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Structural Tolerances
The Problem and the Approach

K. R. SCURR
South Dakota Department of Highways

Increased public and political interest in highway construction
as a result of the Interstate Highway Program has created an
atmosphere in which inspectors and engineers are becoming
more reluctant to exercise "engineering judgment" in accept-
ance or rejection of work. Under such conditions it becomes
more important to develop a '"statistical basis" or "tolerance
curve' as specification controls, recognizing that laboratory
preceision cannot be economically obtained under jobsite con-
ditions.

°*THE PROBLEM of permissible construction tolerances has plagued mankind from
prehistoric time when he first acquired the capability of adapting the materials

of his environment to serve better his needs or his convenience. The controversy
which could result between the maker and the purchaser of the first stone wheel can

be well imagined. How much out-of-round would be permitted? How smooth must

the rim be? How much off-center could the axle hole be placed? These questions had
to be resolved by compromise on tolerances that would satisfy the needs of the pur-
chaser and would be within the capabilities of the maker to produce. This might be
called "engineering judgment' and some sort of refinement of this process has followed
the construction industry from the stone ages to the present.

The magnitude of the Interstate Highway Program has focused attention on every
aspect of the highway construction industry. The huge expansion of plant and personnel
required since 1956 to accommodate this program has undoubtedly contributed to a
condition which resulted in imperfections in construction that might not have occurred
in a normal program. The public and political interest inherent in such a program
has probably resulted in a tendency to magnify some of the imperfections out of pro-
portion to their real significance in producing a satisfactory finished product.

The specifications under which most highway structures are built comprise single
values, minimum or maximum as the case may be, for strengths, dimensional toler-
ances, and other controls that govern the acceptability of materials or workmanship.
These have been accepted for many decades as values that cannot be quantitatively or
qualitatively departed from.

The increased layman interest, which has arisen due to Congressional investigations
and so-called exposés by news media, has caused some politicians, laymen, engineers
and contractors to question whether an absolute line can or should be drawn between
the acceptable and the unacceptable, A '"tolerance curve' or a "'statistical approach"
has been suggested as a possible solution. If such an approach is used, research
must be relied on to determine the limits governing unquestioned acceptance, qualified
acceptance subject to correction or penalty, and absolute rejection.

Before the hot light of publicity was focused on every project, many responsible
engineers were inclined to accept minor noncritical departures from specification on
the basis that no willful departure from specifications had occurred and that the value
and integrity of the end product had not been impaired. Now engineers and inspectors
appear to be more unwilling to risk the exercise of any engineering judgment, due to
the unpredictability of the findings of a possible inspection in depth.
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Senator Jennings Randolph, speaking before the A. G.C. meeting in 1963 in New York,
urged that a research task force attack the problem of creating a statistical approach
to determine values governing Federal approval. He declared that highway elements
cannot be constructed to the exactitude obtainable under laboratory control and do not
need such exactitude. He cited increased cost, without corresponding benefit, of the
application of the rigid single-value specification system which may result in acceptance
or rejection of work with very minor difference in functional capability. Many con-
tractors and engineers subscribe to Senator Randolph's views. Probably most laymen
find it a reasonable approach. Nearly all of the institutes in the principal fields of
construction have recognized the problem and have programs under way which they
hope will ameliorate the situation. An important effort is being made by the ARBA
with the U. S. Bureau of Public Roads.

Inherent in the statistical approach is the necessity for establishment quantitatively
and qualitatively of ranges of values instead of absolute single values in specifications.
Such statistical values can only be developed by intelligent research. The code adopted
by the American Welding Society for acceptance of welds is considered to be a possible
pattern for other processes. The code defines all imperfections that occur in welds.
Some imperfections are causes for absolute rejection of a weld and some imperfections
are acceptable if the size or frequency does not exceed certain iimits. The permissibie
sizes and the permissible aggregate of imperfections within specified lengths are de-
fined. By this code it may be determined without question which welds are acceptable,
which may be corrected or which must be rejected. Perhaps research may point the
way to similar codes for other construction processes.

A step forward was taken when AASHO included in the draft copy of Guide Specifica-
tions Section 105.3, "Conformity with Plans and Specifications, ' the following clause:
"Less than exact or complete conformity, especially with those values that are not
critical with regard to expected performance of the completed work, may be tolerated
in instances where obtaining exact or complete conformity would not be economical."
The intent of this clause reaffirms the principle of exercise of engineering judgment.
However, it contains no reassurance or protection for the inspector who fears that his
judgment may be questioned. Only a statistically developed range of permissible
tolerances can give such assurance.

The problem rests with us; it is costing contractors and owners money that must
come only from the public treasury. Its solution will result in increased efficiency
and economy in the construction field. It is hoped that this symposium may make some
small contribution to its solution.



Progress Report on the Establishment
Of Tolerances in Highway

Construction Specifications

JOHN P. MOSS
Moss-Thornton Company, Inc., Leeds, Alabama

Highway engineers and contractors are being criticized for de-
viationsfrom specifications, eventhoughin many instances there
are sound engineering justifications for permitting the deviations.
This problem underscores the need for tolerance on specifica-
tions. This is a progress report on the establishment of these
tolerances.

eWHEN THE American Road Builders' Association held its 60th Annual Convention in
San Francisco in March 1962, Louis W. Prentiss devoted a major part of his annual
report to a discussion of administrative changes he felt would benefit the highway pro-
gram. In regard to highway specifications, he proposed not only that there be wider
acceptance of deviations from specifications where justified by engineering judgment,
but that the allowable tolerances based on this engineering judgment be written into the
specifications to insure that the exercise of sound engineering judgment would not be
interpreted by non-engineers as a "'failure'.

The ARBA Committee of contractors, organized to implement this proposal, first
met with a group of officials in the U. S. Bureau of Public Roads headed by Robert F.
Baker, Director, and H. A. Radzikowski, Deputy Director for Development, Office of
Research and Development. We found that our problem was one of major concern to
this office of the Bureau. The officials were convinced that there was much merit in
using what they termed a statistical approach in analyzing the data gathered in the ac-
ceptance tests performed on completed highway and bridge construction projects.

The statistical approach begins with the taking of samples at random. The test re-
sults are then plotted on a curve. Typically, most of the test results fall on or near a
line representing the thickness or density which has been specified, and a small number
of tests either fall short of or exceed the specification. Thus, the typical curve is
bell-shaped.

Analyses of this kind point the way to precise, scientific answers to the question of
what deviation from the specified norm can be tolerated within the limitations of sound
engineering. When this question is answered for various materials and conditions of
use, the specifications can be adapted accordingly.

Because the objectives of the Office of Research and Development paralleled those
of our Committee, we were able to assure the Bureau officials of our full support at
that first meeting.

An action program for the Committee was then drafted to support the Bureau's work
effectively. This four-part program is as follows:

1. To recommend an order of priority for application of this concept to highway con-
struction specifications;

2. To assist the Bureau in gaining acceptance of this concept by industry and state
highway officials;

Paper sponsored by Committee on Construction Practices—Structures.
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3. To support and cooperate in research and development projects at the state
level; and

4. To present the contractor's point of view on practical applications of the con-
cept.

It may be well now to take a closer look at how this statistical concept can be applied
in the construction of highways and bridges. Inthis country, almost 3.5 million miles
of roads and streets and hundreds of thousands of highway bridges, practically all con-
structed by contract, have withstood the test of long years of good service to highway
users, which is the acid test of quality.

This high degree of quality must be maintained in new highways and bridges. The
achievement of this objective in recent years has placed a greater burden on the high-
way engineer-contractor team. The increased burden has been generated by the rapid
expansion of the highway program, new concepts in highway design, and other factors,
such as the non-engineering highway investigation.

Some aspects of the current program affect quality control in the construction of
highway bridges. To expand the highway program, the rate of construction had to be
greatly accelerated. This means that constantly more bridge construction than ever
before is being initiated all over the nation. The total productive capacity of highway
bridge contractors has had to be increased to meet the accelerated demand.

This has been done. At the bridge sites, new, more efficient machines are moving
material and compacting it into place to form the approaches at a faster rate than ever
before. Larger mixers have increased the number of yards of concrete produced and
placed in highway structures each hour. Increased use of offsite prefabrication of
steel and concrete structural members has speeded up onsite construction operations.
New contractors have entered the field.

Access control is a concept that has meant more bridges per mile in the current
highway program. Separate structures to carry opposing trattic are not being built
because of the medians required under new design criteria. This means more bridge
construction, not only because the lanes are wider but also because more miles of
multilane highways are being built to meet the needs of present and future traffic. Major
structural members today frequently incorporate a variety of types of steel to take ad-
vantage of the greater quality and economy possible with these new materials. In short,
the bridge construction business has increased both in quantity and in complexity, and
the task of quality control has increased proportionately.

