
additions to the cement content. This increased the total weight 
of the cementitious materials in a cubic yard of concrete from 
752 lb to 826 lb for D7, and to 977 lb for D8. The water 
content was held constant at 248 lb/yd3

, similar to the water 
content in Group C and mixtures Dl through D6. However, 
because fly ash and silica fume were in addition to the cement 
the w/ct was reduced to 0.30 for D7 and 0.25 for D8. 

It should be noted that the weight of the coarse aggregate 
was kept constant at 1,682 lb/yd3 for all mixtures in this study, 
allowing fluctuation to occur in weight of the fine aggregate 
only. Also , th coarse aggregate stockpile was kept in "wet 
c ndition up to th time of batching, u ing a sprinkler system 
operating intermittently. This wa in accordance with the 
tandard operating procedure of FOOT to account for the 

high ab orption of the coarse aggregate (see Tabl.e 3). Ad
justment to the batch weights were sub equently made ba ed 
on the moisture content of the wet aggregate. 

Chemical admixtures were used in all mixtures. Water re
ducing and retarding admixture, meeting ASTM requirements 
(ASTM C494) as Type D, was u ed in every mixture at a 
con taiit rate of 7.5 fl oz/100 lb of cement. HRWR, classified 
as ASTM C494 Type F was used in some mixtures to sup
plement the Type D in achieving tbe target slump of 2 to 4 
in . Rates of 1-IRWR were between I and 5 fl oz/100 lb of 
cement. It should be noted that no air-entraining admixture 
was used in any of the mixtures. The size of each concrete 
batch was 14 ft3

• The materials were batched and mixed in a 
24 ft3 size pan mixer. 

Properties of Plastic Concrete 

Tests performed on plastic concrete included slump, air con
tent (volumetric method), and unit weight. Two operators 
performed these test simultaneously, each using a different 
set of equipment for each test. Averages of the two test results 
for each property are presented in Table 4. A slight increase 
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TABLE 4 MIXTURE PROPORTIONS PER ONE CUBIC YARD OF CONCRETE 

Water Cementitious Material (lb) 
To 

Mix Cementitious Cement Fly Silica 
name ratio (W/CT) Ash Fume 

Al 0.45 564 (100) 
A2 508 (90) 56 (10) 
Al 451 (80) 113 (20) 
A4 395 (70) 169 (30) 

Bl 0.38 658 (100) 
B2 592 (90) 66 (10) 
BJ 526 (80) 132 (20) 
B4 461 (70) 197 (30) 

Cl 0.33 752 (100) 
C2 677 (90) 75 (10) 
Cl 602 (80) 150 (20) 
C4 526 (70) 226 (30) 
cs 451 (60) 301 (40) 
C6 376 (50) 376 (50) 

Dl 0.33 714 (95) 38 
D2 677 (90) 75 
DJ 639 (85) 113 
D4 564 (75) 150 (20) 38 
D5 527 (70) 150 (20) 75 
D6 489 (65) 150 (20) 113 

D7 0.30 752 75 
DB 0.25 752 150 75 

Note: Number in parentheses is percent ratio of total 

can be observed in unit weights of Group D mixtures. This 
increase is probably a result of concrete densification caused 
by silica fume in the mixture. 

Specimen Preparation and Curing 

Three 6- x 12-in. concrete cylinders were prepared for each 
compressi.on test. Two 4- x -in. cylinders were cast f reach 
water permeability test one of which was al u eel in the 
rapid chlorid permeability test. Three 4- x 5'/.1-in. cylinders 
were prepared for each corrosion test. Each cylinder had a 
Y2-i11 .-diameter . reinforcing bar mbedded along it.J cen tral 
axis. 

The molds were filled with two laye r f concrete; each 
layer wa onsolidated using a vibrating cable . Vibrating time 
wa approximate:ly 45 sec. After 24 hr, the mol 1 were re
m ved , and th pecimens were placed in lime- aturated water 
for curing. Water curing continued until the cime of testing. 

TESTS AND RESULTS 

Compressive Strength 

Testing for com,pres ive stren th wa performed according to 
ASTM C39. Three c()ncretc cylinders were t ted al ages 3, 
7. 28 and 91 day . Neopr ne pads in steel concroller were 
used for capping ends of the re ted specimen. Compressive 
tr ngth at each age was determined by averaging strength 

re ults from the three te ted ·pecimen . Te t results of the 
compres ive strengths for concrete at age 3, 7 , 28, and 91 
days arc present cl in Table 5. Each compre sive trength at 
3, 7 and 91 d11ys wa ·11 o presented a. a per ent ratio Of the 

Aggregate Plastic properties 

Fine Mix Slump Air unit wt. 
(lb) water (lb) (in) (") lb/ft' 

