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THE ROLE OF CONCRETE COVER
IN CRACK CONTROL CRITERIA AND CORROSION PROTECTION

by
Ralph G. Qesterle*

1.0 INTRODUCTION

1.1 Background

The use of concrete as an efficient structural material relies on the combination of portland
cement concrete and steel reinforcement. Concrete provides compressive strength and steel
provides tensile strength. A great advantage of this combination is that, while corrosion is
typically a major concern with use of steel, portland cement concrete, with high alkalinity
and a process called passivation, provides an excellent environment for protection of steel
from corrosion. With a pH of 12.5 or greater, a microscopic oxide layer is formed on the
steel surface which prohibits corrosion. Therefore, for a durable concrete structure, actions
which disrupt the passive protection layer and lower the pH level in the concrete are to be
avoided.

Cracking of concrete has been intuitively related to disruption of the protective layer
and, therefore, to corrosion of steel reinforcement. However, for efficient use of the
~ concept of reinforced concrete, cracking cannot be avoided. Cracking of the concrete must
occur if the steel is to be used effectively. Therefore, engineers have traditionally used
what was considered a common sense approach to minimizing corrosion by attempting to
maintain limitations on crack width. Crack control has commonly been considered
essential to control corrosion(l),

Stemming from studies carried out in Sweden starting in 1943 to limit crack widths in
highway bridges(?), significant research was carried out through the 1950s and 1960s to
determine relationships between concrete crack width and design parameters of reinforced
concrete. This crack control research combined with increased use of Grade 60
reinforcement and use of the strength design approach lead to incorporation of structural
building code requirements for proper distribution of flexural reinforcement to control

cracking. These building code requirements were instituted in the 1970s(3) and are still in
use today. Current structural codes in the United States and elsewhere utilize a limiting
value of a z-factor to provide distribution of flexural reinforcement for controlling crack
widths when the design yield strength of reinforcement exceeds 40 ksi. The limiting
z-factor values are related to limiting crack widths through the Gergely-Lutz (G-L.)
relationship between crack width and steel stress@®),

To understand the relationship between crack width and steel stress, a basic
understanding of crack behavior of reinforced concrete is needed. Initial cracks form in
reinforced concrete members through response of a concrete member as a gross section.
Following formation of the initial cracks, the normal stress in the concrete at the cracks is
zero and reinforcement spanning the cracks carries tensile stress. With increased load on
the member inducing higher tensile stress on the steel, tendency for further cracks to form
between the initial cracks depends on the ability of the reinforcement to transfer tensile
stress into the surrounding concrete. If sufficient tensile stress is transferred back into the
concrete(4) away from the initial cracks through bond stress between the steel and concrete,
the concrete will crack again between the initial cracks. A greater capacity of reinforcement
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to transfer stress into surrounding concrete results in a decreased spacing between cracks.
For a specific steel stress, a smaller spacing between cracks results in a smaller crack width
at each crack.

Crack spacing and crack width is dependent on many factors including the bond
characteristics of the steel reinforcement, the ratio of reinforcement area to surrounding
concrete area, and the tensile strength of the surrounding concrete. The bond capacity
between the reinforcement and concrete depends on the bar diameter and on the concrete
cover over the steel bar. For an equivalent steel cross sectional area, using several smaller
diameter bars in place of one larger diameter bar increases the bar surface area and
therefore, the bond transfer capacity. Bond stress capacity is limited by splitting stresses in
the cover concrete. Increasing the cover, up to a certain value, increases maximum bond
stress. Smaller diameter bars require less cover to prevent splitting stresses.

Based on analyses of data by Gergely and Lutz®) from a number of experimental
programs, a relationship between crack width, w, steel stress, fs, concrete cover, d¢, and
surrounding concrete area, A, was developed. This relationship was utilized in the

building codes in the United States(®), to define a z factor.

z =fsV3 dcA (11

The parameters d; and A are illustrated in Fig. 1. The maximum crack width is
intended to be limited by limiting the z-factor to a specific value.
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FIG.1 PARAMETERS USED IN Z-FACTOR CALCULATIONS.



1.2 Need for Re-evaluation

Use of the z-factor to minimize corrosion through crack control came under debate in the

1980s(6). The use of crack control was questioned from two aspects. The first aspect is a
consequence of steel distribution. When providing a quantity of tensile steel area, Ag in a
flexural member, one way to maintain a low z-factor is to maintain a low area of
surrounding concrete, A, in Equation [1]. Therefore, use of the z-factor will tend to result
in relatively smaller diameter, more closely spaced bars. For a given steel stress, this
distribution of steel results in more tightly spaced, small width cracks. This crack
distribution, however, creates more locations where the passive protection layer can be
disrupted. Also, for the same total Ag, a larger number of smaller diameter bars has a
greater surface area, and, therefore, may be affected to a greater degree once corrosion
starts. The result is that unless corrosion is truly prohibited from occurring by maintaining
crack widths below some limiting value, crack width control could actually lead to greater
corrosion. As further discussed in Section 5.1 of this report, tests and field studies indicate
that, when considering corrosion over the life span of reinforced concrete structures, there
is no practical crack width limit that will prohibit corrosion.

The second aspect of questioning crack control through use of the z-factor stems from
the presence of the term dc, in Equation [1]. The term d¢ in a flexural element is the
concrete cover from the concrete tension surface to the center of the closest steel bar. A
lower value of d¢ in Equation [1] results in a lower value of z. Therefore, a design
engineer would tend to use minimum concrete cover on reinforcement to maintain a low z-

factor. The use of low cover, however, is contradictory to results of corrosion studies(®).
These studies indicate increased concrete cover provides increased corrosion protection.
An engineer that wants to use increased cover to provide better corrosion protection will
have difficulty in meeting the code requirements for the z-factor limit. This problem would
commonly occur in the top reinforcement of a slab for a parking garage, bridge deck or
pier.

Figure 2 demonstrates the sensitivity of maximum bar spacing in a one-way slab
required to stay within code limiting values of z as the value of d¢ is increased. Figure 2
shows that, for exterior exposure conditions, maximum bar spacing quickly becomes
unreasonably tight as d¢ increases beyond 2 in. It should be noted that for cast-in-place
reinforced concrete exposed to weather, the minimum clear cover required by the code for
No. 6 bars and larger is 2-in. Therefore, minimum d¢ for a No. 6 bar is 2.38-in. If the
designer wants to increase cover to increase corrosion protection, the resulting design will
most probably have to violate the z-factor limit. For foundation concrete cast against earth,
the required 3-in. minimum clear cover cannot be satisfied practically without violating the
z-factor limit. This is paradoxical in that the z-factor limit is in the code supposedly to
ensure corrosion protection but it cannot be met practically if an engineer wants to increase
cover to get better corrosion protection. Therefore, there was a need to re-evaluate the z-
factor limit requirements in the current building codes.

