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Investigation of the problem of bridge deck deterioration in Missouri 
was initiated in 19 59. The study was conducted in several phases, and 
this paper presents results obtained from a detailed survey of 620 
bridge decks and examination and/ or tests on 209 partial or full-depth 
cores. 

Most of the discussion in this paper concerns fracture plane and 
surface mortar deterioration, with major emphasis on the cause and 
methods of 1·edudng these two types of deterioration. In approaching 
the study of fracture plane deterioration it was hypothesized that a 
horizontal plane of weakness or high water gain was built into bridge 
decks in the plane of the top reinforcing, and that the cumulative ef
fect of many factors over a period of time changed this plane of weak
ness into a fracture plane. Data supporting this hypothesis are 
p.l'f'Sent~o. 

Suggestions for preventing or reducing serious deterioration in 
bridge decks include the following measures: (a) Use and properly 
place, finish, and cure a low-slump air-entrained concrete; (b) in
sure that bars in the top mat of reinforcing are the maximum size 
consistent with sound design practices, and the minimum depth of 
cover over these bars is approximately 1.5 inches; and (c) reevaluate 
the reasons for using continuous-span design in preference to simple
span design. 

•THIS STUDY was initiated in the fall of 1959 as the result of extensive deterioration 
on the surface of a fairly new (9 -year -old) bridge deck in Kansas City. During the 
study of the concrete in the deck, reports were received of similar deterioration on 
bridge decks throughout the state. This led to the study (1), some results of which are 
presented and discussed in this paper. -

The study was divided into several phases; some are still in progress, others have 
been reported (2) or were minor and did not result in significant results, and some are 
reported herein~ namely the results of surveys of 620 decks of in-service bridges, and 
results obtained from examination and/ or tests on 209 partial or full-depth cores from 
decks. 

Nine types of deterioration were defined and discussed in the original paper (1), but 
the presence of only four of them on bridge decks is believed to have made the problem 
of bridge deck deterioration in Missouri critical. These four types of deterioration 
are (a) fracture plane, (b) pothole, (c) surface mortar deterioration, and (d) cracking. 
These four types have been intensively investigated, and are illustrated in Figure 1. 

Of the four types of deterioration, two are of greater concern. They are fracture 
plane and surface mortar deterioration. Potholing is also a highly undesirable type of 
deterioration, usually requiring immediate and Goslly repairs. IL, huwevei·, actually 
assumes somewhat of a secondary position because it is an advanced or secondary stage 
of fracture plane development. Although cracking is undesirable, by itself it was not 

Paper sponsored by Committee on Effect of Ice Control and presented at the 48th Annual Meeting. 

80 



A. Transverse crocks, potholes, and outline of fracture plane 
areas. 

C. Surface mortar deterioration. 

B. Transverse cracks and incipient potholes. 

D. Fracture plane showing in care hale. 

Figure l. Illustrations of deterioration. 
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generally found to affect the service performance of a deck (various types of cracking 
were encountered but the predominant type was a crack over a top transverse stress 
bar, few of which extended through the deck). The study of cracking cannot be omitted, 
however, because of an association between the presence of cracking and the occurrence 
of fracture plane deterioration. 

RESULTS OF SURVEYS OF DETERIORATION 

To determine the severity and distribution of bridge deck deterioration throughout 
the state, survey teams were formed in each of the ten districts. They were assisted 
by two additional survey teams from the Research Section to help balance the progress 
of the surveying between the districts. 

Survey forms with instructions for recording observed deterioration, a dictionary of 
terminology, and photographs of each type of deterioration were provided each survey 
team .0). Each district survey team was r equested to survey each bridge on primary 
routes in the district. Completed survey forms were sent to the Research Section for 
tabulation and analysis of results. 