1398 254 2.1 3.7 141.7 
1387 3.4 J . O 141.8 
1375 3.3 2.2 142.1 
1362 3.8 2.9 142.5 

1329 250 2.3 J.O 142.7 
1316 2.6 J.l 143.2 
1300 2.6 J.O 141.7 
1287 4.5 2.8 140.8 

1257 248 4.0 3.2 141.4 
1242 2.4 2.4 143.7 
1226 3.6 2.1 143.1 
1208 2.5 2.1 144.7 
1193 1.9 2.0 142. 7 
1177 2.5 2.1 142.6 

(5) 1246 248 2.5 2.7 143.6 
(10) 1232 3.5 2.2 144.5 
(15) 1221 7.5 1.8 145.2 

(5) 1213 3.4 2.2 143.4 
(10) 1200 3.6 2.2 144.7 
(15) 1188 4.0 2.2 144.1 

1170 248 3.3 1.9 144.7 
1013 248 3.3 2.3 144.6 

cementitious material 

28-day strength of the same mixture. The overall average 
strength gains, with respect to the 28-day strength, for all 
mixtures at 3, 7, and 91 days were 71, 84, and 111 percent, 
respectively. 

In Table 6 each strength value is presented as a percent 
ratio of the 28-day strength of Mixture Cl. This manipulation 

TABLE 5 COMPRESSIVE STRENGTH OF CONCRETE 

Compra••ive Strength (pd) 

Mis Aq• - Dsys 
Name 

3 7 28 91 

Al 4380 (751 5210 (89) 5860 6210 (106) 
A2 COlO (73) UCO (821 SS20 62CO (113) 
Al 3S90 (67) 4360 (81) S370 UCO (118) 
AC 3300 (CiC I C290 (83) Sl70 61SO (11') 

Bl 43SO (73) SUD (91) 6000 6680 (112) 
B2 4720 (74) Sl520 (88) HOO 7070 (1111 
Bl uoo (71) S550 (8S) 6500 7470 (115) 
BC coso (70) C770 (82) S810 USO (120) 

Cl S3SO (81) 6140 (93) 6570 7140 (109) 
C2 S310 (80) S670 (8S) 6670 7Cl0 (1111 
C3 S060 (81) S6CO (90) 6250 7430 (11') 
cc 4550 (72) 5360 (85) '300 7590 (121) 
cs 3830 (62) 4710 (76) 6170 H20 (112) 
C6 3470 (59) 4320 (73) 5920 6700 (113) 

Dl 6140 (7S) 7130 (87) 8180 8450 (103) 
D2 6220 (73) 7580 (90) 8470 8510 (101) 
D3 5600 (65) 6030 (70) 8650 9150 (106) 
DC 5310 (69) 6550 (BS) 7720 8100 (105) 
DS S270 (67) USO (83) 7870 8500 (108) 
D6 CHO (62) 6740 (BC) BOCO 8660 (108) 

D7 6850 (80) 7628 (89) 8580 8990 (105) 
DB 6170 (72) 7414 (86) 8580 8880 (lOC) 

Not•: Numl:l•r• in parenthsa•• ar• ratio• or th• 28-day 
atrenqth. 

1 pai = o.oo&9 MPa 
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TABLE 6 COMPRESSIVE STRENGTH AS PERCENT OF . 
THE 28-DA Y STRENGTH OF MIXTURE Cl 

Kb: t Of Cl-28 Day compre aaiv• Strength 
Name 

3 Day 7 Day 28 Day 91 Day 

Al 67 79 89 94 
A2 61 69 84 95 
Al 55 66 82 96 
A4 50 65 79 94 

Bl 66 83 91 102 
B2 72 86 97 108 
83 70 84 99 114 
84 62 73 88 106 

-
Cl 81 93 100 109 
C2 81 86 101 113 
Cl 77 86 95 113 
C4 69 82 96 116 
C5 58 72 94 105 
C6 53 66 90 102 

Dl 93 108 124 129 
D2 95 115 129 130 
D3 85 92 132 139 
D4 81 100 117 123 
D5 80 100 120 129 
1)6 76 103 122 132 

D7 104 116 131 137 
D8 94 113 131 135 

of the data allows more direct comparison between strengths 
at various ages, within and among different groups . 

Permeability 

Concrete permeability was determined usi ng two test meth
od . The fir t was th e rapid ch loride p rmeabi lity te t 
(AASHTO T277) . This i au indirect Lest for permeabi lity. It 
is based on chloride diffusion into a 4- x 2-in. slice of a 
concrete cylinder or core. A potential of 60 Vi applied across 
the concrete specimen. The total charge (determined in cou
lomb") that passe thr ugh the specimen during a 6-hr period 
is used as the indicator of concrete permeability. 