ACI Committee 224 has considered the problems with the current z-factor approach to
crack control and has proposed revisions to the ACI 318 Building Code. The proposed
revision, presented to ACI 318 for balloting in the fall of 1994 would permit designers to
use a value of d¢ in Equation [1] that is based on the applicable minimum concrete cover
requirements rather than the actual cover to be used in construction. A copy of the
proposed code revisions is included in Appendix A of this report. The proposed revisions
would allow designers to increase concrete cover beyond minimum cover requirements
without being penalized by the limiting z-factor. However, the designer will then be using
data in an empirical design equation that does not represent the actual physical conditions.
The proposed code revisions did not propose any limitations on the actual concrete cover
used by the designer. The proposed revisions did, however, include limitations on the
spacing of bars as an alternate design criterion. The spacing limitations will theoretically
result in limiting crack widths to the same values that the current z-factor limits result in if
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the concrete cover over the reinforcement corresponds to d¢, <2 in. in slab and d¢ £2-1/2
in, in beams with maximum steel stress of 36 ksi. The commentary to the proposed code
change warns that use of additional cover may result in greater surface crack widths.
However, no limitations on actual concrete cover are specified.

The proposed revisions were not approved by ACI 318 in the 1994 balloting and were
returned to Committee 224 for further study. There is a need to study the ramifications of
the proposed code revisions.

1.3 Objectives of Study

The objectives of the study presented in this report are:

1. To examine the background and history of the z-factor approach and to reevaluate
its validity in providing corrosion protection and crack width control, particularly
for concrete elements with large cover over the reinforcement.

2. To determine if there is sufficient justification and available data to develop a
modified or alternate approach.

3. To establish a research plan to accomplish development of an alternate approach if
needed.

4. To provide a state-of-the-art report detailing findings and recommendations to
resolve the questions regarding the z-factor approach.

The study was accomplished within the following tasks:

1. Review of literature and experimental data related to development of the z-factor
approach.

2. Review of literature related to cracking and corrosion in reinforced concrete.

3. Perform crack width calculations using select formulations including the Gergely-
Lutz relationship and proposed ACI Code Revisions for comparison with
experimental data for reinforcement with relatively large cover.

4, Synthesize information into a report.
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2.0 REVIEW OF BUILDING CODE PROVISIONS
2.1 History of ACI Code Provisions

As early as 1943, investigations have been ongoing to study the concepts regarding the
mechanisms of crack formation. General equations for width and spacing of tensile cracks
were presented in a paper by Watstein and Parsons in 1943), In Sweden, a special
investigation of crack formation was instigated by Professor Wistlund of the Royal
Institute of Technology, Stockholm(2). Research continued on through the 1950s and
1960s4) which lead to building code design criteria in the 1970s.

The ACI 318-63(7) addressed crack control simply by requiring the use of deformed
reinforcement and by specifying that: *“Tension reinforcement shall be well distributed in
the zones of maximum concrete tension and in the flanges of T-Beams.” Most probably
stemming from increased use of Grade 60 reinforcement and use of strength design, both
resulting in higher service load strain, significantly more attention was paid to crack control
in ACI 318-71(3). The background equation behind the new provisions in ACI 318-71 was
the crack width versus steel stress relationships developed by Gergely and Lutz(5), The
relationships were developed based on extensive statistical evaluation of data from six
different experimental investigations(8-13). The evaluation considered both crack width on
the bottom of the flexural member and on the side of the member. The statistical evaluation
considered a relatively large number of regression analyses with various forms and
combinations of variables looking for best fit with experimental data by a least squares of
deviations criterion. The following recommended equation for bottom crack width based
on this study became the background equation for the ACI 318-71 Code Provisions(3).

wh = 0.076 R fs 3VtpbA [2]

wh = Maximum bottom crack width in constant moment region, (0.001 in.)

R = Ratio of the distance from neutral axis to the bottom of member to
the distance from neutral axis to the centroid of reinforcement

fs = Reinforcing steel stress, (ksi)
th = Bottom cover measured from the center of the lowest bar, (in.)

= Average concrete area around a reinforcing bar, (in.2)
(NOTE: d¢ in Equation [1] is equivalent to th in Equation [2]. Also, the ACI 318

Commentary replaced R with the designation [3)

Rather than use specific crack width limits in the code, the committee responsible for
the code crack control provisions wanted to use a simple crack control parameter similar to
a T factor approach used in Sweden(2. 14). Use of a specific crack width limit implies more
accuracy in crack width calculations than can be realistically accomplished. Use of a
parameter such as the T factor was thought to emphasize design for good flexural steel
distribution rather than limiting each crack to a specific value. To accomplish this, the
z-factor was introduced by Professor Nawy in his evaluation of proposed crack control
criteria(l).

The code limits for z-factor calculated using Equation [1] in this report are currently
175 kips/in. for interior exposure and 145 kips/in. for exterior exposure. These limits
relate to crack widths of 0.016 in. and 0.013 in. respectively from Equation [2] utilizing
R=1.2. The crack widths related to the z-factor limits are very similar to the Swedish

limits(® of 0.014 to 0.015 in. for calculated crack width at dead load plus 1/2 live load.
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It is interesting to note that, in the statistical evaluation of various parameters, Gergely
and Lutz stated that it is difficult to select an equation that fits all the sets of data well. In

addition to 3v/tpA, several other parameters, including VA, were good variables. The 4VA

is a parameter suggested by Kaar and Mattock(10) and Kaar and Hognestad(l1) for the
following crack width relationship:

wh=0.115R fs &WWA (3]

Gergely and Lutz recommended the parameter 3v/tpA rather than 4VA because it was
dimensionally correct and, in general, fit the data better.

In Nawy’s evaluation(l), both Equation [2] and [3] were considered. Nawy showed
that the Gergely-Lutz equation (Equation[ 2]) and the Kaar-Mattock equation (Equation [3])
fit the data approximately as well. Nawy recommended the Gergely and Lutz equation
because it was consistently a little more conservative in determining an acceptable steel
stress for limiting cracking. However, results using the Kaar-Mattock equation were not
significantly different. Husain and Ferguson(13) also evaluated both Equation [2] and [3]
and found that both equations agreed reasonably well with their test data.

An interesting observation on the accuracy of Equation [2] and use of the z-factor was
pointed out by Halvorsen(14). To simplify calculations, the R ratio is typically assumed to
be a constant 1.2 in calculation of the z-factor from Equation [2], whereas it was a variable
in the data analyzed by Gergely and Lutz in developing Equation [2]. Halvorsen
demonstrated the typical range for R is approximately 1.1 to 1.4 dependent on member
depth, reinforcement ratio and concrete strength. The use of a constant R desensitizes the
calculation of crack width to the variations of section properties. In addition, crack width is
a direct function of R, whereas it is a function of the third root of tpA. Therefore, the
equation is more sensitive to variation in R than to variation in tpA.

Other major observations about the accuracy of crack width calculations include:

1. Measured crack spacing and crack width can vary from the average values by at
least + 50% 15),

2. The crack width at the level of the reinforcement is significantly less than the
crack width at the surface of the concrete member(15. 16),

3. Cracking behavior is altered as concrete cover becomes large. Hognestad®) noted
that with large cover, secondary cracks form that don’t extend to the tension face
of the beam. Husain and Ferguson(15) observed that, for other conditions being
equal, the crack width at the beam tension face varied almost linearly with the
cover up to 2.25 in. in their test specimens. However, crack widths in specimens
with 3 in. clear cover were significantly greater than extrapolation from the linear
trend with smaller covers would suggest.