At the conclusion of the surveys, reports were received for a total of 953 bridges. 
Of these bridge decks, the surfaces of 288 could not be seen because they had been 
treated with bituminous resurfacing. Undoubtedly many of these decks were resurfaced 
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TABLE l 

PERCENT AFFECTED BY EACH TYPE OF DETERIORATION 

Type of Deterioration 
Survey Number No 
Section Cracking Fracture Potholes Surface Mortar Defects 

Plane Deterioration 

Decks 620 70.6 10.0 21.8 80 .3 9.5 

Spans 3,030 51.4 4.4 10.4 66.8 18.6 

Subsection 30,808 29.6 1.5 2.8 46.8 38.7 

because of the presence of some form of deterioration, but since they could not be sur
veyed they were not considered in the analysis. Because of reconstruction or other 
reasons, 45 others were also eliminated. This left a final sample of 620 bridge decks, 
predominantly of non-composite design. The spans on the bridges were mostly of the 
following five types: concrete slabs, concrete deck girders (T-beam design), I-beams, 
plate girders, and trusses. Other types of spans encountered were placed in a miscel
laneous group. 

The 620 bridge decks consisted of 2,444 simple spans and 586 continuous spans, and 
30,808 subsections (an area 10 feet long by 1 tl•affic lane wide). It soon became evident 
that the size of the test section had an appreciable effect on the percentage of deck af 
fected by each of the four major types of deterioration. This is clearly shown in Table 
1 and obviously the percent affected decreases directly with the size of the survey sec
tion. Because the smaller survey section would ::ippP.::ir ln ~ivl:' lh!:' most accurate pie 
tu -~, the~e results will be usea in tlie following discussion of the data. 

In analyzing the data, the effect of age, span length, air-entrainment, traffic inten
sity, design types, and geographic area upon each of the four major types of deteriora
tion were evaluated. In evaluating effect of age the age groupings were at 5-year inter
vals. A smaller age interval might have been better but there were eight age groups 
for the 5-year interval and a smaller age interval would have greatly reduced the num
ber of bridges in each age group. 

Cracking 

There was no indicated effect of air-entrainment or traffic intensity on cracking. 
Cracking did not increase with age; it was indicated, however, that most of the crack
ing did occur during the first 5 years. 

Cracking increased with increase in span length, and more cracking occurred on 
continuous spans than on simple spans. More cracking also occurred in the central 
area of the state (Table 2). This portion of the state includesbothst. Louis and Kansas 
City and it also includes the greatest number of continuous spans. 

Fracture Plane 

In making the surveys it was observed that much of the fracture plane deterioration 
was located near cracking. The data were statistically analyzed for an association 

TABLE 2 

EFFECT OF GEOGRAPHIC AREA ON PERCENT OF SUBSECTIONS AFFECTED 
BY EACH TYPE OF DETERIORATION 

Type of Deterioration 

Al'ea Number Nu 

Cracking Fracture Potholes Surface Mortar Defects 
Plane Deterioration 

North Y,6~6 22 0.4 0.7 61 31 

Central 11,388 37 3,3 7.0 50 31 

South 9,782 28 0. 5 0.7 29 55 

Statewide 30,808 30 1.5 2.8 47 39 
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between cracking and fracture plane, and a significant association was found. There
fore, the factors that promote the occurrence of cracking would be also expected to 
promote the occurrence of fracture plane deterioration. 

The data showed that fracture plane deterioration, as well as cracking, was most 
severe in the central part of the state. An investigation of the maintenance records of 
purchases of sodium chloride for use as a de-icer showed that approximately 85 per
cent of all salt from mid-1956 to mid-1962 was purchased for the central area. As 
will be discussed later, this is believed to be an important contributing factor in frac
ture plane development. 

Potholes 

By definition a pothole is an advanced stage of fracture plane. Consequently, the 
factors contributing to fracture plane development should also contribute to potholes. 
In addition, the number of subsections containing potholes should not exceed the num
ber containing fracture plane deterioration, but from the data in Tables 1 and 2 it is 
obvious that more subsections contained potholes than fracture plane areas. Possible 
reasons for this discrepancy are the following: 

1. Fracture plane areas may have been completely broken out, leaving a pothole, 
but no note was made on the survey form of the fracture plane that existed first. This 
type of condition by mistake was not discussed in the instructions for making the sur
veys. 