At the same time, new questions have been raised as to the adequacy of standard
quality control procedures, particularly by investigators with backgrounds in law or
accounting rather than engineering. The lawyer or accountant, reading a specification
for an eight-inch thickness of some material, wants every measurement of that ma-
terial to be precisely eight inches. If he finds a measurement a fraction of an inch over,
he is concerned that the state may have wasted money by purchasing more of the ma-
terial than was absolutely necessary. If he finds a measurement a fraction of an inch
under, he worries about quality. This type of investigator is usually unimpressed with
the contention that reasonable variations are normally permitted by the supervising en-
gineer whenever, in his judgment, no material extra cost and no notable loss of quality
are involved. The investigator insists the specifications mean or should mean exactly
what they say.

The ARBA Committee on Tolerance firmly believes the engineer should be free to
apply his engineering judgment to accepting materials and contractor performance on
highway and bridge construction projects. A major portion of the Committee's effort
is directed in support of the free exercise of engineering judgment. The development
of standard deviation curves and their application to highway specifications will help to
shore up the authority of the engineer.

Of course, the statistical approach to quality control is not a new concept. Many
industries have developed the tolerance ranges for their products through the use of
statistical analyses. In fact, this approach was used in the development of the precise
quality control procedures used successfully during the construction of the AASHO Road
Test bridges and highway sections. We see no real problem, therefore, in establishing
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the validity of this concept to improve quality control on highway and bridge construc-
tion jobs. The problem is to secure acceptance and use. The joint effort of the ARBA
Committee and the U, S. Bureau of Public Roads is producing results in this direction.

The ARBA Committee, through ARBA affiliated state contractor organizations, has
contacted member contractors, material suppliers, and state highway officials. The
need for realistic specifications has been discussed. The use of the statistical approach
to improve both quality and economy has been pointed out. The response has been ex-
cellent and cooperation was assured by most of those contacted.

These discussions produced information as to the specifications requirements where
the statistical concept would be applied most expeditiously and the areas in which im-
provements were needed most. This information has bcen made available to the U. S.
Bureau of Public Roads which also has been informing its field personnel and state
highway departments of the advantages of the new approach to improved quality con-
trol and economy in highway and bridge construction.

A list of critical areas for study in the BPR research and development program has
been made and is included as the Appendix. It should be read with the understanding
that it is a tentative list, subject to future revision and expansion.

Each study item on the list is accompanied by a summation of the characteristics of
the study item which are defined by highway specifications. For example, the speci-
fication characteristics of asphaltic base are density and thickness. As a further step,
each of the specification characteristics is classified as major or minor, depending on
the importance of meeting close tolerances. To use the same example, the density of
asphaltic base is in the major class, meaning that only a relatively small degree of de-
viation from the specifications can be accepted. On the other hand, the thickness of
asphaltic base is placed in the minor class because a relatively large deviation in thick-
ness will have no appreciable effect on the safety, performance and durability of the
highway.

The computations of acceptable tolerances also will take into consideration the vari-
ations inherent in highway and bridge materials, construction processes, tests and
measurements. These variations must be established by record sampling of com-
pleted highway and bridge construction projects and from new data obtained from proj-
ects now under way. This data will be the basis for establishing the standard devia-
tions of materials, performances, tests and measurements that are involved in con-
trolling quality on highway and bridge construction projects. They will be used to de-
velop standard deviation curves or charts for the major quality control phases and to
compute acceptable tolerances. Such standard deviations were computed for various
materials and performance results on the AASHO Road Test (1).

The use of standard deviations developed in this manner to compute acceptable tol-
erances can put new realism into highway and bridge construction specifications. They
are realistic to the extent that they take into account all of the known variations in ma-
terials, processes, methods of sampling and testing procedures and to the extent that
these variations are properly evaluated. Conformance to specifications based on this
concept will give assurance to the engineer that quality goals will be met and to the
contractor that rejections of acceptable materials and performance are kept to a
minimum.

The ARBA Committee has informed contractors of the need to expedite the develop-
ment of this approach to more workable highway specifications. Their response has
been gratifying. Mounting numbers are expressing their willingness to support this
essential activity. Highway officials have been informed of the willingness of the
American Road Builders' Association and its contractor members to assist in expedi-
ting this program.

The U. S. Bureau of Public Roads has been very active in this area. During Novem-
ber and December 1963, a team of Bureau engineers was in the field continuously. They
held special meetings with state highway officials and BPR field personnel in each of the
nine regions. The objective was to encourage the states to submit proposals for devel-
oping standard deviation curves in areas given first priority for study. These meetings
have generated enthusiasm and action. Already project proposals are being received
in the Washington office. The Alabama State Highway Department wants to undertake a
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project with its 1% percent funds to develop standard deviations and acceptance toler-
ances in various areas, such as in the amount of degradation that may occur during the
processing of a highway material. For example, after a subbase material has been
accepted at a quarry, pit or producer's plant, it is transported to the project where it
is spread and compacted into place. Thereafter, the subbase frequently is subjected
to vehicle and equipment traffic which may change the physical characteristics of the
materials. Rain and other climatic changes may introduce still other changes. As a
result, the initial tests of the material may differ from those made after the subbase
has been completed. This is a serious problem to materials producers as well as con-
tractors.

The Bureau will review these state research proposals as they are received to re-
duce undesirable duplication. In addition, it has assigned qualified personnel to mon-
itor progress on such projects and to disseminate useful information as results are ob-
tained. Here again, the ARBA Committee will assist.

The Bureau has let several pertinent contracts to private engineering firms as a
part of its research and development program. This was done to expedite the develop-
ment of guidelines and criteria that would be useful in applying statistically based
acceptance tolerances in highway and bridge construction specifications. The results
of these studies will be helpiul 1n directing the 1%, percent fund projects toward the
production of complete, uniform and widely useful data. One major contract has now
been completed.

Probably the most significant development in this field is the tolerance provision in
the AASHO Guide Specifications adopted in 1963. Section 105.03 in the general provi-
sions recognizes the problem and establishes a broad base for tolerances. The ARBA
Tolerance Committee reviewed and endorsed this provision, but it will mean little un-
less the tolerances are provided in the specifications.

Both the Bureau and the ARBA Committee have given high priority to efforts to gain
widespread acceptance of the statistical concept in the development of highway and
bridge construction specifications. Considerable progress as outlined here has already
been made. Other applications, particularly as to the specifications for highway bridges
and other structures, will be brought out.

Unrealistic specifications for highway and bridge construction add to the cost with-
out a commensurate increase in quality. The adoption of the statistical concept and the
incorporation in specifications of sound tolerances developed by utilizing the statistical
concept will enable alleviation of many problems.

REFERENCE

1. The AASHO Road Test, Report 2: Materials and Construction. Highway Research
Board Spec. Rept. 61B, pp. 111-150, 1962,

Appendix

AREAS TO BE STUDIED FOR STATISTICAL QUALITY CONTROL AND TENTA-
TIVE ASSIGNED CLASSIFICATIONS TO VARIOUS CHARACTERISTICS OF
MATERIALS AND PROCESSES?

Item Characteristics Classb

(a) Portland Cement Concrete Pavement

Pavement slab Thickness Major
Air content of surface Major
Plastic concrete Slump Major
Air content Major
Cement content Major

Cylinder strength Major



Item Characteristics ClassP
Coarse aggregate Grading Major
Durability Major
Passing No., 200 Major
Deleterious materials Minor
Los Angeles loss Minor
Fine aggregates Grading Major
Fineness modulus Major
Passing No. 200 Major
Sand equivalent Minor
Cement Alkali content Major
Strength Major
Air content Minor

(b) Hot Mix Asphaltic Concrete
Asphaltic pavement Density Major
Temperature at compaction Major
Thickness Minor
Surface tolerance Minor
Roughness Minor
Asphaltic base Density Major
Thickness Minor
Asgphaltic mix Gradation of aggregate Major
Dust ratio Major
Asphalt content Major
Mixing temperature Major
Stability and flow Minor
Asphalt cement Penetration or viscosity Major
Retained penetration of thin residue Major
Thin film test loss Minor
Aggregate Los Angeles loss Major
Gradation Major
Liquid limit and plastic index Major
Durability Minor
Deleterious material Minor
Flat and elongated particles Minor

(c) Base Course

Soil aggregate Stability Major
Plasticity Major
Thickness Minor
Gradation Minor
Density Minor
Line and grade Minor
Stabilized base Stability Major
: Additive quantity Major
. Thickness Minor
Plasticity Minor
Gradation Minor




(d) Soils
Subgrade Density Major
Stability Minor
Moisture content Major
Embankment Density Minor
Moisture Minor

@Prepa'red‘by the Task Force Group on Statisticzl Quality Control, Office of Resemreh
and Development, U. 5. Bureau of Public Roads; these tables subject to additions and
changes as the project develops.