2.2 Other Building Codes

Although different crack width criteria might be expected in different countries due to
varying climate conditions(17), many other codes such as Canadian Codes(18.19) are
adaptations of the ACI z-factor approach using Gergely-Lutz equation with the primary
difference being conversion to metric units. It is interesting to note, however, that prior to
the ACI 318-71 code, supplements to the AASHTO bridge specifications contained crack
control criteria. These supplements, published by the U.S. Bureau of Public Road in 1966
and 1969(14.20,21) were issued to provide strength design criteria. Limiting crack widths
based on exposure were tabulated and the Kaar-Mattock equation was stipulated for
calculation of crack width at the level of the reinforcement. Following publication of ACI
318-71, however, a modification to the factor approach based on the Gergely-Lutz equation

was adopted in the bridge specification.(14, 22)
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European Codes(23.24) have more complex relationships for determining crack widths.
Whereas the ACI z-factor is a simplified approach based essentially on one empirical

equation, the CEB-FIP Model Code(23) utilizes a complex series of equations to model the
basic mechanics of stress transfer between the steel and concrete to calculate a crack width.
The fundamental crack width formula in CEB-FIP is as follows:

wk =I5, max (€sm - €&cm - £cs) (4]
where:
wk = The characteristic crack width,
Is, max = Maximum length of bar over which bond ship between the steel and
concrete occur contributing to the width of the crack,
€sm = Average steel strain within Ig, max,
€cm = Average concrete strain within Is, max,
gcs = Shrinkage strain of concrete (contraction would have a negative
value).

The CEB-FIP Code presents a detailed approach to determining the strains in Equation [4]
including consideration for:

1. Whether the stress state is in a condition of forming new cracks or a stable crack
condition has been reached.

Tensile strength of concrete.
Modular ratio of steel to concrete.
Ratio of area of reinforcement to area of surrounding concrete.

W W N

Bar diameter.
6. Bond slip.

Equation [4] does not have explicit consideration of concrete cover but stipulates that
the thickness of cover (plus transverse steel if needed) should be selected to insure full
bond development without longitudinal cracking,

Although CEB-FIP places more emphasis on details in the calculations for crack width
than the Gergely and Lutz relationship used for the ACI 318 Code, the role of crack width
with respect to corrosion is de-emphasized in the CEB-FIP code. Corrosion risk is stated
to be predominantly dependent on concrete impermeability and thickness of cover with
crack width being of minor importance. In a design guide developed by a CEB Task
Group(25) 1o solve technical aspects of premature degradation of concrete structures, it was
pointed out that both carbon dioxide and chlorides penetrate through to the steel layer
through cracked concrete some order of magnitude faster than through uncracked concrete.
Also, the time to depassivation of the protective layer depends on crack width. However,
the time difference between a 0.007 in. and a 0.015 in. crack is negligible as compared to
the life of the structure. Figure 3 illustrates the relationship between the time to
depassivation and crack width from Reference 25. Although the time is generally
decreasing with increasing crack width, the time to depassivation from these data only
range from approximately 1 to 6 years. Therefore, the crack width becomes
inconsequential for long term durability. A crack width limit is not specified in the CEB-
FIP Code but the commentary implies that 0.3 mm (0.012 in.) is generally satisfactory.

The CEB-FIP approach is based on a classical bond slip model of cracking such that
the concrete crack width is the accumulation of relative slip between the bar and the
concrete. The Eurocode 2, however, incorporates, to some extent, a no-slip model initially

proposed by Base, et al26). In a study comparing crack widths in concrete with both plain
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(smooth) bars and deformed bars, Base concluded that crack width at the surface of the
concrete is primarily a function of the elastic recovery of the concrete between cracks and
the restraining influence of nearby reinforcement. Cracks taper from a certain width on the
surface of the concrete to near zero at the steel-concrete interface. Within the effective area
of concrete surrounding a bar, the width of a crack is directly proportional to the distance
from the point of measurement of the crack to the surface of the nearest reinforcing bar.
Base, et al proposed the following crack width relationship:
wmax = 3.3¢c €m
where:
C = concrete cover

€m = mean strain in the reinforcement

1
0 0.005 O.OI1 0 0.(;1 5 0.620
Crack Width (in)

N
|

FIG. 3 RELATIONSHIP BETWEEN DEPASSIVATION TIME AND CRACK WIDTH (THE
SCATTER DEPENDS ON THE ENVIRONMENT, THE COVER, AND THE
NATURE OF ANY DEPOSITS) REF. 25.
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The real behavior is probably a combination of the bond-slip behavior and the no-slip
behavior. Beeby(27), therefore, proposed the following relationship based on a
combination of the two behaviors:

Wm=(k10+k2$)€m
p

where:
k1, k2 = empirical constants

¢ = bar diameter
p = reinforcement ratio

The crack width formulation in the Eurocode(?4) is based on the combination model

where:

wk = B(SO +0.25 k1 ko i)f:‘.sm

Pr

where:

P = coefficient relating the average crack width to the design value
ki = coefficient taking account of the bond properties of the bar
k2 = coefficient taking account of the form of strain distribution

. . . A
pr=the effective reinforcement ratio = Zc_iE
1)

A, eff = effective tension area of concrete

A crack width limit of 0.3 mm (0.012 in.) is also given in the Eurocode 2. However,
there is also an apparent deemphasis of crack width for corrosion protection by European
engineers. Somerville in his review of past, present and suggested future procedures for

producing durable concrete(28) did not even mention crack control. Emphasis was placed
on permeability and the four “c”’s, mix - constituents, cover, compaction, and curing.
Beeby(®) demonstrates that there is no clear relationship between crack width and
corrosion. However, Beeby stressed maintaining minimum cover and minimum quality
concrete for protection of the reinforcement.

2.3 Proposed Revisions to ACI Code

ACI Committee 224 on cracking has realized the problems associated with crack control,
cover, and corrosion protections and has proposed revisions. A copy of a recent proposal
is included in Appendix A of this report. Basically, in order not to penalize the designer for
adding more cover, the proposed revisions allow the z-factor to be determined using Eq [1]
with the d. parameter based not on the actual d¢, but on a d; determined using applicable
minimum concrete cover specified in the ACI 318 code. As an example, consider a one
way slab reinforced with No. 5 bars at 6 in. on center. Section 7.7.1 of ACI 318 requires
a No. 5 bar in concrete exposed to earth or weather to have 1-1/2 in. minimum concrete
clear cover. With this clear cover, the d. value is 1-1/2 in. plus 1/2 the bar diameter.
Therefore, d¢ is 1.81 in. The A value is 21.72 sq in. If a designer, however, wants to use
2-1/2 in. clear cover for improved corrosion protection, the actual d; parameter is 2.81 in.
and the actual A parameter is 33.72 sq in., however, the designer would still use the d of
1.81 and A of 21.72 in Eq [1] to determine z. The z-factor for fg = 36 ksi using d¢ = 1.81
and A =21.72 sq in. is 122 kips/in. which is less than 145 kips/in. and is therefore
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adequate for exterior exposure. The value of z for fg = 36 ksi using the actual d, of 2.81
in. and A of 33.72 sq in. would be 162 kips/in. This z-factor would not be acceptable
under the current code provisions. The calculated crack width using the Gergely-Lutz
equation for fg = 36 ksi, using d; = 1.81 in. and A =21.72 sq in. is 0.011 in. If the actual
d¢ of 2.81 in. and A of 33.72 sq in. are used in the Gergely-Lutz equation, the calculated
crack width would be 0.015 in.