The second method was the water permeability te. l which 
was developed al the University f Fl rida. The proc du.re 
for water permeability le tis described elsewhere (J) . 1n thi s 
test water under 100 psi pr ure is forced into a 2-in.-thick 
specimen cut from a 4- x 8-in. cylinder or core. Th am unt 
of water flowing into the specimen is plotted against lime. 
The average rare of flow into the specimen i · obtnined from 
tbe segment of the curve where flow rat i constant. arcy's 
formula is then applied to determine the water permeability 
of concrete. Table 7 presents the permeability test results for 
different concrete mixtu re at 28 and 9 l days. The wate.r 
permeability values are averages of two specimen , whereas 
the chloride permeabi lity values represent single t st results. 

Corrosion 

Resistance to corro ·ion was determined from Florida s lrn
pressed Current te l (2). The following is a summary of this 
test procedure. Three 4- x 5%-in . concrete cylinder are pre
pared, with a 12-i n. -long and Vz- in.-diameter reinforcing bar 
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TABLE 7 RES UL TS OF WATER PERMEABILITY, RAPID 
CHLORIDE PERMEABILITY (AASHTO T277), AND 
CORROSION TESTS 

Mix 28 Day 91 Day Corrosion, 

!lama lt-H20 It-Cl lt-H20 It-Cl Daya To 
in/a Couloml>ll in/a couloml>s Failure 

(E-12) (E-12) 

Al 8.88 6913 7 .18 5712 15 
A2 8 , 92 4971 8.69 4788 7 
Al l.64 4262 l.68 3279 11 
A4 4.30 3606 l.96 196l 10 

Bl 6.76 5575 6 . 18 6943 17 
B2 4.61 5524 4.77 2725 18 
Bl 4.83 3684 l.79 2343 25 
B4 3 . 17 2561 2.32 1696 22 

Cl 4.98 5709 4.30 5999 30 
C2 4.95 4860 4.21 l244 22 
C3 4.24 l965 3.12 2496 35 
C4 2.31 llBB 2.36 971 40 
cs 2.62 2458 2.35 1017 68 
C6 2 .lO 1887 2.16 931 38 

Dl 1.lO 1170 1.12 1238 90 
D2 1.37 510 1.40 691 100 
D3 1.41 668 1.13 l69 120 
D4 1.09 869 1.10 1053 48 
D5 1. 00 680 1.43 466 95 
D6 1.53 319 1.22 212 120 
D7 2.29 427 2.15 695 120 
D8 1.02 444 1.02 446 120 

Note : Tost was torminated at 120 dayll for D3,D6,D7,, DB 
K-H20 = Wat or permoabili ty , It-Cl = Chloride permeability 

in/a = 0.0254 m/s 

embedded along the longitudinal axis at I .Yi in . from the cyl
inder bottom. The specimen are demolded aft r 24 hr, and 
then moi l ctLrecl for 28 day ·. Thi is followed by addit iom1l 
28 day of condiiioning in a 5 percent Na I olut ion . T he test 
begins with the ·pecimens partially ubmcrged in a 5 percent 
NaCl ·olulion and connected to a constant voltage rectifier. 
Direct current is pa, sed from the rectifier to th pecimen 
rebar through the urrounding concrete and the chloride so
lution, into the Yz-in.-diameter reinforcing bar (c<'lthode) in 
the tank. and back to th rectifier. The reclifier is adjusted 
to maintain a 6-V direct cunent. The currenl in milliampere , 
that pas e thr ugh each specimen i monitored daily. Testing 
continue until 1he specimen fails. Failure time is defined a. 
lhe timt: when a large increase in current is measured . Thi 
is normally foll wed by staining and cracking of lhe concrete. 

Average resistance. to corro ion (in day ) for the different 
concrete mixlures i presented in Table 7. The te t was t r
minated for specimen · that had not failed after 120 days to 
make space in the tank for new specimens. 

DISCUSSION OF TEST RESULTS 

Effect of Fly Ash 

The rate of trenglh devel pment at early age ' is lower fo.r 
concrete with fly a h than for imilar concrete withoul fly ash 
{Table 5). Grenier reduction in strength gain can b ob erved 
in mixtures with fly ash content of 40 percent ( 5) and 50 
percent ( 6). Delay in the hyclralion pr ce s of fly a h at 
early age. is responsible for the I wer growth in trength . 
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-
However, the early reduction in compressive strength is later 
recovered with the gradual increase in the ra te of hy lrati n 
of the cernentitious material. At 91 day , the strength gain 
with resp ct to the 28-day tr ngth i slightly highe r fo r mix
tures with fly ash , except for concrete with 40 and 50 percent 
fly ash conten.t. 

