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The results of the initial three years of continuing research project 
on the durability of concrete bridge decks in Pennsylvania are 
presented. The study involved field surveys of 38 bridge decks 
comprising 2, 782 ten-ft long survey units. A total of 154 cores 
were taken from 34 of the decks. The cores were subjected to 
detailed laboratory analyses including determination of air void 
parametersbylinear traversetechniques, w/c ratio determinations, 
and petrographic examination. Seven bridge decks were observed 
during construction to examine and evaluate the effect of construction 
practices on durability. Bridge decks were resurveyed annually to 
establish rates. 

The major types of deteriorationfoundweretransverse cracking, 
fracture planes, potholes, and surface mortar deterioration. The 
primary causes of deterioration were indicated to be materials 
(aggregates) and workmanship (overfinishing, poor quality control 
with respect to entrained air and w/c, and improper placement of 
reinforcement). Recommendations to alleviate the causes of poor 
performance and suggested areas of needed research are included. 

•A CONTINUING study of deterioration of concrete bridge decks in Pennsylvania was 
undertaken by Pennsylvania State University in 1964 under the auspices of the Pennsyl
vania Department of Highways and the Bureau of Public Roads. The results, conclu
sions, and r e co m m e n d at i o n s based on the initial three years of the study are 
summarized. 

The broad purpose was to investigate the causes and remedies of concrete bridge 
deck deterioration in Pennsylvania. To accomplish this goal, 38 bridge decks were 
field surveyed and 154 core samples were taken from 34 of them. A total of 2, 782 ten
foot long by one traffic lane wide sections were surveyed. The core samples were sub
jected to detailed laboratory analyses which include determination of air-void system 
parameters, water-cement ratio determinations, and petrographic examinations. An
nual resurveys were conducted to define the rate of .advances in deterioration. To ob
serve and evaluate the role of construction practices on bridge deck durability, 7 decks 
were observed under construction. Several special studies were also undertaken to . 
investigate particular areas of interest that would contribute to the knowledge of bridge 
deck durability. 

The observed bridges were selected on the basis of their particular interest to the 
Highway Department. They comprise a small but representative sample of deteriorat
ing structures in 10 of the 11 Pennsylvania highway districts. The approximate loca
tion of these bridges is shown in Figures 1, 2, and 3. 

MAJOR TYPES OF DETERIORATION 

The major types of deterioration found on Pennsylvania bridges were transverse 
cracking, fracture planes, potholes, and surface mortar deterioration. Less common 
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Figure l. Average annual rainfall during the winter season (in.), 1950-1966. 
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Figure 2. Average yearly freeze-thaw cycles, 1950-1966. 

types of distress encountered were longitudinal, diagonal and pattern cracking, hair 
checking, pitting, and popouts. Examples of the four major types of deterioration are 
shown in Figures 4 through 7. 

The terminology used in classifying deterioration and the rating procedure employed 
were adopted from Axon, et al(~). 
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Figure 3. ASTM weathering index, 1950-1966. 

Figure 4. Example of a major transverse crack. 

Figure 6. Example of a pothole. 

Figure 5. Core showing a fracture plane at the 
top reinforcing stee I. 

Figure 7. Severe surface mortar deterioration; 
as much as 2 in. of the deck has eroded away. 
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Table 1 shows the extent of the major types of deterioration found during each study 
year and an average for the 3-yr study; resurvey data are not included . Surface mor
tar deterioration occurred on 53. 5 percent of the 10-ft sections. The next most com
mon type of distress, transverse cracking, occurred on 35. 9 percent of the sections, 
followed by potholes and fracture planes at 14. 6 and 13. 9 percent, respectively. An 
average of 14. 1 percent of the sections showed no defects. 

CA USES OF DETERIORATION 

Several factors influence the deterioration of concrete bridge decks. The 3-yr study 
indicated that the most important factors are (a) cracking, (b) entrained air, {c) aggre
gate, (d) construction practices, (e) degree of quality control maintained, and (f) the 
severity of the service environment. 

Cracking 

Although cracking is itself a manifestation of deterioration, it is also the most im
portant forerunner of other modes of destruction. This type of distress is mainly at
tributable to traffic loads, resistance by reinforcement to subsidence of the concrete, 
drying and plastic shrinkage phenomena, and design. 

High early loads and the repetition of large live loads with time have the most obvi
ous influence on the development of transverse cracks. Cracking due to resistance to 
subsidence is caused by the settling of the plastic concrete under the rigidly supported, 
top reinforcing steel. Concrete above the steel does not have freedom for vertical 
movement as does the concrete between bars. When settlement occurs the result is a 
pulling apart of the concrete over the bars and a vertical crack is created. Plastic 
shrinkage is caused by an excessively rapid evaporation of water from the concrete sur
face. It is influenced by the temperature, relative humidity, and wind velocity of the 
surrounding air. When the evaporation rate exceeds the bleeding rate of the concrete, 
hydrostatic tension is likely to cause plastic shrinkage cracks. 