Major—a relatively small degree of deviation acceptable; Minor—a relatively larger
degree of deviation acceptable.



Structural Steel Construction Tolerances

W.A. MILEK, JR.
Research Engineer, American Institute of Steel Construction, Inc.

®*THE ARTICLE by Congressman Jim Wright and the comments by Senator Randolph
to AGC support Mr. Scurr's view that the public interest in the highway program has
resulted in a tendency to magnify some of the imperfections out of proportion to their
real significance. Most of the irregularities which have been brought to light and high-
lighted in the "exposés'' of the highway program appear not to involve questions of the
adequacy of the established tolerances. For example, right-of-way acquisitions have
no bearing on construction tolerances and yet irregularities in this area of activity
seem to be the major subject of discussion in the news media. Many other irregulari-
ties involve situations where established tolerances cover the required quality and ac-
curacy of the finished product but have been ignored. If these observations reflect
the true situation, then changes in construction tolerances should be carefully con-
sidered so that they do not reduce tolerance limits unnecessarily or impose tolerance
specifications to achieve accuracy of workmanship for accuracy's sake.

However, there has been very real evidence of an increase in the incidence of poor
workmanship as the pace of the highway construction program was stepped up. As
an institute vitally interested in highest quality workmanship in all fabricated steel
work, the AISC finds reports of such evidence disturbing and is eager to take part
in the activities of any task force to establish improved workmanship standards.

There are, no doubt, a number of reasons for establishing tolerances; however,
the following are probably the most compelling ones as far as steel construction is
concerned:

1. Accuracy required for structural integrity. Probably the best example of a
tolerance to insure structural integrity is the straightness requirement for metal com-
pression members. Generally, the straightness requirements for structural mem-
bers are those published in ASTM A-6, which encompasses the dimensional tolerances
for plain material as produced by the mills. The limits provide for material which is
satisfactory for average work and within the capabilities of the mills to produce on a
mass production basis without resort to special operations that increase costs. For
compression members, however, the straightness tolerances of ASTM A-6 are usually
tightened somewhat in most specifications due to the consequences of a compression
member failure and the increase in tendency to buckle as eccentricity is increased.
For the most part, the tolerances for welded members are the same as those for
rolled members produced under ASTM A-6, even though rolling mill practice has only
limited direct bearing on welded built-up members. One particular tolerance require-
ment to insure structural integrity involves the tilt or out-of-square limits for flanges.
It can be readily seen that a bad match on the tilt of the abutting flanges would make
welding a proper joint difficult.

2. Accuracy required for dimensional function. Structural adequacy would not be
affected by inaccuracies in the fabrication of roadway expansion devices, but if the
camber of such a device does not match the crown of the roadway, the paving trades
cannot properly execute their work.

3. Accuracy required for appearance. In this category are the web plates of a
plate girder which were buckled out of plane between stiffeners due to welding distor-
tion. Such a member, within reason, would be as strong structurally and as functional
dimensionally as a similar girder without such inaccuracies; however, strictly for
appearance it might be desirable to limit this out-of-flat condition.
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One aspect is common to all of the above examples. All are dependent on the require-
ments of the user or the functional purpose of the piece or structure as a whole. The
ability of the producer is not relevant. This is as it should be. Modern machines and
techniques are capable of producing work of sufficient accuracy to satisfy the realistic
requirements of structural integrity, dimensional function, and appearance.

To guide the discussion in this seminar, comments were requested relative to four
specific topics:

1. The adequacy of existing specification tolerances. As previously pointed out,
much of the deficient workmanship which has beén the subject of discussion has re-
sulted from irresponsibility on the part of those actually executing the work and those
charged with checking and inspecting the results. No amount of tightening the limits of
existing provisions or increasing the number of provisions to achieve greater refine-
ment of the rules will improve the quality of the work if failure to adhere to the rules
continues. Evidence that the tolerance provisions are too loose would be found where
all provisions are met and the resulting piece or structure is not functionally satis-
factory. Also, an indication that the existing tolerances are inadequate might be found
where unsatisfactory results are produced because there are no rules to cover the
particular situation. Since cases of this nature apparently do not exist, it can only be
assumed that existing tolerance specifications provide adequate rules if they are ob-
served.

2, The desirability of modifying existing tolerance as a result of current develop-
ments in materials and construction methods. The thought here is to make tolerance
limits more restrictive as improvements in machines and technique make greater ac-
curacy more easily attainable. Objectively, however, tolerances should proceed from
the requirements of the end product. To establish closer limits on the required ac-
curacy of workmanship than is required for the proper performance of the individual
piece or structure would be to specify refinement and a high degree of accuracy for
accuracy's sake. And cost of the work increases by a geometric function as the re-
quired accuracy approaches the zero tolerance area. Thus, even though modern
equipment may be readily capable of producing work to a greater degree of perfection,
the realization of the increased accuracy in the end product will not be without cost if
the fabricator is required to guarantee such accuracy by the terms of the contract or
specification. For example, in high-strength bolted joints, if a tolerance on the mis-
alignment of the plies of material that make up a joint is limited to a 1/32-in. offset
at the edge of a hole as compared with 1/16-in. permitted offset, there would be no
measurable difference in the strength of the joint. Thus, with a 100 percent increase
in the permitted inaccuracy, or with a 50 percent decrease in the tolerance limit,
there would be no difference in the functional quality or appearance. Reducing the
tolerance limits simply because machines and techniques may make such accuracy
attainable would serve no useful purpose and would most certainly result in increased
cost.

It may be felt that such an example is absurd, but actual examples may be cited
which are even more absurd. In one instance, a fabricator was required to purchase
specially ground undersized reamers because an inspector found by using a micrometer
that a standard reamer produced holes slighily larger than its nominal size. He was
interpreting 1/16 in. larger than the nominal size of the bolt as meaning not more than
0.0625 in. Tests at Illinois University have demonstrated that holes 1/8 in. larger
than the nominal size of the bolt result in no loss of strength. Therefore, in this case,
refinement of the accuracy of alignment of holes beyond present limits would avail
nothing.

There may be areas where the improvements in materials and construction pro-
cedures should be taken into account, for example, where the requirement for accuracy
in the finished work or the improved usefulness of a more accurate piece or structure
would be possible now, but in the past was economically unattainable. In such
a case, a joint effort on the part of the owner-designer and the producer to work out an
economical balance between the desired and the attainable would be beneficial.
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3. The desirability of development of so-called tolerance curves. The statistical
approach to the measurement of the acceptability of a large number of identical mass-
produced items is well recognized in modern practice. It is the only feasible method
for checking such things as fasteners, and a good example of its use may be found in
the new Recommended Practice for Acceptable Quality Level for Standard Commercial
Bolts, Screws, Nuts, Rivets and Similar Fasteners, approved by the Industrial
Fasteners Institute in July 1963. Tables of major and minor defects for various
fasteners are provided, as well as a schedule of size of sample required and the accept
and reject percentages for various quality levels. The system is workable for mass-
produced items of this type that are purchased in large quantities, but unworkable for
structural elements other than fasteners and similar items.

As the author understands "statistical approach, ' a large number of similar items
are required. It is impossible to apply statistics to one or two similar items. Either
the piece has dimensional characteristics and properties which make it suitable or it
does not. It cannot be rejected and replaced by another similar item from a bin. From
this point of view, how may the statistical approach be applied to structural components?

On the other hand, a different sort of "'tolerance' curve may have been implied.
Reference has been made to different levels of acceptability in which unqualified ac-
ceptance would be accorded work that is within specified limits. Work containing
defects falling outside the limits for unqualified acceptance could be accepted if the
defects are corrected. This seems to have been the situation for many years in
fabricated steel work. For example, there is no reason why material with unfair
holes should not have the holes welded up, the surface ground smooth, and new holes
properly drilled. After such corrective work, the piece would be as good as a piece
in which holes were properly located in the first place. It is not apparent how a
tolerance curve would be applicable in this case. Either corrections could be made
by means which do not harm the material and the piece made to conform to the pri-
mary required accuracy limits of workmanship standards or it should be rejected.