The proposed code revisions allow some relief for designers to provide additional
cover. However, it is questionable that the modified z-factor calculations are serving a
purpose if the calculations are made for a condition that does not actually exist. In addition,
the proposed revision apparently does not include any limits on cover. Therefore, the use
of large cover could result in conditions that are well outside the bounds of the database of
experimental data used to develop the Gergely-Lutz equation and z-factor and could result
in large unsightly cracks. The value in continuing to calculate a z-factor if it does not relate
to the actual conditions is in doubt, particularly when considering the inaccuracy of crack
width calculations when actual conditions are used as shown in the following section of
this report.

3.0 EXPERIMENTAL CRACK WIDTH DATA
3.1 Review of Data

In order to re-evaluate the z-factor approach in the current code and assess the proposed
modifications, the background of the Gergely-Lutz equation was investigated in this study
and the sensitivity of the z-factor to d¢ was evaluated. This was accomplished by first
assembling a database of crack width and steel stress from the same sources of data used in
the Gergely-Lutz study. Data used to develop Eq [2] for maximum bottom crack width
included data from Hognestad,(®) Kaar-Mattock,(10) Kaar-Hognestad,(11) Clark,(12) and

Riisch-Rehm(13). The data for the re-evaluation study included similar data from each of
these references but in some cases the number of observations was limited. For the Kaar-

Mattock data,(10) the only tabulated crack width data in the reference was crack widths at a
steel stress of 40 ksi. Other data was available from plots of crack width versus steel
stress. However, for this study only the tabulated data in the reference was used. This
limited the number of observations to 18 as compared to the 65 observations reportedly
used in the Gergely-Lutz study. For the Kaar-Hognestad double-T girder data,(11) only the
tabulated crack width data at 40 ksi steel stress was used limiting the data to 22
observations as compared to 46 reportedly used by Gergely-Lutz.

The Clark data(!?) was the dominant data source in the Gergely-Lutz study accounting

for 54 of the total 106 specimens and 326 of the total 632 observations. The Clark data(12)
was tabulated for each specimen with maximum crack widths measured at 15, 20, 25, 30,
35, 40 and 45 ksi steel stress. Since limited data was used for other sources, it was
decided to use only the data reported by Clark at 20, 30, and 40 ksi. Data from the
Hognestad(9) and Riisch-Rehm(13) sources were presumably similar to data in the Gergely-
Lutz study. The Riish-Rehm data was limited to those specimens with reinforcement
deformation patterns that were representative of reinforcement used in the United States as
was the Riish-Rehm data used in the Gergely-Lutz study. The total data base for the
re-evaluation in this study included 393 observations on 106 specimens versus 632
observations on 106 specimens used in the Gergely-Lutz study.

Assessment of data included comparison of measured versus calculated crack width
over the range of three significant parameters. These parameters include the concrete

cover, dc, the effective concrete area A, and the local effective reinforcement ratio pg =

Ag/A. In addition to the Gergely-Lutz equation, Eq [2], the Kaar-Mattock equation, Eq [3],
and the CEB-FIP approach, Eq [4] were used to determine calculated crack widths.

The data were analyzed considering all the data as a whole and then within specific
incremental ranges of data to assess how well the equations fit the data within each range.
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The Gergely-Lutz equation Eq [2] was derived using data that included a variable R ratio (
in ACI 318) dependent on the specimen configuration. However, the z factor was derived
assuming a constant R of 1.2 to simplify the calculations. Therefore, an R ratio of 1.2 was
assumed for all data evaluated in this study. The goodness of fit is demonstrated using a
correlation coefficient (r) between the calculated and measured data and also using a mean
squared error (MSE). The mean squared error or mean squared deviation was determined
as:

MSE=Ly y2
== zl‘, y
where:
n = number of observations
= error in crack width calculation = (W - Wea)
wmp = measured crack width in 0.001 in. units
Wea = calculated crack width in 0.001 in. units

The correlation coefficient (r) is a measure of linear dependence between two sets of
data. Anr value of 1.0 would indicate the crack width equation is a perfect predictor of
crack width. An r value of zero indicates no linear correlation. The MSE is used as a
relative indicator of goodness of fit for the three approaches to predict crack width. A
lower MSE indicates a better fit of the calculated to measured data.

3.2 Concrete Cover, d¢

The data was first analyzed considering parameter, d, (note: d¢ =ty in Eq [2]). The d¢
parameter is the concrete cover from the surface of the concrete to the center of the closest
bar. As a minimum, d includes the clear cover plus one-half bar diameter. If transverse
steel is used, such as stirrups in beams, the diameter of the transverse steel adds to the d
term.

Figure 4 shows the distribution of d,. for the 393 observations on 106 specimens. The
majority of the crack width data (85%) is from test specimens with d. less than or equal to
2 in. Within the 2 < d. £ 2.5 range, all the data is between 2.0 and 2.20 in. There are only
15 data points (3.8%) with d larger than 2.20 in. For data from the experimental

investigation by Clark,(12) which was the basis for the 0.076 coefficient in Eq [2], 13 of 54
specimens had a d; larger than 2.0 in. and one specimen had a d¢ larger than 2.2 in, The
majority of specimens (29 out of 54) had a d of 1.0 in. or less.

It should be noted that, for concrete with No. 6 bars or larger exposed to weather, the
specified minimum code clear cover is 2 in. The minimum dg, therefore, without
transverse steel, would be 2.38 in. for a No. 6 bar.

Table 1 shows the calculated correlation coefficients and mean squared error for the
data as a whole and within specific ranges of d; for the Gergely-Lutz (G-L) equation, the
Kaar-Mattock (K-M) equation and the CEB-FIP (CEB) approach. Plots of calculated
versus measured crack widths for these data are included in Appendix B of this report. The
analyses indicate that, as a whole, the Kaar-Mattock equation has the smallest error and is
consistently as good or better than the Gergely-Lutz or CEB-FIP approach over the specific
ranges of data, particularly for the larger d. data. These data, however, also show the
sparsity of data for d; values that represent slabs or beams exposed to weather with
minimum clear cover, let alone additional clear cover.
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3.3 Effective Concrete Area, A

The effective area of concrete surrounding a reinforcement bar is a significant parameter in
the Gergely-Lutz equation and the only parameter, other than reinforcement stress, in the
Kaar-Mattock equation. Figure 5 shows the distribution of A for 393 observations on 106
specimens. The majority of the data (76%) is for A less than or equal to 15 sq in. For
comparison purposes, with a No. 6 bar with 2 in. minimum clear cover and d; = 2.38 in.,
an area, A, of 15 sq in. corresponds with a center-to-center spacing of 3.15 in. The area of
15 sq in. may be representative of area in beams but is relatively small for slabs or top
flanges of T-beams.

Table 2 shows the calculated correlation coefficients and mean squared error for the
data as a whole and within specific ranges of A. Plots of calculated versus measured crack
widths for these data are included in Appendix C of this report.