2. Other types of deterioration, such as advanced surface mortar deterioration or 
large pits or popouts, might have been misclassified as potholes. 

Surface Mortar Deterioration 

The occurrence of surface mortar deterioration (SMD) was greatest in the northern 
area of the state, next greatest in the central area, and least in the southern area, in
dicating that the occurrence of SMD is associated with the severity of freezing. This 
is of particular interest in view of the much greater use of de-icers in the central 
region. 

The data showed that a considerably smaller percentage of SMD occurred on decks 
made with air-entrained concrete. However, SMD remains a problem even with air
entrained concrete. A variety of indications were obtained regarding the effect of age 
on the occurrence of SMD. Undoubtedly the age of the concrete at the time of initial 
use of de-icers had a major effect in causing this variability. No association was 
found between occurrence of SMD and intensity of traffic. There was no indication that 
the occurrence of SMD was associated with variation in types or sources of the aggre
gates used in the concretes. 

RESULTS OF TESTS OF CORES 

Surface mortar deterioration and fracture plane are considered to be the most det
rimental types of deterioration in Missouri bridges. The cause of surface mortar de
terioration is undoubtedly the increased use of de-icers, and the means of prevention 
is undoubtedly the proper placement, finishing, and curing of a good air-entrained con
crete. Knowing the cause of and means of prevention does not necessarily mean elim
ination of SMD, because of the difficulties encountered in obtaining concrete of the de
sired quality and air content in the decks. However, insofar as the testing of cores for 
elimination of SMD is concerned, the objective is to determine to what extent the de
sired quality of concrete is being obtained. Some data concerning this will be pre
sented and discussed later. 

The problem of fracture plane deterioration is entirely different in that there is no 
general agreement regarding either the cause or the means of prevention. In this study 
this situation resulted in two distinct studies of cores from bridge decks. The first 
was designed to determine the association between rusting of, and depth of cover over, 
the top reinforcing steel and occurrence of fracture plane. The second was designed 
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to determine what physical differences exist between concrete in deteriorated and ad
jacent undeteriorated (sound) areas of bridge decks. 

In the first study, 148 partial-depth cores were taken from 22 bridge decks. Of the 
148 areas sampled, fracture plane existed in 55. In 48 of the 55 fracture plane areas, 
the top reinforcing steel was rusted; no rusting was observed in 7 areas. In the 93 
areas without fracture plane, rusted top steel was found in 13 areas and not found in 80 
areas. A statistical analysis of these data shows an association between rusted top 
reinforcing and fracture plane, but the data do not indicate which of these variables is 
first to occur. 

The data also showed that fracture plane and rusting of the top reinforcing occurred 
more frequently when the depth of cover over the top reinforcing was 1.5 in. or less. 
Fracture plane was found for depths of cover as great as 3.25 in., so there appears to 
be little hope of eliminating fracture plane by merely increasing the depth of cover 
over the top reinforcing. However, increased depth of cover should reduce the amount 
of fracture plane, and observations indicate that a deep fracture plane is less apt to de
velop into a pothole. 

The data also indicated that, for any specified depth of cover, the depth of cover ob
tained will show a range above and below the specified amount. The data, which were 
obtained primarily un deeks finished by hand methods, indkate that the average deplh 
of cover should be approximately 2.375 in. if a minimum depth of 1.5 in. of cover is ob
tained in at least 95 percent of new deck concrete. The improved control obtained with 
machine-finishing should result in less variation in the depth of cover over the top 
reinforcing. 

The second study of concrete from bridge decks was made on 61 cores taken from 
----"'e-ve!'-ai-nn<lge-deGks~l.co'.or-es-we!'e-ta.Ken-!!'om-<lete!'-1or-ated-(fracnure-plane-or-su!'facp ___ _ 

mortar deterioration) and adjacent undeteriorated areas. The cores and sections of 
the cores were tested in the laboratory for cement factor, water-cement ratio, porosity, 
air content, and bubble spacing factor. Details of the test procedure for determining 
the mix composition appear elsewhere (3). 