TABLE 1 

FREQUENCY OF MAJOR TYPES OF DETERIORATION 

Type of Deterioration 

No. of Surface Mortar 
No Defects 

Study 1Q Ft Transvers e Cracking Fracture Planes Potholes 
Year ui::ua1u1auu11 No . of Sections 

No, of No. of No . of Sections Percent 
Percent Percent Percent No. of Sections Sections Sections 

Sections Percent 

1964- 65 256 132 51 , 5 91 35 . 5 98 38. 3 177 69, l 10 3 . 9 
10 0 0.0 0 o.o 0 0 , 0 4 40.0 0 o.o 
62 33 53.2 16 25.8 16 25, 8 62 100.0 0 o.o 

236 82 34, 7 1 4,2 0 o.o 67 28.4 13 5. 5 
22 7 32 . 7 10 45,4 9 40. 9 22 100.0 0 0.0 
62 11 17 . 7 3 4.8 3 4 , 8 26 41. 9 11 17 . 7 

Subtotal 648 265 40. 9 121 18. 7 126 19 . 4 358 55,2 34 5 . 2 

1965-66 12 0 0 , 0 0 0.0 3 25 . 0 12 100.0 0 0.0 
172 2 1. 2 0 0, 0 3 1. 7 40 23 . 3 78 39 . 5 
34 30 8tl . 2 0 o. o 3 8 . 8 21 61.8 0 0 . 0 

170 121 71. 2 11 6 , 5 23 13.5 126 74 . 1 6 3, 5 
518 146 28 . 2 2 0 . 4 19 3 . 7 372 71.8 12 2 . 3 

10 8 80 . 0 4 40 . 0 6 60 . 0 10 100 , 0 0 o.o 
40 38 05. 0 6 15 .0 2 5 ,0 35 87 . 5 0 0 .0 

Subtotal 956 345 36. 1 23 2 . 4 59 6 , 2 616 64 , 4 96 10 . 0 

1966- 67 154 112 72 . 7 47 30 , 5 42 27 . 3 8 5,2 23 14 . 9 
184 8 4 . 3 5 2 . 7 7 3 . 8 48 26.1 123 66 , 8 
172 97 56.4 19 11.0 23 13.4 78 45,3 29 16. 9 
296 76 25, 7 40 13.5 23 7 . 8 250 84,4 16 5 . 4 
144 52 36.1 39 27 . 1 38 26 . 4 92 63. 9 9 6,2 
300 38 rn .o 07 43. 5 04 42.0 12 o.o 82 31,0 

28 7 25.0 5 17. 8 5 17 . 8 27 96.4 0 0 , 0 

Subtotal 1, 178 390 33 , l 242 20 . 5 222 18 . 8 515 43. 7 262 22 . 2 

TOTAL 2, 782 I, 000 J~ . 9 386 13. y 4U'I 14,ti 1, 48Y b3. b 3 Y ~ 14 , I 
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TABLE 2 

CRACKS PER SECTION FOR SIMPLE AND CONTINUOUS CONCRETE AND 
STEEL-SUPPORTED BIUDGES 

Type of Sp.an 

Simple Continuous 

No. of No. of No. of Cracks 
No. of No , of No. of 

Bridges Spans Sections per 
Bridges Spans Sections Section 

16 190 1.3 
13 140 1.1 

10 46 750 
112 0.05 5 19 640 

15 

Cracks 
per 

Section 

1.2 
0:9 

With the occurrence of cracking, other types of distress are likely to follow. Cracks 
facilitate the ingress of water and deicing chemicals which attack the reinforcing steel. 
Corrosion of the steel produces expansive pressures in the surrounding paste which 
may produce a fracture plane. Also, the ingress of water produces a saturated zone in 
the plane of the reinforcing steel which is vulnerable to the destructive action of frost. 
When the concrete above the fracture plane is lost, a pothole is created. These pro
cesses are usually accelerated if the steel has a shallow concrete cover. Cracking is 
thus a progressive type of distress leading to more serious types of deterioration. 

Cracking and Bridge Design 

The frequency of occurrence of transverse cracks has been studied with respect to 
span design type. Spans were classed as concrete (simple spans) and steel (simple or 
continuous spans). 

There were 9 bridges in the first category, T, I, and box beam bridges, and they 
had an average of 1. 3 cracks per 10-ft section. Two of these bridges had no cracks and 
one had as many as 2. 7 per section. The 9 bridges represent 18 spans and 190 sections. 