The final item on which comments were requested was relative to the type of re-
search necessary to establish tolerance values. Over the years, many thousands of
steel structures have been built. Each one of these might be thought of as a research
structure as far as tolerance limits are concerned. Where such past work has re-
vealed the need for the establishment of tolerances, that has been done; where no such
need has been demonstrated, no specified tolerance provisions have been put into ef-
fect. This is as it should continue to be in the future.

Before concluding, it would be well to point up one area wherein some improvement
may be possible. The problem occurs because of a difference of opinion between shop
inspectors and field inspectors. On occasion, reports are received where work has
been checked and approved by the owner's agent in the shop only to be rejected by the
field inspector. Obviously, where dimensional errors are involved or where there is
a real deficiency involving the adequacy of the piece, the fabricator should make cor-
rections without question. However, where workmanship tolerances are involved
which are purely a matter of opinion between two inspectors, the added cost of making
corrections in the field over the cost of reworking in the shop should be the owner's
responsibility. For example, there are differing opinions as to what constitutes ade-
quate grinding of butt-welded splices in tension flanges. Another example involving
quality requirements is the interpretation of radiographs. It seems strange that a
joint may be approved on the basis of a radiograph and shipped, only to be rejected
later on the basis of another interpretation of the same picture. No doubt, it will be
impossible to eliminate the human factor, and most individuals connected with con-
struction would not favor working under a system of tolerance limits so complete that
engineering judgment was eliminated.

In summary, based on a sampling of the opinions of knowledgeable fabricators from
all parts of the country, the tolerances for fabricated structural steel work which are
presently in force are considered to be adequate. Any new tolerance provisions should
objectively be based on the requirements for structural integrity, dimensional function,
and appearance. Tolerances should not be made more restrictive simply because new
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machines and techniques make refinement possible. Where it is appropriate, a sta-
tistical approach to tolerances is much to be desired, but in the case of fabricated
structural steel, it does not seem to provide a useful technique.



Construction Tolerances for Concrete in
Highway Structures

ARTHUR R. ANDERSON
American Concrete Institute

Construction tolerances for concrete now generally specified
or recommended in various design standards are discussed.
The need for new tolerance criteria is stated, and a basic ap-
proach totolerancing as a function of design is proposed, taking
into account service requirements, structural integrity, and
appearance of concrete construction.

oTOLERANCES IN CONCRETE work involve both qualitative and quantitative factors.
Although concrete is a "'manufactured" material, the application of scientific toler-
ancing in concrete construction has not been consideredto any extent in engineering and
design procedures. Unfortunately, the lack of tolerance information in contract docu-
ments has led to misunderstanding and controversy among architects, engineers, in-
spectors and contractors regarding acceptance of concrete construction. Specifica-
tions such as ""Surfaces cast to true planes' or "Contractor to verify all dimensions
in the field" leave much to the imagination of the resident engineer, inspector and
contractor.

In the past, most concrete structures have been cast in place, usually designed
with conservative working stresses and adequate margins of safety. The dimensions
have been made to fit by a process of adjustment to previously built parts. The recent
trend in the direction of ultimate strength design with higher working stresses and
lighter concrete sections reinforced with high-strength steels will demand greater
precision of concrete manufacturing and workmanship. Qualitative and quantitative
tolerancing will become a part of the engineering and design procedure.

NEED FOR RECOGNITION OF TOLERANCES

In concrete construction tolerances are necessary in relation to three important
aspects: (a) integrity and safety of the structure, (b) aesthetics or appearance of the
finished work, and (c) economics, involving cost to owner, designer, or contractor.

Integrity and Safety of Structure

Quality of concrete is influenced by manufacturing tolerance measured by a coeffi-
cient of variation. The American Concrete Institute (ACI) Standard 214-57, Recom-
mended Practice for Evaluation of Compressive Strength of Field Concrete, discusses
the relationship between concrete mix design strength and specified strength as a func-
tion of the variation in cylinder strength obtained on the job. This relationship is
illustrated in Figure 1, By maintaining a tight tolerance in the manufacture of con-
crete, the ratio of required strength of conerete mix to specified strength can be kept
to a minimum. Thus, the specified concrete strength should recognize a tolerance in
cylinder test strengths (1).

Quantitative tolerances related to integrity and safety of structure are dimensional
or geometric. The concrete section, effective depth of reinforcement and cover over
reinforcing steel affect integrity and strength. In precast concrete construction, di-
mensional accuracy may affect the stresses at connections between members.

Paper sponsored by Committee on Construction Practices—Structures.
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" Aesthetics—Appearance of
v=10% Finished Work

The satisfactory composition of a con-
crete structure usually depends on con-
vo15% formity with design dimensions within
certain tolerances. The designer visualizes
the columns or piers plumb, the girders
/ At level or set to an established camber or

grade. He expects the final structure to
N, correspond to the appearance shown on
g o it Ll s s  Dis drawings. Since no concrete struc-
Compressive Strength psi ture is ever built exactly true to every
plan dimension, tolerances should be
Figure 1. Relationship between coefficient specified, informing the contractor within

20§

15§

Specified Strength

Percent of Tests

of variation and required average cylin- what limits he must adhere to the theo-
der strength to satisfy specified strength  retical dimensions. Allowances for
of concrete. shrinkage and creep of concrete should

be anticipated in setting the tolerances.

If no tolerances are specified, who is to

judge how much variation from plan di-
mensions constitutes satisfactorycompliance with the contract?

The finish of concrete surfaces exposed to view should be specified within reason-
able tolerances. Uniformity of color and texture of surface should be defined, either
by illustrations or standard samples for the benefit of contractors and inspectors,
showing a range of acceptability for a given project.

Economic Aspects
John R. Nichols stated (2):

Tolerances must be related on the one hand to their reasonable-
ness, to the cost of building within them; and on the other hand
to the need tor, and the value of, close adherence to the in-
dicated line and grade. 1In judging any proposed tolerance,
therefore, one must inquire first, is it necessary and is it
sufficient to build within this tolerance in order that the
structure may have sultable appearance, mnay satlsfy the pur—

pose for which 1t is erected, and may be

sond, can such accurt
out unjustified cost?

In 1940, Nichols was thinking of cast-in-place concrete construction. Today, con-
crete construction is moving toward prefabrication of structural members and be-
coming an industrialized process in which mass production of factory-manufactured
structural elements will prevail. Already highway structures are being assembled
from precast and prestressed concrete parts which are factory produced and delivered
many miles to the construction site. The economy of prefabricated concrete struc-
tures is becoming more obvious as savings in labor and material are achieved through
better designs and the exploitation of very high-strength concrete (6,000 to 10, 000 psi)
and prestressing steel (250, 000 to 300,000 psi). As Abdun-Nur pointed out (1), aver-
age field-produced concrete may be assumed to have a compression strength coefficient
of variation between 20 and 25 percent. Factory-produced concrete, scientifically
controlled, may have a coefficient of variation of 10 percent, with important economic
implications. Thus, the designing engineer should be concerned with qualitative toler-
ances related to concrete strength.

With prefabricated concrete construction, dimensional tolerancing takes on new
importance. As in other manufacturing industries, such as the automotive and aircraft,
mass production and assembly of parts involve tolerances for dimension, form, and
position. Over the past 40 or 50 years, the automotive and machine tool industries
have evolved an advanced concept of tolerancing. Today, national and international



15

CHARACTERISTIC PRESENT NEW 1S0

STRAIGHTNESS

FLATNESS

ANGULARITY

\

SQUARENESS

}_

PARALLELISM

CONCENTRICITY

TRUE POSITION

ROUNDNESS

IOl@|®|=|F[N|[D>|D

SYMMETRY

ACCURACY OF
LINE OR PROFILE

ACCURACY OF
SURFACE

RUN OUT

CYLINDRICITY

DATUM

@M QINDD[|O|e|N |- [N]]]

elo|H|Q[\|p(d|Iole|®

_A_
MMC (:)
®

RFS

Figure 2. Symbols for geometric and positional tolerancing.

societies are working on standards for tolerancing and means of communicating design
tolerances on drawings and specifications. Belitsos (3) traced the evolution of the
technology of graphics from its very simple beginnings to a highly sophisticated lan-
guage of communication between engineering, manufacturing and inspection. Figure 2,
taken from this article, shows tolerance symbols for geometric and positional tol-
erancing.

CURRENT STATUS OF TOLERANCING FOR CONCRETE CONSTRUCTION

Tolerancing in concrete construction today is comparable to the situation in the
automobile industry 60 years ago. Each part was made to fit to its neighbor by selec-
tive assembly. An overrun in dimension of one section was deducted from the dimen-
sion of an adjacent section so that the overall total would add up to the desired sum.