The procedure followed in testing the- cores for variations in the concrete that might 
affect fracture plane development was based on a hypothesis regarding the possible ef
fect of bleeding in bridge deck construction. The hypothesis states that normal sedi
mentation of the heavier components of concrete above the top reinforcing steel is in
terrupted by the rigidly supported steel and that a plane or zone of weakness or of high 
water gain is built into the bridge deck slab in the plane of the top mat of reinforcing 
steel. A characteristic of this postulated plane of weakness is that it interrupts the 
normal bleeding process. That is, bleeding water originating in the concrete below the 
plane of weakness would not reach the surface of the deck. If this is true, it was rea
soned that the water-cement ratio (and porosity of the paste) would be greater in the 
concrete immediately below the plane of weakness than in the concrete above. 

To check this hypothesis the porosity of the cement paste in the cap and of an ap
proximately equal volume of the concrete directly beneath the cap was determined on 
20 cores taken from fracture plane areas. The results obtained are given in columns 
4 and 5 of Table 3. In 18 of the 20 cores, the porosity of the paste in the portion of the 
core directly below the fracture plane was greater than for the cement paste above. 
The average difference for the two columns was 4.3 percent. 

Columns 2 and 3 of Table 3 give the results obtained for the whole cores, and the 
average values are very near the design values. Actually the mix composition of vari
ous portions of the cores was determined. The results thus obtained produced no evi
dence that would indicate a difference (at time of placement) in the quality of concrete 
above or below a fracture plane. 

In columns 8 and O of Table 3 are given the porosities of cement pastes in the top 
two disks (each approximately 1 in. thick) of cores drilled from sound concrete adjacent 
to fracture plane areas. These results show no marked difference in the porosity of 
the cement at the two depths. This is indicated by the relatively close agreement be
tween the average porosities at the two levels. It definitely is not concluded that these 
results indicate the absence of a plane of high water gain in these cores. Actually the 
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TABLE 3 

TEST DATA FOR CORES DRILLED FROM FRACTURE PLANE AREAS AND ADJACENT SOUND AREAS 

Fracture Plane Ar ea Adjacent Sound Area 

Porosity: Porosity: 
Percent Absorption Percent Absorption 

Bridge Cement Water-Cement 
(by vol.) of Paste Cement Water -Cement 

(by vol.) of Paste 
No. Without Air Without Air 

Fac to r Ratio Factor, Ratio 
(bbls / yd!,) (by vol.) 

Section 
(bbls/yd3

) (by vol .) Section 
Top of Adjacent 

Top of Adjacent 
Core (Cap) to Cap 

Core (Cap) to Cap 

L- 232 1.48 0.75 40.3 38.3 1.39 0 .75 42.7 32. 5 
L-232 1.39 0.75 39. 5 40.5 1.52 0.75 40.8 37.9 
L-232 1.30 0.77 41.9 44.1 1.50 0.75 40.4 41.8 
L-232 1.35 0.79 42.8 49.1 1.52 0.71 38.0 34.4 
L-232 1.54 0.68 35.1 39.4 1.25 0.75 39.8 42 .8 
L-232 1.50 0.78 43.6 42.8 1.40 0.70 38.1 38.4 
L-232 1.36 0.75 38.2 43.4 1.39 0.74 37 .6 39 .0 
L-232 1.51 0.72 41.0 43.6 1.50 0.67 39.7 41.2 
L-232 1.52 0.74 41.3 48.0 1.40 0.71 40.5 36.5 
L-232 1.50 0.77 39.1 43.8 1.48 0.64 37.9 39.3 
L-232 1.27 0.89 43 .9 50.7 1.53 0.68 36.7 36.9 
L-232 1.62 0.62 34.6 36.2 1.50 0.67 40.2 37 .1 
L-428 1.26 0.77 43 .4 48.9 1.34 0.74 33.5 39.5 
L-428 1.37 0.77 37.2 45.8 1.18 0.84 37 .3 _49.0 
K-790 1.45 0.75 38.6 40.9 1.44 0.69 40.5 39.0 
K-790 1.51 0 .72 39 .6 49.3 1.51 0.68 44.6 39 .6 
G-487 1.66 0.70 36.3 39 .0 1.48 0.76 45.6 36.2 
L-493 1.44 0.85 40 .2 50 . 5 1.53 0.79 39.7 44 .8 
K-500 1.29 0.76 40.9 41.5 1.47 0.68 39.8 40.4 
K-795a 1.35 0.84 39.0 46.5 1.41 0.70 39.2 36.5 