The simple spans of steel-supported bridges had an average of 0. 6 cracks per sec
tion with a range of 0 to 2. 4. There were 10 bridges in this category totaling 22 spans 
and 252 sections. The 67 continuous spans had 1, 390 sections on 15 bridges. They 
showed an average of 1.1 crack per section and the range was from 0 to 3. 3. Five of 
the steel-supported bridges had both simple and continuous spans. Both types of spans 
have nearly the same frequency of cracking except for the simple spans of bridges that 
have both simple and continuous spans. These spans show very little cracking, aver
aging less than one-tenth of a crack per section. Four of the 9 spans in this group showed 
no cracking. The reason for the low frequency of transverse cracking on these spans 
could be attributable to the fact that they are relatively short approach spans. These 
observations are summarized in Table 2 . 

Cracking has also been related to the skew of the bridge and length of spans for var
ious types of bridges. Linear correlations were made between these two variables 
(Table 3). Only the simple spans of steel-supported bridges showed a correlation atthe 
95 percent significance level between skew and number cracks per section. When crack
ing and length of span were analyzed, again only the simple spans of steel supported 
bridges correlated at the 95 percent level. Hence, it appears that with increasing span 
lengths and skews on simple steel 
spans the frequency of cracking 
increases. 

Entrained Air in Hardened 
Concrete 

The primary function of air 
voids is to protect the hardened 
concrete from fro st damage. 
They provide chambers into which 
water can enter when forced by 

TABLE 3 

CORRELATION BE'IWEEN CRACKS PER FOOT AND DEGREE OF SKEW 
AND SPAN LENGTH 

Parameters Type of Bridge No. in Slgnilicant at 
Group 95i Level 

Cracking vs skew Concrete-simple spans 9 No 
Steel-simple spans 5 Yes 
Steel-continuous spans 10 No 

Cracking vs span length Concrete-simple spans 16 No 
steel-simple spans 13 Yes 
Steel-continuous spans 46 No 
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hydraulic pressure during freezing and thus reduce disruptive pressures that might 
other'Wise result, If there are no voids to accommodate the migrating water, frost dam
age in the form of surface mortar deterioration is likely to occur. 

For the voids to be effective in reducing hydraulic pressures, they must be of ade
quate number and size, well distributed throughout the concrete, and close enough to 
allow water to migrate to them with minimum resistance. The larger size voids, greater 
than 1, 000 µ,, are not effective in the protection of the concrete from frost action, and 
they result in a decrease in strength. This type of void is called entrapped air; voids 
less than 1, 000 µ, are called entrained-air voids and provide the necessary protection 
for the concrete, 

There are, however, deteriorating bridge decks which supposedly were made with 
concretes having an approved air content. Surface scaling, in particular, seems to be 
a common type of deterioration in these cases. Severru reasons may be advanced for 
this: {a) the air content of the affected concrete is less than the reported average test 
values, (b) deterioration mechanisms other than freezing and thawing are involved, (c) 
the general quality of the affected concrete is so low that entrained air cannot protect 
it, and (d) air volume is adequate, but the size, distribution, and spacing of the air 
bubbles are not locally in harmony with other compositional features of the concrete . 

Air Content and Deterioration 

The locations from which core samples were taken on the bridge decks were recorded 
and the air content was determined for each core by linear traverse methods, Table 4 
indicates that, of the the 154 core samples taken during the three year study, 91 (59%) 
had less than 4 percent total air content and 79 (87%) of the 91 cores came from dis
tressed areas. Comparable information is given for entrained air content for only the 
last year· of the study because it was not collected during the other two years' work. 
These data emphasize that if a concrete has a low air content, surface mortar deterio
ration can be expected. 

TABLE 4 

SUMMARY OF LABORATORY FINDINGS FOR AIR CONTENTS 

No. Cores No . Cores No, Cores No. Cores 
Highway No. of No, 

Less than Less than 4'-' 
Less than 4~ Less than 4'.C 

District County Bridges Cores 
4~ Total Entrained T. A. from E. A. from 

No, Cored Taken 
Air Air 

Distressed Distressed 
Areas Areas 

(a) 1964-1965 Study 

8-0 Cumberland I 7 
9-0 Blair I 3 
9-0 Cambria 3 12 
8-0 Dauphin 1 6 
2-0 Elk ·1 9 
9-0 Fulton 2 10 

Subtotal 47 30 25 

(b) 1965-1966 study 

3-0 Lycoming 3 3 
3-0 Union 3 I 
4-0 Lackawanna 3 3 
4-0 Susquehanna 13 12 11 
5-0 Berks 12 2 1 
8-0 Perry 4 4 4 
8-0 York 4 4 4 

Subtotal 11 42 29 27 

(c) 1966-1967 Study 

1-0 Forest 5 2 2 2 2 
1-0 Warren 12 4 5 4 4 

10-0 Armstrong 7 4 4 4 4 
10-0 Butler 18 7 9 5 7 
11-0 Allegheny 12 10 11 7 8 
11-0 Beaver 6 l 2 1 2 
12-0 Westmoreland 5 4 4 4 4 