For the data as a whole, the results are the same as in Table 1 with the Kaar-Mattock
equation having the highest correlation coefficient and lowest mean squared error. Also,
the Kaar-Mattock equation is as good or better than the other two approach across the
specific ranges of data, particularly for the larger values of A between 30 to 40 sq in.

3.4 Local Effective Reinforcement Ratlo, py

The ratio of reinforcement cross sectional area, A, to the local effective concrete area, A,
surrounding the bar is a parameter used in the equations within the CEB-FIP approach.
The three approaches to calculating crack width were therefore examined within specific

rangcs'of ¢ to investigate if there were any particular relative deficiencies in the Gergely-

Lutz equation or Kaar-Mattock equation that do not explicitly include consideration for p,
as a parameter.
Figure 6 shows the distribution of p, for the 393 observations on 106 specimens.

Table 3 shows the calculated correlation coefficients and mean squared error for the data as
a whole and within specific ranges. Plots of calculated versus measured crack widths for
these data are included in Appendix D of this report.

For the data as a whole, the results are the same as in Tables 1 and 2. The data in Table

3 shows that both the CEB-FIP and Kaar-Mattock equations do not fit well for data with py

< 0.01. Although this observation is based on very limited data, it would be expected that,
with the low relative area of steel, there is not enough tensile force in the reinforcement at

working stress levels to produce well distributed cracking in the concrete. The value of py
= (.01 corresponds approximately to No. 4 bars with minimum 1-1/2 in clear cover at 6 in.
on center and could be considered a lower bound to py for a realistic configuration in a

structure requiring crack control. The three approaches to calculate crack width fit the data
approximately equally well over the other ranges of data.
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TABLE 1 COMPARISON OF CALCULATED AND MEASURED CRACK
WIDTHS SORTED BY CONCRETE COVER, d¢

No. of Correlation Coefficient Mean Squared Error”
dc In. Obs. In

Group | @.L K-M | CEB G-L K-M | CEB
All Data 393 | 0.754 0.801 0.729 9.05 7.67 13.41
Oto<«l 82 0.816 0.763 0.827 3.25 4.70 4.08
1to<2 240 0.789 0.806 0.774 8.35 7.95 12.72
2to<3 59 0.839 0.831 0.595 7.68 9.27 2472
3 and over 12 0.724 0.843 0.838 69.53 14.68 35.43

TABLE 2 COMPARISON OF CALCULATED AND MEASURED CRACK
WIDTHS SORTED BY EFFECTIVE CONCRETE AREA, A

No. of Correlation Coefficlient Mean Squared Error”
Ain2 | Obs.in

Group | gG.L K-M | CEB G-L KM | CEB
All Data 393 0.754 0.801 0.729 9.05 7.67 13.41
0to <10 156 0.784 0.757 0.780 5.81 6.67 8.38
10 to <20 171 0.840 0.853 0.808 6.13 5.68 10.78
20 to <30 56 0.733 0.754 0.694 14.72 10.85 17.64
30 to <40 10 0.061 0.487 0.072 717.81 39.64  113.37

TABLE 3 COMPARISON OF CALCULATED AND MEASURED CRACK
WIDTHS SORTED BY LOCAL REINFORCEMENT RATIO, ps = Ag/A

No. of Correlation Caoefficient Mean Squared Error”
P Obs. in

Group | gG.L K-M | CEB G-L K-M | CEB
All Data 393 0.754 0.801 0.729 9.05 7.67 13.41
0 to <0.01 6 0.500 0.181 0.178 20.66 24.16 22546
0.01 to <0.02 42 0.572 0.707 0.669 24.08 10.64 19.18
0.02 to <0.03 122 0.857 0.865 0.851 7.09 6.78 8.72
0.03 t0 <0.05 134 0.761 0.782 0.819 9.17 8.45 9.01
0.05 and over 89 0.813 0.764 0.813 3.70 5.23 9.46

* Mean Squared Error is evaluated in term of crack width values expressed in 0.001 in.
units.
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4.0 RE-EVALUATION OF ACI CRACK CONTROL

The ACI 318 crack control provisions are based on the Gergely-Lutz crack width equation.
Figure 2 of this report demonstrates that, for uniformly spaced reinforcement in one-way
slabs or top flanges on T-beams, the allowable maximum spacing to meet exterior exposure
z-factor guidelines is extremely sensitive to the concrete cover, d.. The maximum
allowable spacing drops to impractically tight spacing as d, increases beyond 2 in. whereas
minimum ¢lear cover required by the code for No. 6 bars and larger is 2 in.

Review of the background experimental crack width data and comparison with
calculated data in Section 3.0 of this report indicates the following:

1. Asshown in Fig. 4, the majority of the data (85%) is from test specimens with d;
less than or equal to 2 in.

2. For the limited data with d., of 2 in. to <3 in., the relatively simple Kaar-Mattock
equation fits the data approximately as well as the Gergely-Lutz equation and
significantly better than the much more complex CEB-FIP equation.

3. For the very limited data with d; of 3 in. or greater, the Kaar-Mattock equation
provides the best fit for calculated crack width.

4. For the very limited data with effective concrete area, A, of 30 sq in. or greater
which corresponds with providing larger cover, the relatively simply Kaar-Mattock
equation fits the data significantly better than the equally simple Gergely-Lutz
equation or much more complex CEB-FIP approach.

5. The Kaar-Mattock equation provides the best fit for the data taken as a whole and
provides a relatively good fit across the ranges of dc, A, and py.

Considering a z-factor of 145 kip/in. for exterior exposure with a steel stress of 36 ksi,
the maximum spacing for uniformly spaced bars in a slab is:

32.67
Smax =32~ (8]

This is the equation for the curve in Fig. 2. The maximum spacing is a function of the
inverse of the square of d..

If the Kaar-Mattock equation were used to develop a z-factor similar to Eq [1], the z-
equation would be:

4
z=1fs VA [9]
with an R = 1.2 and a crack width corresponding to the z-limit of 145 (w = 0.013 in.)
using the Gergely-Lutz equation, the z-limit for Eq [9] would be 95. If f; is taken as
36 ksi, the maximum spacing equation analogous to Eq [8] is:

24,
Sman = 24> (10}

This equation is presented along with Eq [8] in Fig. 7. It is noted that spax in Eq [10]
is less sensitive to increasing dc. Also, however, it can easily be shown that Eq [10] is
related to an effective area, A, of 48.5 sq in. This larger area is beyond the database of the
experimental crack width data. To limit the effective area to 40 sq in., the maximum
spacing equation simply becomes:

mﬂ=§ [11]
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This equation is also presented in Fig. 7. Equation [11] would provide an upper bound
for s when using Eq [9] with fg < 38 ksi. Therefore, Eq [11] requiring A < 40 sq in.
would govern for most practical cases.

Equation [8] for ACI z-factor of 145 kip/in. and Eq [11] for maximum A = 40 sq in.
are shown on Fig. 8 along with limits for different bar sizes based on the Committee 224
proposed code revisions. As discussed in Section 2.3 of this report, the proposed revisions
would allow for the calculation of the z-factor using specified minimum concrete clear
cover while allowing the engineer to actually use any amount of cover beyond that. The d
term is equal to the clear cover plus one-half bar diameter. The minimum cover for concrete
exposed to weather is 1-1/2 in. for No. 5 and smaller and 2 in. for No. 6 and larger.