The percent difference in compressive strength of concrete 
with and without fly ash can be determined from Table 6. At 
3, 7, and 28 days, the strength of concrete without fly ash is 
greater than that of concrete with fly ash (except f r Group 
B) . For example the difference a t 3 days between C .l and 6 
i 28 percent. However, thi trend is reversed at 91 day . 
Concrete mixtuJes C2', C3, and C4 how s trength 4 to 7 p r
cent highe r than that o f 1. For mixtures C5 and 6, with 
40 and 50 percent fly ash re pectively, the treilgths a t 9 l day 
were still 4 to 7 percent lower than the control mixture ( l ) . 
When all results of this study are con idered , one can conclude 
that the substitution of fly ash for cement does not cause 
significa nt change in concrete strength a t 28 and 1 days . 

Fly ash can cause ·ignificant reduction in concrete perme
ability. E vidence of substant ial reduction in permeability is 
shown in Table 7 and in Figure L. The water permeability at 
91 days was reduced by as much a 50 pe rcent in · 111 mix
tures . As an exampl , with respecr t() Mixture I the re
duction a.t 91 days in water permeability was 27 percent f r 
Mixture C3 (witb 20 percent fly a h) and 50 p rcent for 
Mixture 6 (with 50 p rcent fl y ash). 

In spite of some inconsistencies in the corrosion data, a 
general trend indicates good improvement in the corrosion 
resistance of concrete with fly ash. The most obvious im
provement in corrosion r sistance was observed in the fly ash 
concrete in Group C, as shown in Table 7 . Lower w/ct and 
the u e of higher fly ash contents con tributed to lower perme
ability a nd better corrosion resistance. Result of thi study 
sh w that the benefits to concrete durability from u c of fly 
ash in concrete utwe igh the slight reduction in strength . 

Effect of Silica Fume 

Concrete mixtures with silica fume (Group D) showed sig
nificant improvement in compressive strength, impermeabil-

0 
N 

:r 
::..::: 

0 

PERCENT FLY ASH 

FIGURE 1 Effect of fly ash on water permeability of 
concrete at 91 days. 
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ity, and corrosion resistance over similar mixtures with no 
silica fum e. The 28-day compressive strength of ilica fume 
mixtures (01 , 02, and 0 3) was between 24 and 32 percent 
highe r than that f Mixture l (with no silica fume) as shown 
in Tabl1.: 6. In fact, the 3-day compressive strength of D2 (10 
percent silica fume) reached 95 percent of the 28-day strength 
of Mixt1ue L In mixture D4 D5 , and D6, 20 percent fly 
ash was also included in the cementitious material of the 
mixture. The fly ash did slow down the rate of strength de
velopment at 3 day by an average of 12 percent. However , 
a fter 7 day., the compressive strength increased by 20 percent , 
reacl1ing a stre ngth quivalent to the 28-day strength of Mix
ture l. T hi hows that fly a h can be u. ed with silica fume 
in concrete mixtures without causing significant reduction in 
early strength. In fact, the fly ash may actually provide ad
vantages to silica fume concrete mixtures in terms of lower 
cost and lower heat of hydration. 

In mixtures 07 and D8, silica fume and a combination of 
silica fume and fly ash were used as additions to the cement 
c ntent. The 2 -day trength for 07 and 08 was slightly higher 
than the strength of 02 a11d D5. However, thi strength in
crease over mixtures with fly a h and silica fume as replace
ments i not conside red ignificant enough to warrant the use 
of silica fume and fly ash as additions to a concrete mixture 
with a high cement content. Benefits from slight increase 
in strength may be outweighed by increa. e in the cost of 
concrete . 

Improved durability is an important advantage of usrng 
silica fume in concrete. This wid ly acknowledged fact is clearly 
demonstrated by the results of permeabil ity tests and corro
sion tests of the mixtures in Group 0, a ' hown in Table 7 . 

Figure 2 is a grn pbjcal representation of the water p rme
ability te t re ults of Group D mixtures. From Figure 2 it can 
be ob. erved that silica fume decreases the 91-day concrete 
permeability by a much a · 75 percent. This substantial re
duction is almost identical in silica fume contents of 5, 10, 
and 15 percent. 

Figure 2 and Table 7 highlight an important fact about the 
role of fly ash in silica fume concrete. It is clear that the use 
of fly ash in the mixture does not seem to further reduce the 
permeability of silica fume concrete. This can be realized 

PERCENT SILICA FUME 

FIG RE 2 Effect of silica fume on water permeability of 
concrete at 91 days (FA = Ry ash). 
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when comparing mixtures D4, D5, and D6 with Dl, D2, 
and D3. 

Silica fume also causes substantial increase in the corrosion 
resistance of concrete. This improvement in corrosion resis
tance correlates well with the significant drop in permeability, 
as shown in Table 7 and Figure 3. The silica fume/fly ash 
concrete mixtures in Group D showed remarkable resistance 
to corrosion compared with mixtures Cl (with only cement) 
and in C3 (with cement and fly ash). Tests on some Group 
D specimens had to be terminated after 120 days because no 
sign of corrosion was detected. 