Average 1.43 0.76 39.8 44.1 1.44 0.72 39.6 39.1 

0
Non- ai r- entrai ned. 

plane of high water gain is not visible in cores, even with a microscope, and the shape 
of the fracture plane indicates that it is not exactly horizontal but is undulating. Con
sequently, in sawing two disks of uniform thickness from the top of sound cores, por
tions of the plane of high water gain could be in each disk. 

Other significant data concerning the tests on deteriorated and sound cores are those 
concerning the water-cement ratio (columns 3 and 7 of Table 3). The water-cement 
ratio of the sound concretes was lower in 14 of 20 comparisons. If, as the data in 
Table 3 indicate, a plane of high water gain is being built into bridge decks, this plane 
of weakness should be most pronounced in concretes of high water-cement ratio. These 
data tend to support this inasmuch as fracture plane tended to develop first in areas of 
highest water-cement ratio. 

The results of tests on cores drilled in or adjacent to areas of surface mortar de
terioration are given in Table 4. The top half of the table gives results for whole cores, 
and the bottom half gives results for 1-in. disks cut from the top of each of these cores. 
Of the 11 cores drilled from areas of surface mortar deterioration, 9 had high water 
content, low air content, or both. (Two of the 9 cores were drilled from a bridge that 
was constructed with non-air-entrained concrete.) 

Of the 12 cores drilled from sound areas adjacent to areas of surface mortar dete
rioration, 6 had high water content, low air content, or both, based on a specified water 
content of 6.25 gallons or less and a specified air content of 3 to 6 percent. Although 
these data show that the concretes in the sound cores should be somewhat more immune 
to SMD, many are not of the desired quality. 

The average results for the whole cores show that SMD tended to occur in concretes 
of highest water content, lowest air content, and highest bubble spacing factor. This is 
as would be expected, and these results show that many of the concretes did not meet 
the specified quality. 

The results obtained on disks from the tops of these cores are of special interest. 
The cement factor in these disks tended to be higher than in the whole core. This was 
undoubtedly due to an increase in mortar content at the surface of the deck. The air 
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TABLE 4 

TEST DATA FOR CORES DRILLED FROM AREAS OF SURFACE MORTAR DETERIORATION 
AND ADJACENT SOUND AREAS 

Area of Surface Mortar Deterioration Sound Area 

Bridge 
Cement Water-Cement Spacing 

Bridge 
Cement Water-Cement Spacing 

No. Percent No . Percent 
Factor Ratio Factor, Factor, Ratio Factor, 

(bbls/yd\i) (by voi.l Air (in.l (bbls/yd') (by voi.l Air (In.) 

Data for Whole Core 

A-153 1.62 0.89 1.9 0.0213 A-153 1.53 0.66 4.3 0.0077 
L-555 1.48 0.75 3.6 0.0129 A-153 1.60 0.72 3.8 0.0066 
L-555 1.52 0.86 2.8 0.0110 A-153 1.47 0.74 4.8 0.0063 
L-555 1.62 0.76 4.5 0.0073 A-153 1.71 0.71 2.5 0.0130 
L-682 1.31 0,69 2.2 0,0404 A-153 1.62 0.71 4.7 0.0076 
L-682 1.39 0.64 1.2 0.0409 L-555 l.49 0,81 3.3 0.0080 
L-550 1.28 0,99 2,7 0,0112 L-555 1.43 0,85 • 2.3 0.0109 
L-550 1.29 0,89 3,5 0,0081 L-682 1.77 0.60 1.1 0.0395 
L-623 1.15 0.88 4.1 0.0076 L-682 l.79 0.58 3;1 0.0222 
K-795a 1.35 0.84 0.8 0.0471 L-550 1.42 0.74 2.7 0.0096 
K-795a 1.41 0,70 0.5 0.0426 L-623 1.52 0.77 2.9 0.0100 