In current practice of highway design, the only widely used tolerance for concrete
structures relates to the surface of the roadway, namely, a maximum deviation from
the design surface of +%s in./10 ft of distance.
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The American Concrete Institute Standard 347-63, Recommended Practice for Con-
crete Formwork, contains suggested tolerances for concrete bridge structures. These
tolerances give plus or minus limits of permitted departure or variation from the de-
sign dimensions, summarized as follows:

1. Departure from established alignment, 1 in.

2. Departure from established grades, 1 in.

3. Variation from plumb or specified batter in the lines and surfaces of columns,
piers, walls, and arrises—exposed, in 10 ft, Ye in. ; backfilled, in 10 ft, 1 in.

4. Variation from level or grades indicated on drawings in slabs, beams, horizontal
grooves, and railing offsets--exposed, in 10 ft, Y, in.; backfilled, in 10 ft, 1 in.

5. Variation in cross-sectional dimensions of columns, piers, slabs, walls beams,
and similar parts, -V in., +7z in.

6. Variation in thickness of bridge slabs, -%s in., +7a in.

7. Footings—variation in dimensions in plan,'-l/z in., +2 in.; misplacement or
eccentricity, 2 percent of footing width in direction of mispiacement but not more than
2 in, ; reduction in thickness, -5 percent of specified thickness.

The contractor is expected to set and maintain concrete forms to insure completed
work within the tolerance linits.

Suggested tolerances for precast concrete construction are also included in ACI
347-63, as follows:

1. Overall dimensions of members per 10 ft of length, % in.

2. Cross-sectional dimensions of sections less than 3 in. +/16 in.; of sections
over 3 in. and less than 18 in,, =% in.

3. Deviations from straight 'line in long sections, not more than Y in. /10 ft.

4. Deviation from specified camber per 10 ft of span, +%e in.; maximum differential
between adjacent units in erected position, Vs in.

These tolerances are considered too restrictive by most precast concrete manufacturers,
and counterproposals with liberalized tolerances have been suggested, such as the
Michigan Precasters Recommendation:

1. Cross-sectional dimensions—less than 6 in., +% in.; 6 to 18 in., +%se in.; 18 to
36in., +% in.; over 36in., + % in.

2. Length, %, in. /10 ft; max1mum deviation, *+ ¥, in.

3. Deviation from line (sweep) Ye in. /10 ft.

4. Deviation from specified camber (as installed), + % in. /10 ft.

5. Differential camber in adjacent units (as 1nstalled) one-half total allowance.

6. Vertical deviation in squareness of ends ' _less than 12 in. . Yse in. /in, ; over
12 in., Y%e + Y in./in.; maximum deviation, ¥4 in.

. Horlzontal devnatwn in squareness of ends —less than 12 in., Yes in./in.; over
12 in., Yaz +%iss in./in.; maximum deviation, ¥s in.

These tolerances are considered standard in the Michigan area for the various precast
concrete items including columns, beams, single and double tees, hollow core and
solid slabs. Allowances should be made in the design to accommodate these standards
wherever possible. If closer tolerances are necessary, they should be clearly noted
on the drawings and in the specifications.

Tolerances for surface finishes have been published by the U. S. Bureau of Rec-
lamation in "Concrete Manual', 1963 Edition. Five classes of finishes for concrete
surfaces cast against forms are designated as F1 through F5. Four classes of finishes
for unformed surfaces are designated as Ul through U4. Surface irregularities per-
mitted for these finishes are termed either "abrupt" or "gradual." Offsets and fins
caused by displaced or misplaced form sheathing, lining or form sections, by loose
knots in forms, or by otherwise defective form lumber are considered as abrupt irreg-
ularities. All others, classed as gradual irregularities, are measured with a template
consisting of a straightedge for plane surfaces or its equivalent for curved surfaces.

! This not to be in addition to overall length tolerance.
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TABLE 1

The various classes of finishes and the
MAXIMUM ALLOWANCES OF ITRREGULARITIES IN

CONCRETE SURFACES categories of construction where applicable

Formed Unformed are described. The allowable irregu-
Type of Irregularities Surfaces? Aurfftesd larities in conecrete surfaces for the vari-
- ____ AL BB B R TR OOL W O ous classes of finishes are given in
gigse:fions } I/ ]} I; 1} 5 : i : Table 1 .
Abmupt = % % ;;g % = L= & Tolerances for the fabrication and
All Burfaces e o e o= o®m W B B o= placing of reinforcing steel, although very
Gajial sorfaces, v 5 5 E & w o= b important, have not received much notice
Gt SOt o .. _ _ .  intechnical publications. Nichols (2) did

— propose the following allowable variation

chwurt sl from 5-ft template, 3 3 . . .
PMeasured from 10-1t template. from plan dimension in the fabrication
Ot tbelaciry o sifact not atasies toiow and placing of reinforcing steel:

1. Variation from dimension in the
fabrication of stirrups, column ties and
spirals, Y4 in.; of other bars, % in.

2. Placement of reinforcement affecting protective covering or effective depth in
bending, in slabs and members not over 1 ft in transverse dimension (in the direction
of the tolerance), ¥4 in.; in other members, Y in.

3. Spacing of bars indicated to be evenly spaced in a group—variation from even
spacing, 2 in.; variation in average spacing affecting the number of bars in the group,
5 percent; minimum clearance between parallel bars, Y4 in.

The ACI Detailing Manual for Reinforced Concrete includes information on tolerances
for fabrication of reinforcing steel, shown in Figure 3. These tolerances reflect stand-
ard practice in the cutting and bending of steel by reinforcing bar fabricators.

Obviously, available published tolerance data on reinforced conerete construction
reflect consideration for safety, appearance and economy of concrete construction.
Unfortunately these data are not generally incorporated into construction contract
documents. Provision for enforcement of tolerances in construction creates problems
for resident engineers and inspectors and this area needs more attention.

A review of tolerances for reinforced
concrete construction gathered from pub-
lished sources indicates that values seem

reasonable for average practice. How-
- sengi s on s | ever, no basic form?zgla has been proposed
for tolerancing in function of total dimen-

sion of members. Nothing reflects per-
c - centage variation of lever arm ratios in
J reinforcing steel or eccentricity of forces
in compression members., Thin-wall
hollow cylinder piles are not distinguished
from large diameter cast-in-place rein-
/ ﬂ forced concrete columns. Tolerance fig-

ures of ¥s, ¥4, and 1 in. seem to be pop-

o gee ZZ Jstier g pimersien s or winva | ular values put into tables.

L"! Bar Or Smaller  O-Dimenston Plus O Minus %"
®8 Bar O Larger  ©Dimenxica Plus Or Minus 1

H-Qimension Plus Zerw Or Minyy &

) Sreotad e G Sherer CONCLUSIONS

4 A need exists for a logical system of
tolerancing concrete structures from the
standpoint of safety, aesthetics and eco-
- nomics of concrete structures. Lack of
Vi adequate concrete tolerance communica-
tion in contract documents has led to
Figure 3. Tolerances for cutting and bend- Misunderstandings and disputes between
ing reinforcing steel, from ACI detailing engineers and contractors, often resulting
manual. in litigation.

Plus Or
“Minus Ve
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Construction trends are shifting to prefabrication, with mass-produced components
requiring accurate fitting into final assembly. Tolerancing must become an engineering
and design procedure. Much can be learned from those in other fields of engineering
who have developed tolerancing to a highly logical and scientific procedure in design.
Concrete engineering and construction needs a language of tolerancing for communica-
tion between the designers and the builders.
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Construction Tolerances—Prestressed Concrete

R. J. LYMAN, Prestressed Concrete Institute

eTHE MANUAL for Inspection of Prestressed Concrete was prepared by a joint com-
mittee composed of members of the AASHO Committee on Bridges and Structures and
representatives of the Prestressed Concrete Institute. Its purpose is to provide uni-
form inspection procedures for the manufacture of bridge members. Some of the state
highway departments have also developed their own manuals which, when coupled with
special specification provisions and appropriate project drawings, comprise the con-
tract documents for specific projects (Fig. 1).

Mox, Camber DI,
Between Adjncent
Members Yz ToTol
Carmber Diff,

Cross-~section
Tolerances ¢

Sectione < &"  +/g"
Sections &" 1o 18" * 3/
Sections 18" to0 36" |,"
Sections over 36"t 38"

[—
Deviation from ——]

Sp(u"-lao‘ Comber
+ /8" per 1O |¢.r\q+h

Figure 1. Dimensional tolerances.