Subtotal 14 65 32 37 27 31 

'l'U'l'AL ~4 154 ~1 7U 
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Air-Void System Studies 

During the 1965-1966 study year, an investigation was conducted to search for and 
evaluate a new air-void system parameter. The parameter which offered the most 
promise was suggested by R. E. Philleo and involved what he called protected paste 
volume concept. It required an accurate estimate of the number of air bubbles per unit 
volume of paste and to meet this demand, a new method of describing bubble size dis
tribution was developed. This distribution was based on the chord distribution and ap
proximated from a frequency distribution function. A laboratory test program was 
conducted to evaluate the two parameters called the Philleo spacing factor and the num
ber of bubbles per cubic centimeter of paste by the Penn State method. Using dilation 
of test specimens as a criterion of durability, the new parameters and the other com
mon parameters were correlated with durability by a least squares linear regression 
method of analysis. The two new parameters showed the best correlations, followed 
by voids per inch, the Powers spacing factor, total air content, and the number of 
bubbles per cubic centimeter of paste by the Lord and Willis method. 

This study prompted another in which the effect of entrapped air on the air void sys
tem parameters and on the correlation of the parameters with durability were investi
gated. Entrapped air was eliminated in increments from the calculation of the air-void 
parameters and after each iteration a correlation was made between the parameters 
and durability of laboratory made specimens. New data collected in the laboratory, 
data from the previous study, and data obtained from field core samples taken from the 
bridge decks were used. The major findings were (a) that there are relatively few en
trapped-air voids in labOratory made specimens (approximately 1i of the total number 
of voids) but they have a significant effect on the numeric value of some of the air-void 
paramej:ers; (b) as the degree of surface mortar deterioration increases on successive 
bridge 'decks, so does the effect of entrapped air on the air-void system parameters; 
(c) on bridges that were in relatively sound condition, the effect of entrapped air on the 
parameters was comparable to that of laboratory specimens; (d) air content and number 
of voids per inch are not reliable indicators of durability when they are calculated using 
the total air content, but they are reliable indicators when they are calculated from the 
entrained-air content; (e) specific surface and average chord length alone are not good 
indicators of durability. 

Distribution of Air in Deck Cores 

Although a concrete may have, on the average, an adequate volume of entrained air, 
it is not necessarily protected from frost damage. One of the criteria for frost resis
tance, an adequate distribution of entrained-air J;>ubbles, must be satisfied to insure 
protection; a nonuniform distribution renders portions of the concrete susceptible to 
freeze-thaw damage. 

The distribution of air within the core samples taken during this project was analyzed 
in two ways: air contents were determined and compared for the top, middle and bot
tom thirds of the cores, and air contents on the deck surface were measured for several 
cores. 

An analysis of the distribution of air within 62 core samples by a statistical sign test 
revealed that there is no significant difference (at the 95 percent significance level) be
tween the air content in the top third of the cores compared with the air contents in the 
bottom third, middle third, or the average of the air in the bottom and middle thirds. 
In approximately one-half the cores examined, the air content was lower in the top third, 
and in the other half of the cores the air content was higher in the top third. In several 
cases, the highest air content was in the middle third of the core. There was no ob
served pattern in the air distribution from top to bottom. However, an analysis of the 
top wearing surface of 29 cores showed that the air contents in the top surfaces of 18 
cores were less than the air contents in the body of the same cores (Table 5). The paste 
volume of the top surface of the cores was from 16 to 126 percent higher than the paste 
volumes in the body of the cores, which means that the air volume at the top surface is 
distributed throughout a much larger paste volume and, therefore, would be less effec
tive. To demonstrate the reduction in effectiveness, the air volumes at the top of the 
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TABLE 5 

COMPARISON OF AIR CONTENT AT THE CORE SURFACE WITH 
AIR CONTENT FOR THE WHOLE CORE 

Top Surface Whole Core Equivalent 
Legislat ive Sta. No. Core Air at Top 
Roule No . No . Air Paste Air Paste Surfacea 

(~) (~) (~) (~) (~) 

41049 1+66 1 1.1 50. 7 1.2 28b 0.5 
41049 1+66 2 2 . 6 54.1 2.9 27 .9 1. 6 

1009 964 + 54 3 1.8 51, 3 2.1 29b 1.1 
1001 134 + 28 3 2 . 1 56,4 1. 7 28 1.0 
1001 303 + 83 I 1.8 46. 5 2 .0 26.3 1.1 
1001 393 + 40 3 3 .4 63.2 2.2 28b 1. 5 
286 23 + 52 4 4 . 0 40.9 3 .9 29b 2 .9 
195 126+44 2 1.4 52 .9 0 , 4 32b 0.8 
333 1434 + 34 2 o. 5 60. 5 1 ,2 32.8 0.3 
511 11 + 18 3 4 ,4 48,4 4.9 28 . 8 2. 6 