Correlation of Water and Chloride Permeability Tests 

The AASHTO T277 rapid chloride permeability test is the 
only permeability test currently recognized in national spec
ifications. An attempt was made to correlate re ults of the 
water permeability test devel ped in Florida with results of 
the chlori.de permeability test. Figure 4 shows the correlation 
between results of the two tests . By means of statistical regres
sion analysis, a linear relation was established between the 
two tests. The equation is as follows : 

K(H20) = 9.02 x 10- 13 + 9.47 x 10- 16 
K(Cl) 

R-square = 0.77 

where K<Hiol is water permeability and Kcai is chloride penne
ability . This simple relation can be used to orrelate the re ults 
of the two permeability tests. 

AASHTO T277 identifies 5 chloride permeability classifi
cations and establishes criteria for these classifications based 
on charge passed through the specimen, as hown in Table 
8. In this study, similar criteria based on water permeability 
were also established for the AASHTO classifications, as shown 
in the last column of Table 8. The water permeability criteria 
were derived from the correlation established between water 
and chloride permeabilities, as shown in Figure 4. Table 8 
can now be used to determine permeability classification for 
a given concrete mixtur based on results of either one of the 
two tests. This clas ification can be used to directly assess the 

PERCENT SILICA FUME 

FIGURE 3 Time to corrosion (days) for concrete 
mixtures with silica fume (FA = fly ash). 
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FIGURE 4 Relationship between water and chloride 
permeability test results. 

durability of laboratory-produced concrete mixtures. Future 
work will be focused on d vel ping criteria for permeability 
classification for field-produced concrete mixtures and for in
service structures. 

Permeability and Compressive Strength 

Wat r permeabi lity va lues are pl tted again t the correspond
ing compressive ·trcngth in Figur 5. Different classification 
of water permeability are also plotted on the same figure. 

om pres ive strength values ar · between 5,200 and 9,000 psi. 
Water permeability value are between 1.0 X 10- 12 and 
9 x rn - 1:i in ./sec. The data points in Figure 5 represent a.ll 
the mixtures including those with fly ash and silica fume. 

It is clear from Figure 5 that concrete mixtures producing 
a given trcngth do not neces arily fall in the sam permea
bility cla. : ification . Ther doe not appear to be a lear c r
relation between strength and permeab.ility . Lack of corre
lation is most obvious for concrete mixtures with compressive 
strengths between 5,000 and 7,500. Within this strength range, 
a co.ncrete with low strength can have a lower permeability 
tll'lll that of a high r-strength concrete. This si tuation prevails 
until th c mpre · ive trength approaches 8,000 psi. Al 8 000 
psi and beyond the permeability of concrete become.· low 
and remain within the low classification . A imilar trend can 
also be observed in the relationship between chloride perme
ability and compressive strength, as shown in Figure 6. 

TABLE 8 CLASSIFICATION OF CONCRETE 
PERMEABILITY 

Permeability 
Cla••if ication, 

AASBTO T-277 

Negligible 
Very Low 
Low 
Moderate 
High 

1 in/a = 0.0254 m/s 

criteria 

Chloride 
Permeability, 

coulomb• 

< 100 
100 - 1000 

1000 - 2000 
2000 - 4000 

> 4000 

water 
Permeabilitl, 
in/• x 10·1 

< 1.0 
1.0 - 2.5 
2.5 - 4.5 

> 4.5 
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FIGURE 6 Correlation between chloride 
permeability and compressive strength. 

fn view of the poor correlation between strengU1 and 
permeability and the facl that permeability i an important 
indicator of durability durabi li ty pecif!ca.tions should be de
veloped for concrete to include requirements for both strength 
and permeability. These requirements can then be applied to 
improve the durability in concret mixtures and ensure better
performing concrete structures. 

CONCLUSIONS 

Based on test results from this study the following conclusions 
are drawn: 

1. Fly ash in concrete is effective in reducing permeability 
and improving corrosion re i tance of concrete. Concrete with 
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20 to 30 percent fly ash shows the best overall results with 
respect to strength, permeability, and corrosion re ista11ce . 

2. Silica fume in concrete increases the com.pre ive strength 
by up to 30 percent and lowers concrete permeability by as 
much a 70 percent. 

3. Hjgh-performance concrete with respect to strength and 
durability can be prodnced from mixtures with w/c rat ios at 
or be"low 0.35 and having at lea t 650 lb of cemenlitious 
material, including 20 to 30 percent fly ash and 5to10 percent 
silica fume. 

4. A useful relationship is established between results of 
water permeability aod the AASHTO T277 rapid chloride 
pem1eability test for laboratory-produced concrete. 