L-623 1.24 0.83 2.5 0,0103 

Average 1.40 0.81 2.5 0.0228 Average 1.55 0.73 3,2 0.0126 

Data for Top Section 

A-153 1.47 0.98 1.6 0.0145 A-153 1.97 0.62 3.6 0.0054 
L-555 1.49 0.77 3,0 0.0115 A-153 1.72 0.76 3.4 0.0056 
L-555 1.65 0,88 2.2 0.0103 A-153 1.94 0,65 4,4 0.0062 
L-555 1.87 0.66 4.6 0.0072 A-153 1.53 0.81 2.2 0,0094 
L-682 1.36 0,87 0,4 0,0301 A-153 1.10 0,94 3.7 0.0063 
L-682 1,37 0,69 0,7 0,0325 L-555 1.75 0,72 2.~ f_l,11117~ 

- 5(i 1,2 [,1)3 t. 0.009 -55 1.ei) 0,66 •• 1 0:0109 
L-550 1.40 0,85 2,7 0,0089 L-682 1.90 0.61 0.5 0.0339 
L-623 1.59 0.70 4.8 0.0073 L-682 2,08 0.58 2.5 0.0139 
K-795a 1.69 0,73 0,6 0,0337 L-550 1.41 0.63 3.2 0.0068 
K-795a 1.71 0,73 0.9 0.0343 L-623 1.66 0.71 2.2 0,0096 

L-623 1.52 0.72 2.1 0.0092 

Averai;e 1.53 0,81 2.1 0,0182 Avcr11gc 1.70 0,70 2.8 0,0104 

c Non-air-entrained, 

content in the disks tended to be lower than in the whole core, but the bubble spacing 
factor also tended to be lower. This, of course, indicates that the air lost tended to be 
the large bubbles and that more small bubbles were found in the top inch of the deck. 

These results also indicate that SMD can occur in concretes that appear to be of ad
equate quality, but that it is most apt to occur in concretes of high water content and 
low air content. 

HYPOTHESIS ON MECHANICS OF FORMATION OF FRACTURE 
PLANE DETERIORATION 

In the preceding discussion of laboratory tests no mention has been made of crack
ing. However, the hypothesis concerning a built-in horizontal plane of weakness or 
high water gain also postulates that the concrete above each rigidly supported reinforc
ing bar tends to bend and form a vertical crack or plane of weakness above the bar. 
This tends to result in t.hP type of cracking illustrated in Figi.ires lA and lB. In addi
tion to the postulated horizontal and vertical planes of weakness it is hypothesized that 
voids or zones of high water gain tend to be formed beneath and possibly along the sides 
of the rigidly supported top reinforcing bars. 

The magnitude or degree of weakness of these postulated planes or voids is expected 
lu be dependent on the slump of the concrete, the size and spacmg of the reinforcing 
bars, the maximum size a...11.d angularity of the coars~ aggregate, the depth of the con
crete beneath lhe lup r·einforcing bars, the timing of the finishing operations, the tem
perature of the air and concrete, and vibrational stresses caused by movement of the 
entire deck during or shortly after placement of the concrete. 