5 4 ,4 46. 5 3.8 28 . 0 2.5 
61064 1 • 19 3 2 . 8 47. 7 4,3 29,4 1. 7 
209-4 459 + 10 2 7 .3 42.5 5, 9 23.2 4 .0 

3 7 . 2 47 .2 5.2 26.4 4.0 
209-5 507 + 06 4 9. 6 51, 5 7. 3 25, l 4. 7 

71 136 +00 1 4 . 9 45.9 6.8 29.6 3.2 
4 4.2 54 . 0 7 . 4 27 . 7 2 . 2 

10027 43 + 26 3 0.3 42 .7 1.2 31 , 7 0 .2 
4 0.3 49. 9 1.1 31. 2 0 .2 

78 468 + 59 1 5.2 38.8 6.1 30.9 4. 1 
1021 516+00 1 3. 6 45, 9 3.8 29.9 2 .3 

3 2 , 4 50.0 4.4 30.6 1.5 
1021 1446 + 81 2 4 .5 33.8 6.8 25 . 7 3 .4 

4 6.4 45.3 6.1 28 . 4 4. 0 
70 62nd St. 5 3 . 7 41.1 3. 8 31. 7 2. 8 

802 229 + 84 1 1.9 39. 7 1. 9 29.2 1.4 
3 2.0 32. 7 I. 7 28 . 1 1. 7 

1057 197 • 80 4 0 .2 37 .6 0 . 4 24. 7 0. 1 
51 104 . 55 4 1 ,5 45.2 1.9 27 .9 0 .9 

aca lc:.ulDrO:d' by pioportion1nl) lh• air content at the top surface to on equivalent air content for 
the pml• Ufllenl of the ..... ho lei c.ore. 

bAss!JJ'l'LOd per.ta eon tent, bQ..cd an mix proportioning data. 

cores were recalculated based on 
a paste volume equivalent to the 
paste volume in the main body. On 
this basis the volumes determined 
at the top of the cores were less 
than those for the body in 28 of the 
29 cases. 

In summary, it has been found 
that there is no significant differ-
ence in the air content in the top 
third compared with the air in the 
rest of the core. However, the 
air content at the top wearing sur-
face is typically lower than in the 
main body of the core. A defi-
ciency of entrained air at the sur-
face leaves the most vulnerable 
portion of the deck unprotected 
and surface mortar deterioration 
is probable in such situations. 

Performance of Aggregates 
in Concrete 

The paste phase in concrete can 
be made durable by proper propor
tioning and by rigid quality control 
during construction. How eve r , 
such deterioration mechanisms as 

freezing and thawing, carbonaceous and silicious aggregate reactions, and possibly, the 
growth of ice bodies can also operate in the aggregate phase. The need for sound min
eral aggregates, cannot be overemphasized inasmuch as aggregate comprises about 70 
percent by volume of all concrete. 

The selection of aggregates for bridge decks deserves particular attention because 
(a) the top surface ~xposure is more severe than on the roadway, both with regard to 
temperature and deicer application, (b) dynamic loading effects are more pronounced, 
and (c) the concrete is often mixed, placed, and cured in ways inferior to those used on 
the roadway itself. 

Petrographic examination of cores from 22 of the 34 sampled bridges showed that 
the coarse aggregates were performing poorly. The gravel coarse aggregates in 10 
bridge decks were fracturing along bedding planes. The stone aggregates in another 10 
decks were fracturing also. Some slag coarse aggregates in 2 bridges were corroded. 
A typical example of freeze-thaw fracturing of an aggregate particle in a bridge deck 
core is shown in Figure 8; the crack between the particle and the paste illustrates the 
disruptive volume change t hat had occurred. 

Construction Practices 

The durability of bridge deck concrete is most dependent on the quality of materials 
used in the concrete and the workmanship involved in the proportioning, mixing, placing, 
finishing, and curing. To evaluate some of the construction factors, 7 bridge decks 
were observed during construction. Construction practices which may have a signifi
cant effect on performance and factors which may have influenced these practices were 
noted. 

The most commonly observed construction practices that are likely to affect the 
quality of the concrete adversely were sprinkling and reworking the deck surfaces and 
delays between the end of the finishing and beginning of curing procedures. These prac
tices were noted on all 7 decks. 
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Figure 8. A typical aggregate fracture (mag. 6x). 

The result of sprinkling and reworking a concrete surface is the production of a high 
w / c ratio surface layer, deficient in air voids. Immediately below this may be a zone 
of high porosity and even lower strength due to a high concentration of bleed water and 
air. The concrete below these zones is relatively unaffected. This layered system is 
subject to failure for several reasons: (a) a concentration of water or salt solution can 
exist in the porous layer, (b) the surface is deficient in air, and (c) differential thermal 
coefficients are created in these layers. 