As examples of the data in Fig. 8, for a No. 5 bar with 2-1/2 in. clear cover (d. = 2.81
in.), the smax from Eq [8] (current ACI) is 4.1 in., the smax from Eq [11]is 7.1 in, and the
Smax from the Committee 224 proposed revision is 9.9 in. With a spacing of 9.9 in. and a
dc of 2.81 in. the area A is 56 sq in. For a No. 6 bar with 2-1/2 in. clear cover (d; = 2.88
in.), the smax from Eq [8] is 3.9 in., the spax from Eq [11] is 6.9 in. and the smax from the
Committee 224 proposed revisions is 5.8 in.

Figure 8 illustrates that:

1. For the smaller diameter No. 4 and No. 5 bars, neither Eq [8] nor Eq [11] are
very restrictive with code minimum cover while adding extra cover, as would
be allowed the ACI proposed revisions, would allow these smaller bars to be
used with excessive effective concrete area, A, far beyond the range of any
experimental data. Under these circumstances, the proposed code revisions
would probably not provide any realistic crack control, which is one of the
original purposes of the z-factor calculation.,

2. For No. 6 bars and larger, the proposed revisions are still relatively restrictive
with the range of d¢ at minimum cover being 2.38 to 3.13 in for No. 6 and No.
18 bars, respectively. Also, the proposed revisions would allow using large
actual cover that would be outside the range of experimental data and probably
not provide any realistic crack control.

Limiting the maximum spacing of bars to Eq [11], which basically limits effective area,
A, to a maximum 40 sq in. would provide a more practical limit to use of increased cover
for all size bars but still be within the range of experimental data (although admittedly only
a small amount of data). Limiting A to 40 sq in. would, therefore, still accomplish control
of crack width which is the implicit objective of the z-factor code provisions. The
maximum calculated crack width based on the Kaar-Mattock equation with A of 40 sq in.,
fs of 36 ksi and R of 1.2, is 0.013 in.

5.0 NEED FOR CRACK CONTROL
5.1 Crack Control for Corrosion Protection

The original objective of controlling crack widths in reinforced concrete was to limit
exposure for corrosion. However, the intuitive relationship between crack width and
corrosion has not been shown by experimental data. Kennedy(29) in his exposure tests of
82 reinforced concrete beams exposed to fluctuating seawater found no correlation between
deterioration and crack width. Although freeze-thaw damage dominated deterioration on 59
of the 82 specimens that did not have air entrainment, for those specimens with air
entrainment, a nominal tensile stress ranging from 20 to 50 ksi did not affect deterioration
due to corrosion in 3 years of exposure. Tremper(30) observed corrosion in exposure tests
of 64 concrete block with cracks normal to reinforcement. The surface crack widths were
held open at 0.005, 0.01, 0.02 and 0.05 in. With 10 years of exposure, corrosion only
occurred over a short length of bar near the cracks and there was no trend in the degree of
corrosion with crack width.
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In a study of the influence of climate on corrosion of reinforcement in reinforced
concrete in hot countries,(31) a relationship between width of cracks and the extent of
corrosion was found using 400 concrete prisms with crack widths ranging from 0.1 to 0.5
mm (0.004 to 0.02 in.) exposed to 4 different environments. The heaviest corrosion was
found on the reinforcement at the location of the cracks. The extent of carbonation near the
reinforcement in the vicinity of cracks was found to be a function of crack width. Using
length of the corrosion patch as the basis for quantifying corrosion, the extent of corrosion
was almost directly proportional to crack width and corrosion spread further around the
bars with larger crack widths. However, on the whole, the corrosion was described as
superficial and the exposure tests were only observed for 5 years.

Francois and Arliguie(32) studied the correlation between cracking and corrosion. They
concluded that with cracking, aggressive ions quickly reach the reinforcement regardless of
the crack width. The extent of corrosion, was affected by the level of stress in the
reinforcement which would correlate with crack width. The increase in observed
corrosion, however, was not related directly to crack width but was related to the increase
in damage of the paste-aggregate interface and therefore increased permeability with
increasing tensile stress in the bar. This damage occurs at the level of the bar near
transverse macrocracks. The exposure tests were conducted for a seven year period.
Francois and Arliguie concluded that the width of crack had no bearing on development of
corrosion but the depth of cover is an essential parameter. '

Ohta(33) conducted long term exposure tests with 149 pairs of beams with open cracks
exposed to sea air for up to 20 years. This study indicated that at 10 years exposure,
specimens with a larger cover of 40 mm (1.57 in.) had a degree of corrosion dependent of
crack width when evaluated by loss of section area. However, after 20 years of exposure,
this affect disappears. Concrete cover was the most important parameter for corrosion
protection.

Gergely,(34) in his evaluation of the role of cover in reinforced concrete concluded that
tests and field studies have indicated that the initiation of corrosion is not influenced much
by the width of transverse cracks as long as the cracks are not over 0.4 mm (0.015 in.).
The total amount of corrosion is influenced very little by the crack width and even whether
transverse cracks are present. Gergely emphasized that permeability of concrete and
thickness of cover are primary factors in reducing corrosion. Also, however, he
determined that tests indicate an increase in cover beyond 2.5 in. is generally not beneficial.

The CEB Task Group 20 formed to develop guidelines for durable concrete

structures(23) concluded that both CO; and chlorides may penetrate through cracks some
order of magnitude faster than through uncracked concrete and the time to depassivation is
dependent on the crack width. However, the time difference between a 0.007 in. and
0.015 in. crack is negligible compared to the life span of reinforced concrete structures.
The absolute value of crack widths in the normal range of 0.4 mm is of minor importance
compared to the quality of concrete cover in terms of thickness and impermeability.

5.2 Crack Control for Aesthetics

Although the traditional primary objective of crack control has been to limit corrosion, a
secondary objective has been appearance. While testing has shown that there is not a
significant correlation between crack control and corrosion, it is still reasonable to limit
cracking for appearance purposes. However, the acceptance criteria is uncertain.

As Gergely points out,(34) acceptable crack width would be expected to depend on type
of occupancy or use of the structure, location of the member, surface finish, whether the
crack is exposed to wetting and drying, possible discoloration by leakage or dirt, and the
viewers knowledge of the significance of cracks in reinforced concrete.

Halvorsen(14) summarized two related surveys of crack width perception(3336), The
second survey was reportedly designed to eliminate parameters of structural consequences,
crack length, surface texture, and variation in width along the length from influencing the
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perception of acceptable crack width. Figure 9(36) taken from this study indicates how
various groups perceived acceptable crack widths. The groups consisted of 18 architects,
35 engineers and 60 members of the lay public. It is apparent from these data that
perception in the range of 0.2 mm (0.008 in.) to 0.4 mm (0.016 in.) varied significantly
between the groups. However, a crack width of 0.2 mm (0.008 in.) would be acceptable
to the majority. A crack width of 0.3 mm (0.012 in.) would be acceptable to approximately
50% of the observers and a crack width greater than 0.4 mm (0.016 in.) is generally
unacceptable.