Bill Dean of Florida, Chairman of the Joint AASHO-PCI Committee which prepared
the Manual, said,

Regarding the tolerances as published; first, they were not
considered by the committee to be sacred and next, they must
be applied with judgment and understanding. . . . During
preparation of' the manual the subject of inclusion of a table
of dimensional tolerances was proposed several times. During
our two-day meeting, in which the text of the manual was
finalized, we had for reference tolerance tables prepared by
several states and by some producers. Each tolerance dimen-
sion as listed, was brought up, considered and agreed to by
the full committee.

To my best knowledge, this table of tolerances has been
given a wider distribution than any published heretofore. It
is not surprising that some objections have developed and
some suggestions Ffor improvement have been made

To sum up: The published tolerances are not to be considered
as forever binding. This represented the best judgment of the
comnittee members at the time the manual was published; in-
provements and modifications will surely be developed; any set
of dimensional tolerances should be applied with judgment and
some understanding of member functions.

Paper svonsored by Committee on Congtruction Practices—Structures.
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The general feeling among interested engineers appears to be that tolerances should
be a guide to promote minimum requirements throughout the industry as well as an in-
dication of a reasonable standard of performance and should not be a hindrance in ob-
taining more exacting workmanship. They should not be regarded as rigid and sacred.
Specific job conditions may require separate tolerances, either closer or more liberal.

Specific portions of the table of tolerances contained in the AASHO-PCI Manual have
been commented on by various bridge engineers and prestressers. Joseph Kirby,
Bridge Engineer, North Dakota State Highway Department, states:

Plus or minus camber tolerances could allow too great a dif-
ference between adjacent beams while a gradual change from a
plus tolerance on one side of a structure to a minus tolerance
on the other side could be salislactory. Tolerances should
therefore be specified in relation to the group of beams and
not individually (unless an extremely small tolerance is
specified).

On the same subject, H. B. Schultz, Engineer of Bridges, Wisconsin State Highway
Commission, states:

I hope that generally manufacturing procedures will luprove
to the extent that the tolerance for camber may be reduced.
This should be possible as more producers adopt external vi-
bration, thus making it possible to compact concrete that is
uniformly of a very low slump.

Comments were received from C. A. Pestotnik, Bridge Engineer, Iowa State High-
way Commission, as follows:

We have had a problem with prestressed beams at bearing seats.
Although the bearing area at each end of a becam may be a flat,
true plane ond normal to the web, we have found beams with a
slight twist that results in edge bearing at one or both ends
of the beam when placed on the bridge seats.

He further recommends a change in the tolerance table: '"Bearing Plate or Bearing
Area Deviation from plane: We prefer + Ys,” rather than +76”." On the camber prob-
lem, Mr. Pestotnik says,

Recently, we have conducted a limited investigation to meas-
ure the initial centerline camber of thirty-four identical
100’ pretensioned prestressed concrete beams. In order to
minimize the effect of creep, the cambers were measured as
soon as the prestress was released. The camber readings

thus obtained were consistent, and in close agreement with the
calculated csmbers. These beams are now being erected and
their cambers will again be checked in the spring of next year
(1964) prior to the placement of concrete floor slab. From
our past experience, the "final" cauwbers were far from con-
sistent even for identical beams. We wholeheartedly support
the idea of additional research concerning cambers in order

to enable the designer to predict the camber more accurately
and to establish more appropriate tolerance values.

Several prestressers in Wisconsin have suggested that the horizontal alignment tol-
erance for box beams and slab sections should be liberalized somewhat for members
more than 40 ft long. It was suggested that an increase from % in. to % in. for lengths
from 40 to 60 ft be considered and from %: in. to s in. for lengths greater than 60 ft.
From the same group comes the suggestion that the "head out of square' tolerances
for prestressed piling be increased from s in. in 12 in. to Y in. in 12 in.

Carl E. Thunman, Jr., Assistant Engineer of Bridge and Traffic Structures, Illi-
nois Division of Highways, comments as follows:
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For example, some individuals wanted very close camber con-
trols on prestressed I-beams as they felt that high cambers
and variable cambers resulted in the necessity of either in-
creasing the thickness of the cast-in-place slab or required
that the top of the beam be embedded excessively into the
slabs. Others were willing to accept a more liberal camber
control on I-beams due to the fact that they detailed their
structures, allowing for camber; and maintained a constant
depth cast-in-place slab by providing a variable depth fillet
between the top of the beam and the bottom of the slab. This
is just one example; however, I think it serves to point out
that the details of each particular application of a precast
prestressed member control to some extent acceptable Loler-
ances .
In determining tolerances we have tried to select toler-

ance limits which are practical to attain with conventional
methods and equipment used by the prestressed concrete in-

dustry and at the same time recognize the effect of such
tolerances on our use of the products. Following are some

of the items which were considered in determining tolerances.

The effect of the tolerance limits in cross-sectional
dimensions was evaluated to determine how much variance would
affect the structural properties of the member. The effect of
the accuracy of the prestressing force was investigated to
determine the behavior of the beam at extreme ranges of toler-
ance. Incidentally, with specification writers now consider-
ing allowable tension in the precompressed tensile zone of
prestressed concrete bridge members, I feel that the question
of accuracy of the prestressing force becomes more significant
than ever before. While admittedly the magnitude of the pre-
stressing force has little or no effect on the ultimate capac-
ity of the prestressed member, it does have a pronounced effect
on the magnitude of the cracking load, and, consequently, on
the behavior of the member since the member does lose stiffness
at and beyond the cracking load. With the trend in specifica-
tions going toward allowable tensions under full design loads,

I feel that the accuracy of the prestressing force assumes more
significance than previously.

The effect of dimensional tolerances on the problems arising
in incorporating a precast element into the final structure in
the field was given consideration. For example, the effect of
tolerance in overall length of the beam on positioning the beam
on the substructure unit and the effects of allowable tolerance
in the width of the beam on the overall lay-up width of adjacent
box beams were considered.

Such things as the effect of allowable tolerance on the final
function of the structure and the aesthetic effect were also
taken into consideration.

Mr. Kirby of North Dakota says about post-tensioned beams:

If camber is post-tensioned beams is adjusted during con-
struction by varying the prestress force, the limits of this
variation from the planned amount shall be +'5%, Uniform
camber in beams is dependent upon a uniform concrete mix and
accurate placing and tensioning of prestress steel. Varying
the prestress force within limits will offset these inaccura-
cies making beams more closely resembling the design require-
ments.

From the inspection standpoint there is another approach which has been discussed
in an exploratory manner and may have some merit or at least bear further investiga-
tion and study. A possibility exists of establishing primary ranges of the tolerance
which when specifically met would provide unqualified acceptance of work along with
establishing secondary ranges for qualified acceptance subject to correction by the con-
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tractor or penalty to the contractor for noncritical departures from specified toler-
ances. Adequate inspection of the fabrication and casting procedures in a prestressers
plant facility will normally provide the basis for a determination of structural sound-
ness of any prestressed concrete beam produced, whether or not the construction di-
mensional tolerances prescribed are complied with., However, the average inspector
is occasionally faced with the situation wherein a particular beam has been found to ex-
ceed the allowable dimensional tolerance in noncritical physical characteristics, but
in all respects is structurally sound. Of course, this is the situation that requires
good judgment and understanding of the member function. This situation could be easily
handled if a secondary range of allowable tolerances was specified which would provide
the possibility of correction or the acceptance of a penalty by the contractor for a non-
critical departure from the specified tolerances.

A corollary to the establishment of a secondary range of allowable tolerances has
been used in recent months by a consulting structural engineer of Albuquerque, New
Mexico, FredJ. Fricke:

When an approved Laboratory 28-day Test and supplementary core
boring of concrete of a certain pour fails to meet the strength
of concrete required, snd subsequent investigation by the engi-
neer indicaotcs thot such low value ronerete can be used in the
structure a penalty of $10. per ysrd of such concrete poured will
be assessed against the contractor; the contractor to have the
option of paying the penalty or replacing the low value concrete.

Discussion with this engineer has revealed that the clause is bringing desired results
and he intends to use it until a better solution appears. The citing of this example is
not intended to imply recommendation of a similar approach but merely to show that
action is being initiated by some engineers to try to solve the problem.

The premise of establishing primary and secondary ranges of tolerance in connection
with prestressed concrete needs further study, but it does offer possibilities that can be
explored.