The procedure for correctly finishing a deck is a complicated one. Evaporation of 
water, caused by high temperatures, low humidity, and wind, requires additional water 
if the concrete is not finished immediately after placement. This was true on several 
of the bridge decks. When air temperatures were in the 80's and 90's and there were 
mild or periodic winds (the humidity was not recorded), there were serious difficulties 
in finishing the decks even though set retarders were used (the use of set retarders has 
not been entirely satisfactory, but they appear to offer some improvement) . Delays 
caused by arrival of trucks and placement procedures resulted in delay of the start of 
finishing which in turn complicated the finishing process. 

The reworking of bridge decks is often necessitated by the requirement for smooth 
riding surfaces which are true to grade, line, and cross section. Although this is a 
basic requirement, it leads to overfinishing. 

Delays of up to three or more hours have been observed between the end of finishing 
procedures and the initiation of curing. On several of the decks, areas of drying were 
noted and on one bridge the workmen were able to walk on the deck to place the burlap 
for curing without indenting the surface. 

Location of Reinforcing Steel 

The location of the reinforcing steel in a bridge deck slab may have an effect on its 
durability. Steel placed near the surface is more vulnerable to chemical attack from 
deicer salts than steel well imbedded in the concrete. In core samples taken from 
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Figure 9. Shattered paste resulting from steel corrosion (mag. 12X). 

Figure 10. Deteriorated surface showing exposed reinforcing bars; the steel is close to the top surface 
of the deck. 



distressed bridge decks, one of the causes of deterioration has been the corrosion of 
the steel (Fig. 9) . 
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Of the 7 bridges observed under construction, the minimum depth of steel in 4 was 
1% in. The steel depth was not measured in 1 deck, and in the other 2, measurements 
were made from the bottom of corrugated metal forms to the top steel. This does not 
give the actual depth of steel from the top surface but a theoretical depth can be calcu
lated. The theoretical depth in all cases was at least 27/a in. ; however, coverage of 
the top reinforcing steel was as little as 7'2 in. on some bridges (Fig. 10). 

The steel appeared to be adequately tied and supported on all but 1 deck, where the 
steel was poorly supported and the weight of the construction crew caused the reinforc
ing mat to sag. In some areas, it almost touched the lower reinforcing bars. In cases 
where the reinforcing steel was not positioned according to the design, modifications 
in the structural behavior of the slab result and cracking may occur. 

Quality Control 

Slump and air content determinations were made on essentially all truckloads of con
crete placed on each bridge deck observed under construction. The average test values 
for each truckload have been grouped according to their relation to Pennsylvania De
partment of Highways specifications for Class AA concrete which is specified for bridge 
decks (Table 6). 

For 2 of the decks, the average slump of the concrete in 50 percent of the truckloads 
was more than the specification limit of 3 in. On 1 bridge, as many as 68 percent of 
the slumps were above the specifications. There was one average slump less than 1 in. 
Of all the average slumps for the 7 bridges, 66 percent were within specifications (1 to 
3 in.), 34 percent above, and an insignificant number below specifications. 

The current highway department specification for air content is 6Y2 ± 1 Y2 percent or 
a range of 5 to 8 percent. An overall average of 57 percent of the average air contents 
were within the specifications, 34 percent below, and 9 percent above. The bridge 
which had 68 percent of the slumps above specifications had 84 percent of the air con
tents within specifications. Another bridge deck had as many as 65 percent of the aver
age air contents below 5 percent. 

These results indicate that significant amounts of the concrete placed on bridge decks 
are not within specifications . There is a lack of uniformity in the concrete on the decks 
among the bridges and in the concrete placed on the same bridge .. 

TABLE 6 

NUMBER OF SLUMP AND AIR CONTENT DETERMINATIONS ABOVE, BELOW, AND 
WITHIN PDH SPECIFICATIONS 

Bridge Identification 
(district, county, 
L.R. No. , St.a . ) 

2, Cleariield: 
L. R. 1009-30, 
Sta . 225+46 

3, Columbia: 
L.R. 609 , 
sta. 214 + 25 

9, Cambria: 
L.R. 1022, 
Sta. 622 + 43 

10, Clarion: 
L. R. 1009-8, 
sta . 501 +83 

8, Perry : 
L.R. 1033-3, 
St.a. 712 + 57 

1, Erie: 38th St, 

2, Centre-Clearfield: 
L.R . 1009-35, 
Sta . 1166 + 19 

No. of Slumps 

<l in. 1to3 in. >3 in. 