It is further postulated that the horizontal plane of weakness is converted into afrac
ture plane by the following process: During periods when the deck is wet, water or 
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de-icing solutions penetrate the vertical cracks, fill the voids around the reinforcing 
steel, and seep into the horizontal plane of weakness . The use of de-icing salts during 
freezing temperatures would provide the solution and increase the time available for 
these solutions to penetrate. The decks of more flexible design, especially those that 
are heavily traveled, are more susceptible to the penetration of water and de-icing 
solution because of their flexing action. The varying concentrations of these solutions 
in the concrete cause osmotic pressures (4), which have a disruptive effect. The salt 
solutions, along with variations in the chemical properties of the steel, can form small 
electrochemical cells, which contribute to corrosion of the steel (5). The corrosion 
causes pressures that are disruptive to the concrete. With decreasing temperatures, 
the solution in the vertical cracks freezes and entraps solution in the built-in voids. 
As the temperature further declines, the solution in the voids freezes and pressure is 
exerted in the horizontal plane of weakness. This pressure, the osmotic pressure, the 
pressure caused by corrosion of the steel, plus stress resulting from the flexing action 
of the deck could, after many repetitions, change the horizontal plane of weakness into 
a fracture plane. 

MEASURES THAT SHOULD TEND TO PREVENT OR 
REDUCE DETERIORATION 

The results of this investigation indicate that the following measures should be help
ful in reducing deterioration in bridge decks: 

1. The slump and water-cement ratio of the concrete should be uniform and as small 
as possible. Because the desired slump can be obtained with a lower water-cement 
ratio, use of air-entrained concrete should be beneficial. 

2. The air content of the concrete should be within the specification limits to insure 
_}2_oth satisfactory strength and resistance to de-icers. It is suggested that this can best 
be achieved by specifying the desired optimum air content with a plus and minus toler
ance rather than an equivalent range; for example, specify 5.5 ± 1.5 percent rather than 
4 to 7 percent. 

3. The spacing between the top reinforcing bars should be as large as sound design 
practices allow to help reduce the tendency for development of a plane of weakness. 
This should also tend to maximize the size and minimize the surface area of the rein
forcing steel and the disruptive effect of rusting of the steel. 

4. The finishing procedures should be so timed that the concrete is subjected to 
compaction at intervals throughout the bleeding or subsidence period. The intent is to 
regulate the timing and not to increase the amount of finishing, because an increased 
amount of finishing could seriously reduce the amount of air in the surface of the deck. 

5. The minimum depth of cover over the top reinforcing steel should be approxi
mately 1.5 in. To attain this minimum depth of cover, the required specified depth is 
indicated to be from 2 to 2¾ in. 

6. The reasons for using continuous-span design in preference to simple-span de
sign should be reevaluated in view of the indicated probability that more fracture plane 
deterioration occurs in the decks of continuous-design bridges. 

7. To prevent the formation of plastic and shrinkage cracks in the surface of bridge 
decks, extreme care should be exercised to avoid delaying the start of wet-curing and 
to avoid the sudden removal or stoppage of wet-curing. 

SUMMARY OF INDICATIONS 

Although the results of this investigation produced few definite conclusions, the fol
lowing indications were obtained: 

1. Cracking was most severe on continuous spans, and most of it apparently devel
oped during the first 5 years. 

2. The occurrence of fracture plane deterioration was significantly greater in sub
sections exhibiting cracking. 

3. The occurrence of fracture plane deterioration was greatest in areas of greatest 
use of de-icing salts. 
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4. The occurrence of potholes was related to factors affecting the occurrence of 
fracture plane. 

5. The occurrence of surface mortar deterioration was related to severity of frost 
action, being greatest in the northern area, intermediate in the central area, and least 
in the southern area. 

6. Although the occurrence of surface mortar deterioration is apparently not di
rectly related to the amount of de-icing salts used, the extensive development of this 
defect following use of these salts strongly indicates a significant cause-and-effect 
relationship. 

7. Use of air-entrained concrete decreased but did not eliminate the occurrence of 
surface mortar deterioration. 

8. The possible occurrence of rust on the top reinforcing steel and the occurrence 
of fracture plane deterioration is shown to be significantly greater when the depth of 
concrete over the steel is 1 % in. or less. 

9. Although there is a significant relationship between the occurrence of fracture 
plane deterioration and the occurrence of rust on the reinforcing steel, no positive 
evidence was obtained to indicate which of these types of deterioration came first. 

10. The higher porosity of the cement paste immediately below a fracture plane 
clearly indicates that a plane of weakness or high water gain is built into bridge decks. 