6.0 CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are based on review of literature and
crack width data accomplished in this study:

1. Insituations where improved corrosion protection is desirable such as slabs in
parking structures, or decks of bridges or piers, it is advisable to increase
concrete cover of reinforcement beyond the code minimum specified but not
beyond 2-1/2 to 3 in. There is apparently no additional corrosion protection
benefit with a larger cover and cracking behavior is apparently altered with large
cover such that crack predictive models are not applicable and larger crack widths
may be expected.

2. Inaddition to cover, factors providing low permeability of the concrete including
low water cement ratio, good compaction and adequate curing should be
emphasized to design engineers as essential factors to limit corrosion. Engineers
currently consider these factors as related to concrete strength, but not necessarily
durability and corrosion protection.

3. The Gergely-Lutz equation for crack width is relatively sensitive to the value of
concrete cover, d.. However, test results used to develop the equation included
very little data from specimens with concrete cover in the range suggested for
improved corrosion protection. The sensitivity of the z-factor to increasing d is
predominantly based on data with small d; of 2 in. or less.

4. The Rratio in the Gergely-Lutz equation is typically assumed to be a constant 1.2
in calculation of the z-factor, whereas it was a variable in the data analyzed by
Gergely and Lutz. The typical range for R is approximately 1.1 to 1.4 dependent
on member depth, reinforcement ratio and concrete strength. The use of a
constant R desensitizes the calculation of crack width to the variations of section
properties.

5. The Kaar-Mattock equation has the best fit for the crack width data in general
(evaluated using a constant R of 1.2) and has a better fit for the limited data with
larger cover (dc) or large effective area, A, than the Gergely-Lutz and CEB
equations.

6.  The Kaar-Mattock equation does not have the high sensitivity to increasing d that
is exhibited by the Gergely-Lutz equation. Therefore, maximum bar spacing with
increasing cover is not as restrictive.

7. Based on available data reviewed in this study, the local effective concrete area,
A, should be limited to a maximum of 40 sq in. and the local effective

reinforcement ratio, Py, should be limited to a minimum of 0.01. If A is limited

to a maximum of 40 sq in., the py limit of 0.01 would only affect No. 5 bars and
smaller.
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8.  Use of the Kaar-Mattock equation with an effective area, A of 40 sq in., a steel
stress, fs of 36 ksi, and an R of 1.2 indicates a maximum crack width of 0.013
in. (0.33 mm). Since the maximum crack width is 50% larger than the average
crack width, the expected average crack width would be 0.008 in. (0.20 mm).
Based on very limited data in Fig. 9, this average crack width would be
acceptable to the majority of observers.

9.  Although testing does not indicate a significant relationship between crack width
and corrosion, the exposure test data is limited to specimens with generally 0.4
mm (0.016 in.) or, at the most, 0.5 mm (0.020 in.) maximum surface crack
widths. It is therefore, recommended that crack widths be limited to 0.4 mm
(0.016 in.) for corrosion protection. As shown in Conclusion Item No. 7,
limiting effective area, A, to 40 sq in. should accomplish this.

10. Although the above conclusions are based on very little data in the range of d. and
A that would be associated with an increased clear cover of 2-1/2 to 3 in., the
significance of accuracy of crack width calculations is low enough that further
testing is not warranted at this time. It is recommended that an alternate proposal
to ACI Committee 224 be drafted based on the Kaar-Mattock equation with a

maximum limit to A of 40 sq in. and a minimum limit to pg of 0.01.
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ACT 224 Proposed Revisions to Section 10.6.1 through 1065

ACI 318-89 and ACI 318R-89
11 August 1994
Page 1

CODE

10.6 - Distribution of flexural reinforcement

in beams and one-way slabs

10.6.1 - This section prescribes ruies
for distribution of flexural’
reinforcement to control flexural
cracking in beams and one-way slabs
(slabs reinforced to resist flexure

in only one direction). Provisions

of this section are not applicable

for structures where crack control is
critical such as elements subjected

to aggressive exposure or designed to
be watertight. For such structures more
stringent requirements are required.

COMMENTARY

R10.6 - Distribution of flexural reinforcement

in beams and one-way slabs

RJ0.6.1 - Many structures designed by
working stress methods or with very
Jow steel stress served their
intended functions with very limited
flexural cracking. When high
strength reinforcing steels are used
at high service load stresses,
however, visible cracks must be
expected, and steps must be taken in
detailing of the reinforcement to
control cracking. In general,
many fine cracks are

preferable to a few wide cracks.

Control of cracking is particularly
important when reinforcement with a
yield strength in excess of 40,000

psi is used. Current good detailing
practices will usually lead to
adequate crack control even when
reinforcement of 60,000 psi is used.

Extensive laboratory work 1012 - 10.14
involving modern deformed bars has
confirmed that crack width at service
loads is proportional to steel

stress. However, the significant
factors reflecting steel detailing
were found to be thickness of
concrete cover and the area of
concrete in the zone of maximum
tension surrounding each individual
reinforcing bar.

These provisions may not be adequate
1o conirol crack widths when epoxy
coated bars are used.

Crack width is inherently subject to
wide scatter even in careful
laboratory work and is influenced by
shrinkage and other time-dependent
effects. The best crack control is
obtained when the steel reinforcement
is well distributed over the zone of
MaxXimum CONCIete tension.




53

55

10.6.2 - Distribution of flexural
reinforcement in two-way slabs shall
be as required by 13.4.

10.63 - Flexural tension

reinforcement shall be well

distributed within maximum flexural
tension zones of member cross section
as required by 10.6.4.

10.6.4 - When design yield strength £,
for tension reinforcement exceeds
40,000 psi, cross sections of maximum
positive and negative moment shall be
so proportioned that the quantify z
given by

z'flva

does not exceed 175 kips per in. for

(10-4)

R10.63 - Several bars at maderate
spacing are much more effective in
controlling cracking than are two
larger bars of equivalent area.

Z-factor method as prescribed jn

.6.4. alt je-based
procedure that meets the intent of
10.6.4 is offered in 10.6.5 to
eliminate the explicit calculation of the
z factor.

R10.6.4 - Eq. (10-4) will provide a
distribution that will reasonably
control flexural cracking. The
equation is written in a form
emphasizing reinforcing details
rather than crack width w, per se.
It is based on the Gergely-Lutz
expression:

© = 0076 P f, 3\/4,,4
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interior exposure and 145 kips per
in. for exterior exposure.
Calculated stress in reinforcement at
service load f, (kips per sq in.)

shall be computed as the moment
divided by the product of steel area
andmzemalmomemm Instead of

in which w is in units of 0.001 in.

To simplify practical design, an
approximate value of 1.2 is used for
B (ratio of distances to the neutral
axis from the extreme tension fiber
and from the centroid of the main
reinforcement). Laboratory tests
W13 pave shown that the Gergely-Lutz
expression applies reasonably to one-
way siabg. The average ratio P is
about 1.35 for floor slabs, rather
than the value of 1.2 used for beams.
Accordingly it would be consistent to
reduce the maximum values for z by
the factor 12/135.