0 

18 

52 

20 

19 

14 

17 

15 

21 

11 

13 

No. of Air Contents 

< 5 5to8 > 8 
Pe rcent Percent Percent 

10 

36 

16 

9 

0 

2 

11 

19 

19 

26 

10 

23 

16 
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TABLE 7 

CALCULATED W/C RATIOS AND CEMENT FACTORS FOR CORE SAMPLES 

Values Calculated Values 
Proportioned 

Bridge Identification No . of Avg. W/ C Avg. C , F , 
W/C C.F. Cores (by wt.) (sk/yd) 

(by wt.) (sk/yd) 

L.R. 209, Sta . 459+ 10 0.43 6.25 4 0.48 5. 85 
L.R. 209, .Sta. 507+06 0 .43 6, 25 4 0.45 6.40 
L.R. 10027 , Sta. 43+26 0.43 6,25 5 0.53 6.49 
L.R. 71, Sta. 136+00 0.49 6,00 5 0. 59 5. 70 
L.R . 1021, Sta. 516+00 0.45 6.00 5 0. 67 5,32 
L.R. 1021, Sta . 1446+81 0,44 6,25 4 0.59 5.33 
L.R. 41049, Sta. 1+66 0.49 6.00 2 0.46 6.90 
L. R. 1009 , Sta. 964 + 54 0.45 6.00 ?. 0.38 7. 50 
L.R. 790, Sta . 331+41 0.46 6.00 2 0 ,49 6 . 77 
L.R. 1001, Sta. 35+75 0.47 6.00 3 0.49 7 .26 
L.R. 1001, Sta. 134+28 0.47 6.00 2 0.46 8.22 
L . R. 1001, Sta, 303+83 0 .47 6,00 2 0.45 7 .09 
L.R. 1001, Sta. 393+40 0.46 6.00 2 0.49 7 . 05 
L.R . 286, Sta. 23 + 52 0.47 6.00 4 0. 53 6,39 
L.R . 784, Sta . 37 +50 0.50 6.10 5 0.48 5,95 
L.R. 195, Sta. 126+44 0.49 6.00 o. 77 4 .58 
L.R. 333, Sta. 1434+34 0 . 47 6.00 0.43 7. 99 

Compositional Analysis of Hardened Concrete 

A laboratory investigation of a test method for estimating the original composition 
of hardened concrete was conducted. Analysis of laboratory-made specimens shows the 
average error in the determination of the water- cement ratio to be approximately 5 
percent; and for cement content, approximately 6 percent. 

The test method was applied to 59 core samples from 17 bridge decks. Selection of 
the cores was based on the availability of mix proportion data; the results are given in 
Table 7. In several cases, the calculated value for water-cement ratio and cement 
content were in close agreement with the specified values and within the error found in 

Figure 11. Water void space under an aggregate particle (mag. 12.5x). 
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laboratory-made specimens. In others, there was a significant difference between the 
proportioned and calculated values. Petrographic examinations invariably supported 
the results obtained by the test method. Evidence of excess mix water, e.g., numerous 
bleed channels and water void space under aggregate particles, was encountered in 
those cores which had high water- cement ratios (Fig. 11) . 

The test provides a measure of water- cement ratio and cement content in hardened 
concrete that is consistent in its reliability with the effect of these factors on concrete 
performance . 

Service Environment 

Bridge deck deterioration is complicated by exposure conditions which are never 
mutually exclusive in their occurrence. Adverse climatic conditions coupled with the 
use of deicing chemicals and traffic loadings are deleterious forms of exposure to con
crete bridge decks. 

Pennsylvania has severe elimatic conditions and the highway maintenance forces 
follow what is essentially a "bare pavement policy." Deicing chemicals (sodium and 
calcium chlorides) are applied at rates of 400 to 800 lb/mi, according to need. 

The use of deicer salts and climatic conditions can be grouped together as forms of 
deleterious exposure; obviously, as more severe climatic conditions occur, the use of 
deicers increases. The most important climatic conditions which have a direct influ
ence on the performance of field concretes are temperature and precipitation. Specifi
cally, the durability of exposed concrete depends to a large degree on the freezing and 
thawing of absorbed water. Precipitation may be related to the relative saturation of 
the concrete, and freeze-thaw cycles indicate the number of cycles experienced by ex
posed concrete. 

Weather data were gathered and plotted for Pennsylvania (see Fig. 1 for rainfall dis
tribution during the winter months of October through April, and Fig. 2 for the yearly 
freeze-thaw cycles). A freeze-thaw cycle is a cycle of air temperature from above 34 
F to below 26 F. The ASTM weathering index combines precipitation and the number 
of freeze-thaw cycles (see Fig. 3). 

Because most of the bridges surveyed were in a moderately or severely deteriorated 
condition and because the total number was small, no generalized statement concerning 
the climatic conditions and the severity of bridge deck deterioration throughout the State 
can be made. However, it can be stated that there is no one type of deterioration that 
is unique to any part of the State. All types of distress have been found throughout 
Pennsylvania. 

These exposure conditions undoubtedly have an effect on the performance of concrete. 
They may or may not be of paramount importance in individual cases of deterioration 
but are probably contributory in most cases. 