5. Concrete mixtures with inular compressive strengtJ1 do 
not necessarily have similar level of permeability. 

6. Durability specifications should be developed for con
crete used in aggressive environments. These specifications 
should be based on requirements for both strength and perme
ability to ensure better performing and longer la ting concrete 
scructure . 
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Abridgment 

Nondestructive Testing of Concrete Block 
Foundations for Telecommunication 
Towers 

T. REZANSOFF, K. W. NASSER, AND P. S. H. LAI 

The long-term performance of concrete blocks more than 25-
years-old rhm anchored the guy wires bracing relecommunicatio.n 
towers wa evaluated. Tasks included on-site visual inspection 
and no11destructive field and laboratory tests. Laboratory test 
on drilled cores permitted correlation of nondestructive tests to 
the c ncrete compre sive trength. Test results were analyzed , 
and recommendations were made to provide guidelin s for eval
uating the performance of similar concrete structures. 

Although the deterioration of con.crete is a common problem, 
evere service conditions, such a. exposure to sulfates deicing 

sa lts, and freezing and thawing, can be accommodated with 
proper design. Because many concrete structure are ap
proaching their serviceability ltmit becau e of neglect or im
proper design , appropriate nondestructive testing procedures 
to evalua te their structural .integri.ty are continuing at the 
University of askatchewan. The most common nondestruc
tive testers available on 1he market are the rebound hammer, 
and the ultrasonic pulse velocity and pin penetration testers. 
Nondestructive field tests were compared with laboratory test 
made on core amples obtained from the same structure, ancl 
guidelines for eva luating in situ strength of ·imilar concrele 
structures are presented here. 

INVESTIGATION 

Saskatchewan Telecommunications, because of concerns about 
the integrity of con rete blocks used to anchor lran mi ion 
towers c mmissioned the investigation of lhr~e ites localed 
near three communities in the Province of Saskatchewan, 
Canada. The below-ground anchor blocks, with dimensions 
of 60 x 36 x 72 in. in the community of Swift Current, 
30-in. diameter x 70-in. depth in Rosetown, and 72-in. ui
ameter x 50-in. depth in Oxbow, were made of c ncrete 
produced on si'te and are more than 25 years o ld . Another 
anchor block near the Oxbow ile, which wa only - years 
old, was also included in the study in order lo increa e the 
data base. The blocks were excavated to permit vi ual in
spection and in-place te. ting. 

Visual in pection of the anchor blocks revealed some spotty 
minor deterioration on the top surface of the concrete. The 
overall quality and c ndition of the blocks appeared to be 
satisfactory. No evidence of reinforcing steel corrosion was 
observed on the surface of the blocks. 

University of Saskatchewan, Saskatoon, Canada, S7N OWO. 

The rebound hammer (ASTM C805) and the ultrasonic 
pulse velocity (ASTM 5 7) te ts were cho en to invc. tigate 
the conditi n of the concrete blocks. Results obtained from 
in situ nondestructive tests were compared with data from 
cores that were tested in the laboratory using the same non
destructive te ·ts. T he cores were th n fail d by either 
compre . i n (A M 39) or split ling tension (ASTM 496). 
The air void systems o.f the hard ned concrete were deter
mined by the linear travers modified point-count method 
(ASTM C457). 

Because soils in most areas of Saskatchewan are known to 
contain sulfate that may affect the long-term durability of 
concrete, samples taken from each location were tested to 
determine sulfate content. 

NONDESTRUCTIVE TEST DETAILS 

Rebound Hammer 

After the exposed surfaces were cleaned ground relatively 
smooth, and marked with a grid pattern surface hardness of 
the in-place c ncrete wa determined by a rebound hammer 
to provide a relative measure of the quality of the surface 
concrete. Eight readings in th vicinity of a grid point were 
averaged to give one rebound number. In laboratory te ting, 
the cores were lightly load d in a compre ion te ting ma
chine , and the rebound hammer tests wer performed on the 
circumferential surface. 

Ultrasonic Pulse Velocity 

Pulse velocity measurements were taken u ing R 'V" meter. 
Depending on the arrangement of the transducers n the 
concrete surfaces , the transmi ion may be direct indirect 
or semidirect. In the direct transmission method, the trans
mitter and receiver are positioned on two opposite parallel 
faces· longitudinal pul. es leaving the transmitter are propa
gated in the concrete in a direction nomial to the transducer 
face to provide maximum ensitivi ty along a well-defined 
patJ1 length. The indirect transmission m th d, in which b th 
tr~tn ducers are placed on the same concrete face , i · the lea t 
satisfactory because, apart from it relative insensitivity and 
less well-defined path length, it give · pulse veloci ty measure
ments that are influen ed by the c ncrete layer near the sur
face, and this layer may not be representative of the concrete 
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in deeper layers. Intermediate accuracy i obtained by using 
semidirect transmission by placing the transmitting transducer 
on a face perpendicular to the receiving transducer. 