In summary, based on contact with many engineers who have used the Manual for
Inspection of Prestressed Concrete since its publication, it is evident that it has be-
come the standard for the industry, particularly with regard to the tolerance limits
established. To date PCI has published two manuals dealing with inspection and toler-
ances, and it is our aim to continue to review and revise this latest manual to improve
the standard. It appears that in some areas which I have mentioned (bearing areas of
beams, horizontal alignment of long beams, accuracy allowances in measuring pre-
stressing force, and end squareness of prestressed piling), further consideration, re-
view, and analysis may be needed. To this end the background information and data
collected and developed in the preparation of this paper will be furnished to the Joint
AASHO-PCI Committee for evaluation. It has become apparent that the general area
of camber, and particularly differential camber, needs considerable additional detailed
study to arrive at more representative and realistic construction tolerances. The Tech-
nical Activities Committee of the Prestressed Concrete Institute already has this as an
agenda item and will have several committees working in this area of responsibility. It
is hoped that the results of these studies will soon be available for the highway bridge
program.



Dimensional Tolerances and Quality Control in
Welded Steel Construction

ARSHAM AMIRIKIAN
Special Structures Consultant, Burcau of Yards and Docks, U.S. Department of the
Navy

Recently the American Welding Society issued two regulations
for welded construction—one for buildings and the other for
bridges. A brief discussion is given of the pertinent clauses
devised to provide an acceptable quality of workmanship and to
specify the limits of dimensional deviation obtained in welded
fabrication.

*FABRICATION tolerances in welded steel construction may be considered under two
general headings: (a) tolerances pertaining to the dimensional makeup or configura-
tion of a member built of welded parts, and (b) tolerances concerned with the quality
or acceptability of the welds alone.

Certain configurational deviations are inherent in welded fabrication. Because of
the generated intense heat of fusion and the subsequent cooling of the weld melt, some
distortions in the assembly would occur, regardless of the care exercised. The ex-
tent of these distortions will vary, according to the geometry and retention of the as-
sembly, the size and thicknesses of the components, and the type and sequence of
welding. Allowable limits for such deviations are covered in two documents recently
issued by the American Welding Society: Code for Welding in Building Construction,
AWS D1.0-63; and Specifications for Welded Highway and Railway Bridges, AWS
D2.0-63. The prescribed tolerances cover: (a) deviations from straightness for
columns; (b) camber, sweep, warpage and web buckles for beam and girders; (c) devi-
ations from flatness for seats and faying surfaces; and (d) variations in depths of built-
up members.

These tolerances have created no serious problems, either in design or fabrication,
to require reexamination or changes at this time. However, with the benefit of ad-
vanced welding technology and improved equipment and procedures, it may be possible
in the future to fabricate welded assemblies conforming to still smaller dimensional
tolerances than presently required or obtainable.

In contrast, the problem of acceptability tolerances for the weld itself is a thorny
one. In reality, here we have two questions to answer. First, we must define an
acceptable weld. Then, based on that definition, we must devise ways and means to
assure that such a weld is obtained.

The AWS Building Code, under heading of Quality of Welds, defines an acceptable
weld as follows:

(a) The weld shall be sound throughout. There shall be no
crack in any weld or weld pass. The weld may be considered sound
if it contains only slight porosityl or fusion defects® which are
well disgpersed.

“Porosity signifies gas pockets and any similar generally globular type voids.
2Pusion defect signifies slag inclusions, incomplete fusion, inadequate penetration and
similar generally elongated defects in weld fusion.
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(b) Undercut shall not be more than 0.01 in. deep when its
direction is transverse to the primary stress in the part that is
undercut. Undercut shall not be more than 1/32 in. deep when its
direction is parallel to the primary stress in the part that is
undercut.

(c) Welds shall be free from overlap.

() A1l craters shall be filled to the full cross-section of
the welds.

Under the same heading, the Bridge Specification gives the following:

(a) There shall be thorough fusion between weld metal and base
metal and between successive passes in the weld. All craters
shall be filled to the full cross-section of the weld.

(b) Welds shall have no cracks and, regardless of the method
of inspection, shall have no other defects exceeding the following
limits in size or frequency of occurrence:

(1) The greatest dimension of any porosity or fusion defect
that is 1/16 in. or larger in greatest dimension shall not ex-
ceed the size Dimension of Defect, B, indicated in Fig. 409 [Fig. 1
herein] for the joint or weld throat bthickoess involved. The
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Figure 1. Weld quality requirements (limitations of porosity and fusion defects).

distance from any porosity or inclusion type defect to another
such defect, to an edge or to the toe of a flange-to-web fillet
weld shall not be less than the Minimum Clearance Allowed, C,
indicated by Fig. 409 for the size of defect under examination.
The limitations given by Fig. 409 for 1 i/2 in., joint or weld
throat thickness shall apply to all joints or weld throats of
greater thickness.

(2) The sum of the greatest dimensions of porosity and
fusion defects less than 1f16 in. in greatest dimension shall
not exceed 3/8 in. in any linear inch of weld.

(3) Undercut shall not be more than 0.0l in. deep when its
direction is transverse to the primary stress in the part that
is undercut. Undercut shall not be more than 1/32 in. deep
when its direction is parallel to the primary stress in the part
that is undercut.

(4) Convexity or reinforcement of a weld face shall not ex-
ceed the limits shown in Fig. 408C and 408E [Figs. 2C and 2B
herein] and there shall be no overlap.
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Figure 2. Weld profiles.

To restate these requirements more concisely: the weld must be free of visible and
hidden defects as defined.

Visual inspection is a commonly utilized method of weld quality control. It con-
stitutes the most practicable means for detecting visible defects. Defects pertaining
to weld profiles or contours (Fig. 2) are easily observable. Fine surface cracks are
revealed by means of devices such as strong lights and magnifiers.

As for the detection of hidden defects, code implementation is not clear. It is re-
quired that the welds be free of such defects, but tests needed for the purpose are not
made mandatory. These are the so-called nondestructive tests, including the mag-
netic particle method, dye penetrants, ultrasonic testing, and radiography. It is
stated, both in the Building and the Bridge Specifications, that such tests may be re-
quired to be conducted at the owner's expense. Testing cost could be considerable, but
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more important is the eventual controversy connected to the evaluation of the test re-
sults. This is especially true when the device is radiography, which is the most
thorough method for probing concealed weld defects. The revelation of the films is
very much like opening Pandora's box. When applied to the framings of buildings, all
such tests and consequent repairs invariably end up in litigation.

Present code requirements for weld quality are much too rigid for a reasonable as-
surance of adequacy. This is particularly true for the Building Code, which is con-
cerned with structures designed for normal service loading where no fatiguing stress
conditions prevail. In such applications some weld defects, such as possible inclu-
sions, gas pockets, and even minor fusion faults, may be safely overlooked, without
fear of impairment of structural adequacy. Radiography will reveal that defects of
this nature are present in most all welded framings, yet the service performance of
these structures, extending over periods of three decades or more, has amply demon-
strated their dependability and strength. Therefore, at least in framings for buildings
and other structures under similar loading, good visual inspection should generally
suffice to assure an acceptable quality of welding. Only in instances where excessive
cracking is observed should supplementary probing be undertaken. In such cases, use
of magnetic particles or dye penetrants may be more dependable for disclosing the
true extent of cracks prior to the needed repairs.

Use of ultrasonic testing and radiography should be confined solely to testing the
soundness of welds in joints where cyclic stresses in the fatigue range would occur.
Even in such applications, great care should be exercised in determining the extent
of probing and in evaluating the importance of the revealed defects.

The economy of welded construction, and hence the scope of its utilization, is great-
ly dependent on code requirements. Extreme conservatism and needless restrictions
in the form of unrealistic welding tolerances would limit the use of the technique and
the profit to be obtained from its applications. The desired objective, the adoption of
liberal welding tolerances consistent with safety, can only be achieved by close co-
operation between code authorities and the various segments of the welding industry.
Educational programs as well as pertinent research can play an important role in this
task.



Review and Recommendations

I. O. JAHLSTROM, California Division of Highways

eIN HIS opening remarks, Mr. Scurr has correctly stated that the huge expansion of
plant and personnel required by the magnitude of the Interstate Highway Program

. has undoubtedly contributed to a condition which resulted in
imperfections in construction that might not have occurred in a nor-
mal program. The public and political interest inherent in such a
program has probably resulted in a tendency to magnify some of the
inperfections out of proportion to their real significance in pro-
ducing a satisfactory finished product.