RECOMMENDATIONS FOR IMPROVING PERFORMANCE OF BRIDGE DECKS 

This investigation into bridge deck deterioration has pointed to numerous causal fac
tors rather than a few major ones that might easily be identified and eliminated. Simi
lar investigations in other states and by national organizations have reached the same 
conclusion. Design, materials, construction, environment and maintenance may be 
suspect in an individual way, or more likely, their effects may be superimposed one on 
another. 

This research has indicated that materials and construction are principal contribu
tors to the problem of poor bridge deck performance. This is supported in a general 
way by the fact that good and bad bridges exist side-by-side as twin structures on multi
lane highways throughout the country. The following recommendations, therefore, deal 
primarily with materials and construction. 

Quality of Materials 

The poor performance of aggregates in concrete bridge decks has shown that a more 
critical evaluation of aggregates is needed before a ppr ova 1 of sources is granted. 
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Specifications should be changed so that the aggregates for concrete bridge decks are 
subjected to more detailed and critical testing before approval. Aggregates found ac
ceptable for use in bridge decks should be identified as such. 

Construction Procedures 

1. Trial mixes, particularly when admixtures are involved, should be made in the 
same manner as the job concrete. If transit-mix trucks are to be used, the trial mixes 
should be made in transit-mix trucks. 

2. The moisture content of concrete aggregates must be determined frequently. 
Moisture tests should be made early in the morning and throughout the day and the mix 
adjusted accordingly. 

3. To insure uniformity of bridge deck concrete, a quality control program should 
be followed. A minimum of 1 slump and 1 air content determination per truckload of 
concrete should be required. A random cubic yard should be used as the sampling unit, 
augmented by selective sampling at the discretion of the inspector. 

4. Particular concern must be shown for hot weather concreting. Reduction of 
evaporation rates can be attained by concrete temperature controls. The use of cold 
water or crushed ice as part of the mixing water requirements, protection of aggregates 
from heat, and concreting during cooler times of the day are a few items that may be 
considered. 

5. Rigid support and accurate placement of the reinforcing steel must be maintained. 
Consideration should be made of using platforms in front-of the placing operations and 
of suspending them above the deck so that construction crews can work from above the 
deck surface . 

6. The rate of placement of concrete should be strictly controlled. 
7. Specifications concerning the problem of overfinishing decks should be emphasized 

further. Any practices which contribute to overfinishing, such as sprinkling water on 
the surfaces, must be eliminated. 

8. Methods for curing of concrete should be carefully specified. Initial curing should 
begin as soon as the concrete has been placed and hardened sufficiently. The concrete 
surface must not be allowed to dry before curing is begun. 

9. The entire plan of operation, placing and finishing times, and equipment of the 
contractor must be evaluated to insure that the operation can be performed smoothly 
and efficiently. 

10. Complete and detailed diaries of the construction procedures must be kept. Not 
only should all unusual conditions or practices be recorded, but also any minute items 
that may have an effect on the quality of the bridge deck. 

11. Visual evaluation of tl:!,e construction practices must be performed by qualified 
inspectors. 

12. Specifications limiting the range of slump from 1 to 3 in. for vibrated concrete 
should be rigorously enforced. 

13. Specifications for air content should be set at 6 ± 1 % percent. With high air 
contents the concrete is subject to abrasion by traffic and is considerably weakened by 
the volume of air. Low air contents may lead to premature frost damage. 

Environmental Conditions 

1, In a severe climatological area, bridge deck concrete should be allowed a period 
of drying after curing, before it is subjected to freeze-thaw cycles. A drying period 
after standard placement and curing is highly effective in producing more durable con
crete; therefore, a construction season should be specified. 

2 , Coatings of linseed oil should be applied to clean, dry surfaces of new bridge 
decks. 

Maintenance of Bridges 

1. Bridge decks should be cleaned after the application of deicers. 
2 . Limieeu uil coaling:,; i:,;huulu lie applied Lu new ul'idge deck.:,; annually Iur 3 Lo 4 

consecutive years. 
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SUGGESTIONS FOR FURTHER INVESTIGATIONS 

1. One of the causes of overfinishing bridge decks is the requirement for smooth
riding surfaces . The riding quality achieved by finishing as opposed to the price of 
deterioration should be studied. Perhaps the concrete should be placed with no finish
ing procedures and ground to the necessary elevations . 

2 . New aggregate test methods should be studied in light of the poor performance of 
some of Pennsylvania's aggregates. 

3 . A quality control program should be developed to insure uniformity of concrete 
in bridge decks . 

4. The benefits of automation in batching and mixing in central mix p 1 a n ts over 
transit mixing should be investigated. 

5. The present method of placing decks should be reevaluated. Conventional meth
ods of paving instead of the "custom" operation should be investigated to determine the 
feasibility of building decks in other ways. 

6. New repair methods for deteriorated bridge decks should be investigated. 
7. New wearing surfaces for bridge decks should be investigated. 
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