Direct transmission loogituctinally tbrough the cores was 
used in the laboratory tests whereas in the field all three 
measurements were used. Grease was used a a coupling me
dium between transducer and concrete. Because the amount 
of reinforcing steel in the blocks was minimal, no attempt was 
made to locate it. 

ANALYSIS OF TEST DATA 

Laboratory Calibration Tests 

Part of the evaluation program wa. based on testing 4- x 8-in. 
cores t·hat were drilled from the concrete block foundations. 
For each core, measurements were made to determine den
sity, water absorption pulse velocity rebound number, and 
pin penetration. Most cores were then failed in compression· 
the remaining cores were failed in splitting tension. Average 
results for each site are presented in Table 1, and individual 
core compressive strengths are shown in Figure 1. 

Regression aualy es were performed on the data obtained 
from the core test to correlate compressive strength with 
measured pul e velocity (Figure 1). A correlation curve from 
a previous study (J) is also shown. 

Analysis of the rebound hammer data from the cores showed 
unsatisfactory correlation of strength with the rebound ham
mer number. It is possible that cored surfaces do not provide 
reliable readings. 

Field Tests 

Field pulse velocity test data were converted to concrete com
pressive strength data using the correlation curves obtained 

TABLE 1 SUMMARY OF TEST DATA 

Core Tests 

Site sc• R 0 0-5 

~!!IS: V,!Qj;il): o•• D D D o•• 
No. of tests 4 3 
Comp. Sucnglh 
Mean, psi 7110 3530 2640 4700 31 JO 
Maximum, psi 7780 4100 3120 5300 4760 
Minimum, psi 6120 2880 2250 4420 770 
Cocf. of Var.% 9.9 13.1 17 .1 6.6 67 

RWl!ru! 
No. of lcsts 4 R 
Comp. Sucnglh 
Mean, psi 1700 2800 1700 3500 
Maximum, psi 1800 3000 1800 4200 
Minimum, psi 1500 2800 1000 2800 
Cocf. of Var. % 9.2 3.2 17.5 14.2 

Core Comp. 
No. of tests 4 6 6 

SC 

s 
21 

4080 
6560 

21 
43 

32 

4750 
6690 
2570 
4.6 

8 

7 ·u; 
a. 
0 6 0 
0 

x 5 
.r: -Cl 
c: 4 Q) .... 

Ci3 
Q) 3 .... 
0 

(,) 
2 

1 
12 

C = 0.00263V 5·374 

C =compressive strength, psi 
V =pulse velocity, lt./sec. x 1000 
R = 0.87 

<> 
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o Swift Curren 
+ Rosetown 
<>Oxbow 
fl. Oxbow-5 

13 14 15 16 
Core Pulse Velocity, x 1000 ft./sec. 

FIGURE 1 Relationship between core pulse velocity and core 
strength of conc.rete. 

from the core tests. Rebound hammer field data were con
verted to concrete strength using the calibrations provided 
with the hammer because rebound hammer tests on the cores 
did not provide a reasonable correlation curve. A statistical 
summary of the estimated strength data is provided in 
Table 1. 

Pulse Velocity Tests and Data 

Tbe high ranges and coefficients of variation common in much 
of the trength data predicted Crom pulse velocities in Table 
1 do not necessarily reflect the variation of the concrete strength 
through the various anchor blocks. Mucb of the pulse velocity 
data recorded is unreliable, because readings were attempted 
under conditions beyond the capabilities of the equipment. 

Field (In-situ) Tests 

R 0 

D s D s 
12 6 14 15 17 16 

2070 3500 2760 1360 2790 700 100 
3380 4420 5500 4930 4250 1450 494 
770 1660 810 390 1320 44 2 
35 28 52 84 74 66 148 

22 21 

2070 1570 
3700 2200 
1100 1100 
8.1 5.S 

Other Core Tests s..c & Q 
Comp. Sucngth WaterAbsorption % 1.2 3.7 3.5 
Mean, psi 6830 3510 2590 5390 Density, lb./cu.fl. 
Maximum, psi 7130, 4290 3010 6100 Rebound Number 
Minimum, psi 5440 3060 1370 4920 Splitting Tension, psi 
Cocf. of Var.% 13.5 15.6 24.0 8.1 Modulus of Elasticity, x 106 psi 

Air Content % 
Air·void Spacing Factor, in. 