11. The concrete in some areas of the deck contains more than the specified amount 
of water and less than the specified amount of air. 

12. Although some surface mortar deterioration appears to occur in concretes meet
ing specification requirements, there is a strong indication that it is more apt to occur 
in concrete of hi~h wah•r r•rml ... nl , lnw :l'i r contfmt, or both. 

13. The results tend to support the hypothesis that fracture plane deterior ation de
velops in a plane of weakness or high water gain that is built into new bridge decks be
cause the rigidly supported steel prevents uniform subsidence of the plastic concrete. 

As a result of these indications, measures which should tend to prevent or reduce 
deterioration in bridge decks are presented in the preceding section. 
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Discussion 
BRYANT MATHER, Chief, Concrete Division, U.S. Army Engineer Waterways Ex
periment Station, Jackson, Miss.-The authors have made a most important contribu
tion to the accumulation of relevant data and opinion regarding a problem of large mag-
11ilude. Their emphasis on the role of the formation of "a. horizontal plane of weakness 
or high water gain," and subsequent deterioration is most significant. The authors' 
tabulation of "measures that should tend to prevent or reduce deterioration" reflects 
both a careful evaluation of their data and an exercise of educated judgment. With most 
of these recommendations one can only wholeheartedly agree. It would be impossible to 
overemphasize the potential benefits of reducing the water-cement ratio as much as 
possible, of reducing the slump as much as possible, of insuring the presence in the 
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concrete of a desirable entrained air-void system, of insuring proper curing (both the 
avoidance of delays in starting wet curing and avoidance of its interruption), of insuring 
adequate concrete cover over reinforcing steel, and of proper timing of finishing opera
tions. I suggest that one further recommendation might well have been included, namely, 
that the consolidation of the concrete should be complete and that consideration should 
be given to delayed revibration to overcome the tendency, if any, for a plane of high 
water gain to form at the level of the steel. If the concrete mixture has been properly 
proportioned to contain the lowest possible water-cement ratio and to have the lowest 
possible slump, if cannot be damaged or segregated as a result of "overvibration." 

This paper was also studied by Dr. H. G. Geymayer, Chief, Structures Section, Con
crete Division, U.S. Army Engineer Waterways Experiment Station, who suggested that 
the recommended reconsideration of the reasons for use of continuous rather than sim -
ple-span designs would be a mistake. He believes, and I agree, that the "failure plane" 
problem is a materials problem that can and should be solved as such, without sacrific
ing structural benefits, or even involving structural considerations. This should not be 
taken to mean that procedures that minimize the rigidity by which the reinforcing steel 
is supported should not be explored as part of the program of minimizing the tendency 
toward development of planes of weakness. Such developments can and should be pur
sued without compromise of design features. 

E. 0. AXON, L. T. MURRAY, and R. M. RUCKER, Closure-The authors welcome 
Mr. Mather's discussion because the complexity of this problem is definitely sufficient 
to warrant differences of opinion. Delayed revibration was not recommended for two 
reasons: 

1. There is considerable doubt that the compactive effort needed to prevent bleed
ing water from collecting in the plane of the top mat of reinforcing is sufficient to re
quire revibration; and 

2. Realistically, it must be recognized that some portion of the concrete placed in 
many bridge decks will not fully conform to Mr. Mather's requirements for concrete 
that cannot be damaged or segregated by "overvibration." The "if" in his sentence 
could be and probably is larger than desired. 

In regard to design, the authors merely suggested that the reason for using contin
uous-span design in preference to simple-span design be reevaluated. Dr. Geymayer 
has done this and apparently reached the conclusion that the advantages of continuous
span design exceed the disadvantage of a probable increase in deterioration, but in 
making this decision Dr. Geymayer knew of the probability of increased deterioration 
in continuous-span design. To make the designer aware of the increased probability of 
deterioration was all that the authors hoped to accomplish. 

In regard to design, the authors have only recently become aware of problems re
lated to the repair of decks on some continuous-span designs, and have become most 
conscious that the ease of patching is another factor the designer must consider in 
evaluating the design of bridge decks. 