Mr. Scurr points out that if a ""tolerance curve' or a ''statistical approach' to deter-
mine the limits of what is acceptable or not acceptable is to be established, research
would be necessary to determine the limits for unquestioned acceptance, qualified ac-
ceptance subject to correction or penalty, and absolute rejection. He calls attentionto
the proposed AASHO Guide Specifications 105.3, Conformity with Plans and Specifica-
tions, stating that the intent of this clause "reaffirms the principle of exercise of engi-
neering judgment." However, he states this does not give the inspector any reassurance
or protection when his judgment may be questioned. "Only a statistically developed
range of permissible tolerances can give such assurance."

Mr. Amirikian has very ably outlined the tolerances in welded construction., These
are dimensional (warping, alignment, and fit), and welding tolerances (quality and ac-
ceptability of welds). Dimensional tolerances are specified in the AWS Code for Build-
ings and for Bridges and do not cause any problem. In fact, advances in welding tech-
nology may even permit a reduction in these tolerances. Problems in welding tolerances
arise from the definition of an acceptable weld and development of inspection methods
to assure acceptable welds.

Questions concerning inspection methods can be separated into two categories:

(a) inspection of visible defects and (b) inspectionof hidden defects. Mr, Amirikian feels
that inspection of hidden defects is not clearly implemented in the codes. The code
limits internal defects but does not specify the use of nondestructive tests for detecting
the internal defects nor methods of evaluating the results of such tests, According to
Mr. Amirikian, it is this matter of evaluation, particularly where radiographic testing
is concerned, that leads to the greatest amount of controversy and litigation. In his
opinion the present codes are too rigid. He feels that good visual inspection should
suffice for buildings, and supplementary inspection should be utilized only where ex-
cessive cracking is observed, Magnetic particles and dye penetrants are most satis-
factory for such cases. He feels that the use of ultrasonics and radiography should be
confined to testing welds subject to cyclic stresses.

Mr. Amirikian feels the present code requirements are needlessly restrictive on the
utilization of welded construction and that more liberal tolerances can be safely allowed
if code authorities and industry will cooperate in researching tailored codes and educat-
ing designers to use them. We would question his broad statement: '"Present code
requirements for weld quality are much too rigid for a reasonable assurance of ade-
quacy." What is "a reasonable assurance of adequacy' for a building where life and
property are in jeopardy ?

Mr. Amirikian is also concerned with, and seems to be trying to discourage, the
application of radiography to building construction. We believe the fault is not in the
radiographic codes but in the application and interpretation of radiographs. This fault
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can only be overcome by proper training and good experience of the radiographic tech-
nician, inspector, and engineers. Radiography has contributed more toward improving
the quality of both the base material and the weld deposit than any other nondestructive
method or combination of methods of testing used in present inspection procedures.
Use of radiographic inspection in building construction or any other field should be
limited to those applications where evaluation of radiographs is practical and in ac-
cordance with the governing code.

The writer cannot agree with Mr. Amirikian that weld defects should be permitted
in excess of the code. Welding methods and design used today place a greater responsi-
bility on the weld, welder, inspector, and engineer than it did 30 years ago. It is very
true that great care should be exercised in determining the extent of probing and in
evaluating the importance of the revealed defects. Therefore, the welding inspector
should be experienced and qualified to evaluate the deficiency and the extent of repairs
necessary.

The writer agrees with Mr. Amirikian that welding tolerances should not be unreal-
istic and that any adopted tolerances should be consistent with safety. However, it
should be emphasized that it is as equally important to have qualified inspectors as it is
to specify qualified welders and welding procedures. One without the other will not
achieve the objective of economic and safe welded counstruction, regardless of tolerances
in the code.

Mr, Moss calls attention to the cooperative work of ARBA and BPR committees in
advocating the use of a statistical approach in the analysis by acceptance tests of ma-
terials and performance in highway and bridge construction projects. He outlines the
problems today in highway construction and cites the application of statistical approach
to problems in industry and on the AASHO Road Test.

No one engaged in highway and bridge construction will deny the need for proper
tolerances for quality controi. However, ii is quesiionable whether standard deviation
curves and standard numerical limits can be determined which will be workable through-
out all the states. The trend appears to be to write everything into the specifications,
but it is doubtful standard specifications can be written which will be uniformly applica-
ble in all the states under varying job and climatic conditions and will virtually elimi-
nate the necessity of on-the-job decisions by the inspector and the engineers.

Perhaps we are hoping to arrive at Utopiatoo fastforthe present system. Evenwiththe
statistical approach skilled and well-qualified inspectors—the same type of inspectors
and engineers who had the engineering know-how to build good roads and bridges in the
past—will still be required on the job. We have good men on the jobs. By backing up
these men, weeding out the nonperformers, and displaying a little more ""rugged indi-
vidualism, ' we can continue to turn out good work.

This is not to say we should not improve, revise, and discard, if necessary, obso-
lete and unworkable specifications. The states are continually doing this. We should
approach this problem in the same way we plan and design our highways and bridges—
by careful review of the problem, taking into consideration all the aspects and factors
involved to arrive at the best solution.

Mr. Lyman presents some very interesting and pertinent comments from several
well known bridge engineers on construction tolerances for prestressed concrete. The
AASHO-PCI Manual for Inspection of Prestressed Concrete referred to is an excellent
guide for prestressed concrete construction.

Mr. Dean's summation is worth repeating:

The published tolerances are not to be considered forever binding....
Improvements and modifications will surely be developed; any set of
dimensional tolerances should be applied with judgment and some un-
derstanding of member function.

We agree with the comments on camber and that further study is needed on this prob-
lem, particularly ultimate camber. Dimensional tolerances do not present much dif-
ficulty in established fabricating plants. Problems at bearing seats are minimized by
use of elastomeric bearing pads. These will absorb up to Yg-in. twist in the bearing
surface.
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A good point is made by Mr. Thurman; "With allowable tension under full design
loads, I feel that the accuracy of the prestressing force assumes more significance than
previously." In California, we think we are achieving better accuracy in stressing the
tendons with load cells developed by our Materials and Research Laboratory.

We do not concur with the idea of penalties for a secondary range of tolerances. This
could be a very controversial matter. The penalty, if there is this provision in the
specifications, should be harsh enough to discourage continued infraction. Generally,
the remedial work is minor and the member can be restored to full structural value.

If the structural adequacy of the member is questionable, it should be discarded.

The information and data collected by Mr. Lyman, together with the results of studies
now under way by the PCI, should help to provide more realistic and workable toler-
ances in prestressed concrete.

Defining concrete as a "manufactured'" material, Mr. Anderson states "the applica-
tion of scientific tolerancing in concrete construction has not been considered to any
extent in engineering or design procedure.'" This lack of tolerance information, he
says, has led to misunderstanding and controversy. Characteristic of designs of the
past cast-in-place structures were conservative working stresses and adequate margins
of safety.

"Qualitative and quantitative tolerancing will become a part of the engineering and
design procedure,'" Mr, Anderson says. The present trend toward ultimate strength
design using higher stresses, lighter sections and high-strength steels will demand
greater precision of concrete manufacturing and workmanship.

Tolerances are necessary in concrete construction, Mr. Anderson states, in rela-
tion to integrity and safety of the structure, aesthetics or appearance of the work, and
economics, involving cost to owner, designer, or contractor.

On the subject of structural intergrity, Mr. Anderson begins with the ""manufacture"
of concrete and points out the influence of manufacturing tolerance on concrete quality.
He refers to a paper by Mr, Abdun-Nur in the ACI Journal of January 1962, This paper
presents cogent arguments for a specified tolerance in concrete strengths. We agree
with Mr, Anderson that a minimum strength concrete is not a realistic specification
and is not being met. The advancement of precast construction with higher stresses and
thinner sections requires better and more realistic controls. In regard to dimensional
tolerance we agree wholeheartedly that poorly constructed forms will not give dimensional
integrity and will increase costs.,

With strict interpretation of specifications, exercise of engineering judgment will not
be acceptable practice. Tolerances must be established that are practicable and will
insure quality work. Mr. Anderson summarized suggested tolerances by ACI for con-
ventional concrete bridges and for precast concrete construction. A more liberalized
table of tolerances proposed by precast manufacturers is also given. Any proposed
tolerances will be considered too restrictive by some, at least in part, and too lenient
by others.

It will take time for observation, study, and comparison to arrive at practical and
workable tolerances acceptable to everyone,

Mr. Anderson's paper is thought provoking and, from his background of experience,
offers practical suggestions for improving bridge specifications in regard to construc-
tion tolerances.

With the availability of various good form materials and with any kind of desire to
produce good work there should be little need for tolerances in bridge specifications on
surface appearance. How long will a concrete surface on a bridge remain uniform in
appearance ?

In summation, we believe we do not have to sacrifice quality to determine practical
and reasonable limits or tolerances.