• SC= Swift Current, R = Rose1own. 0 = Oxbow, 0-S = Oxbow-5 year old concrete block 
•• D =direct transmission, S = semi-din::c1 1ransmission, I= indirect transmission 

147.3 142.8 141.7 
24 30 24 
564 421 353 
2.70 1.35 1.17 
5.5 5.2 4.9 

O.ot5 0.015 0.037 
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Detailed examination of the concrete strengths estimated 
from the pulse velocities revealed that unrealistically low 
strengths usually resulted from semidirect transmission if one 
or both of the concrete surfaces on which the sending and 
receiving transmitters were placed were not formed but the 
concrete was simply cast against a plastic sheet separating the 
concrete block from the clay excavation. Although the un
formed surfaces were ground to remove some roughness, ap
parently the coupling of the transducer with the concrete was 
not adequate for semidirect transmission. Only with direct 
transmission could reasonable results be obtained with an 
unformed surface. If both faces were formed or troweled, 
semidirect transmission usually gave a reasonable strength 
prediction. 

With indirect transmission, unrealistic results were often 
obtained even if both faces were formed, and even if the 
distances between the transmitters were short. Because strength 
(f' c) is a function of pulse velocity (V) raised to a high power 
(f' c = a Vb, with b ranging from 5 to 6, where a and b are 
calibration constants), extreme caution is needed in evalu
ating the statistics. Even a small error in pulse velocity will 
indicate a large error in predicted strength. Although other 
factors , such as voids in the concrete along the transmission 
path, or the presence of reinforcing steel, can invalidate pulse 
velocity data, in the current study it appears that rough con
crete surfaces or long transmission paths make much of the 
semidirect and indirect pulse velocity data suspect. 

In two of the three sites investigated (Rosetown and Ox
bow), the mean concrete strength predicted from direct trans
mission pulse velocity measurements lay within the range of 
strengths measured from compression tests on the cores and 
were relatively close to the mean strengths of all cores from 
the site considered (Table 1). At the Rosetown site, a large 
amount of the semidirect pulse velocity data was obtained 
between two smooth faces over relatively short distances. One 
was a formed vertical face, whereas the second face was the 
troweled top face of the block. These data yielded better 
correlation with the core strengths than the limited data that 
were recorded from direct transmission pulse velocities. The 
low value of 770 psi obtained from one of the three pulse 
velocities recorded by direct transmission was between two 
rough unformed surfaces separated by a relatively long (5 ft) 
transmission path. 

Rebound Hammer Tests and Data 

Compressive strengths obtained from rebound hammer num
bers are summarized in Table 1. The calibration data obtained 
from the Schmidt hammer were applied directly, because the 
calibration using the data obtained from the 4- x 8-in. cores 
was unsuccessful. The mean strength predicted at each site 
from the rebound hammer data was only on the order of 60 
to 75 percent of the measured average compressive strengths 
obtained in cores from the corresponding sites. 

Accurate correlation was not expected because the rebound 
hammer approach is known not to provide accurate assess
ment of strength in old, hardened concrete. However , that 
the rebound numbers provided some correlation with con
crete strength, in samples that were different in design, ma
terials used, service location, and strength, shows potential 
for field evaluation of old concretes. 
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Other Tests and Measurements 

The . ul1 hate contents (percent by weight of dry oil a SOJ) 
were negligible at rhe Swift Current site, 0.31 p rcent at R 
town , and 0.016 percent at Oxbow. De ign rec rd sh wed 
chat the concrete block · were made with A TM Type V ul
phate resisting cement, thus the high sulphate content in the 
Rosetown area did not cause significant deterioration of the 
concrete block as witnessed during the visual inspection . 

The water ab orption , density. modulus of elasticity. and 
plitting tensile ·trength presented iu Table l for the various 

core indicated that rl1e core strength increased with concret 
density and decreased with the degree of water absorption. 
Modulus of elasticity and splitting tensile trength were re
lated to the compre ive trength of the cores. 

The air contents determined from cores (Table 1) show 
approximately 5 percent air , although it i believed that air
cntraining agents were not used in the mix de igns. The rel
atively high air-void spacing factor, exceeding the 0.1-in. 
value recommended as a maximum by Power (2) for en uring 
frost resistance under severe exposure, suggests that the air 
content is entrapped air only. 

RECOMMEND A TIO NS 

Recommendations for investigating the integrity and condi
tion of buried concrete structures are as follows: 

1. A vi ual in pection is needed for preliminary information 
on the surface condition and defines the field testing required. 

2. The limitations of the nondestructive tests that will be 
used in the investigation must be known in advance. A min
imum of two nondestructive tests ar recommended for es
timating in situ strength. Testing of representative cores is 
essential to ensure that rea onable calibration curves are used 
for evaluating field data. 

3. For rough concrete urfaces (e .g., concrete ca t against 
an excavated clay wall) direct transmission with the pulse 
vel city test yields representativ re ulls. Semidirect Iran -
mi sion may be unre liable with r ugh urfaces. Indirect trans
mission may be unreliable with all surfaces. 
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