‘The numerical limitations of z = 175
and 145 kips per in. for interior and
exterior exposure, respectively,
correspond to limiting crack widths
of 0.016 and 0.013 in.

The effective tension area of

concrete surrounding the principal
reinforcement is defined as having
the same centroid as the
reinforcement. Moreover, this area
is to be bounded by the surfaces of
the cross section and a straight line
parallel to the neutral axis,
Computation of the effective area per
bar, A (see notation definition), is
illustrated by the example shown in
Fig. 10.6a in which the centroid of
the main reinforcement is located
3.64 in. from the bottom of the beam.

The effective tension area is then
taken as twice 3.64 in. times the

beam width b. Divided by the number
of bars, this gives 17.6 sq in. per

bar.

rface
is degjrable to use a jarger number
f igmet i of a
few | iamet

t W the
= uati indicate that

the greater the congrete cover the
wider the surface crack. However, it

that j
imy the durability of
crete. ing the

d._may be based op the thickness of

e _con er

the i increase (-]
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COMMENTARY

#4 stirrups
p=i2"
. I
z2s8"
g 3s4 {"Cleor
| {72" cover 27

Fig. 10.6a - Ef.ﬂ._'act.f.vc tensicn arss
of concrece (bemm with £ive #1l bars)

Bearn exposed to wecther

-

#B8 bars

2N

2/
% 4
T » L Use 2 in. minimum
Xin.- odditione! cover (Sec.7.7) in
cover selected by evaiuation of
designer for improved in. Eq. 10—4.

durability

Fig. 10.6b - 2-factor requirements
must be satisfied at code-required
minimum cover; additional cover may
be added without penalty
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10.6.5. When spedified yield
strength exceeds 60,000 psi, or when
crack widths must be limited for
other considerations such as
aesthetics, distribution of flexural
tension reinforcement shall be
determined by 10.6.4.

R10.65 - The expression of beam width

width. However, wider cracks are
not always considered detrimental
to the durability of the structure.




APPENDIX B
Calculated Versus Measured Crack

Width with Data Sorted by d,
W(M) = Measured Crack Width
W(G-L) = Calculated Crack Width Using the Gergely-Lutz Equation

W(K-M) = Calculated Crack Width Using the Kaar-Mattock Equation
W(CEB) = Calculated Crack Width Using the CEB-FIP Relationships
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W(G-L) VS. W(M) FOR ALL DEPTHS OF COVER

35.00 ¢

30.00 +

W(G-L)=W(M)

25.00 +

20.00 A

W(G-L)*

T

15.00

10.00 +

5.00

Odc= 0 to <1 in.
Ode=1to <2 in.
Adc= 2 to <3 in.
@ dc= 3 in. and Over

0.00 - [ I } I .
0.00 5.00 10.00 15.00 20.00 25.00

f = 0.7537 W(MEASURED)*
MSE= 9.05

30.00 35.00

* In Units of 0.001 in.
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W(K-M) VS. W(M) FOR ALL DEPTHS OF COVER

35.00 +
30.00 +
W(K-M)=W(M)
25.00 +
20.00 +
W{K-M)*
15.00 +
4
10.00 - o)
» Bldc= 0 to <1 in.
a Ode= 1 to <2 in.
Adec=2 to <3 in.

5.00
e dc=3 in. and Over

0.00 + ; . f ; ; f -
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

r = 0.8012 W(MEASURED)* - * In Units of 8.001 in.
MSE= 7.67
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W(CEB) VS. W(M) FOR ALL DEPTHS OF COVER

35.00 |
30.00
W(CEB)=W(M)
25.00
20.00
W(CEB)* 15.00

10.00

5.00

h ol
A 1estier
0.00 o» °€

B dec= 0 to <1 in.
¢de=1to <2 in.
Adc= 2 to <3 in.

Lo} o] o] @ dc= 3 in. and Over
-5.00 - —4 f r’A } } -
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
r = 07290 * In Units of 0.001 in.

MSE= 13.41 W(MEASURED)*



|

35.00
]
30.00 |

25.00 +

T

1

20.00 S

W(G-L)*

15.00 +

10.00 +

5.00 1 0

DEPTH OF COVER FROM 0 TO <1

W(G-L)=W(M)

Edc= 0 to <1 in.

i |

0.00 t
0.00 2.00

r=0.8163
MSE= 3.25

4.00 6.00 8.00 10.00
W(MEASURED)*

s

12.00

14.00 16.00

* In Units of 0.001 in.
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DEPTH OF COVER FROM 0 TO <1

35.00 ¢

30.00 l

1

25.00 |

20.00

1

W(K-M)*

15.00 |
W(K-M)=W(M)
: o

“* h

10.00 +

O

&
0
.}3: rn

5.00 + ]

Fidc= 0 to <1 in.

0.00 —+ 1 : —+ { F | —

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

r = 0.7632 W(MEASURED) * In Units of 0.001 in.
MSE= 4.70



9-4

DEPTH OF COVER FROM 0 TO <1
35.00 ¢

30.00 +

25.00 +

20.00 +
W(CEB)*
15.00 +
W(CEB)=W(M)

10.00 -

1

5.00 +

0 Bdc= 0 to <1 in.

0.00 I f 1 f t + 1 |
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

r = 0.8266 W(MEASURED)* * In Units of 0.001 in.
MSE= 4.08
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35.00

30.00

1

25.00 1

1

20.00 1
W(G-L)*
15.00

10.00 +

5.00

DEPTH OF COVER FROM 1 TO <2

W(G-L}=W(M)

Odc= 1 to <2 in.

¥

J i Il ] 1 Il
1 T T T T 1

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

= 0.7893 W(MEASURED)" * In Units of 0.001 in.

MSE= 8.35
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DEPTH OF COVER FROM 1 TO <2

35.00 1
30.00 T

25.00 1 W(K-M)=W(M)

20.00
W(K-M)*

15.00 ¢

10.00

5.00

Ode=1 {0 <2 in.

0.00 = ! + I f i
0.00 5.00 10.00 15.00 20.00 25.00

r = 0.8061 W(MEASURED)*
MSE= 7.95

T L

30.00 35.00

* In Units of 0.001 in.
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W(CEB)*

35.00 +

30.00

25.00 -

20.00 +

15.00 -

10.00

DEPTH OF COVER FROM 1 TO <2

W(CEB)=W(M)

o dec= 1 to <2 in.

; —

-5.00 I
0.00 5.00
r = 0.7742
MSE= 12.72

| Il |
1

10.00 15.00 20.00
W(MEASURED)*

25.00

30.00 35.00
® in Units of 0.001 in.
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DEPTH OF COVER FROM 2 TO <3

35.00 +
30.00 +
25.00 W(G-L)=W(M)
20.00 +
W(G-L) N A
15.00 + A M A
A A A ¥/ a%
AAA
1 A A A
10.00 A RA
L2 A
A
5.00 + Pty A A
A
Adc= 2 to <3 in.
0.00 } 4 t t i } {
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
r = 0.8393 W(MEASURED)" * In Units of 0.001 in.

MSE= 7.68
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DEPTH OF COVER FROM 2 TO <3

35.00 +
30.00 |
25.00 1 WK-M)=W(M)
20.00 |
W(K-M)*
(K-M) A
15.00 A
A A Aa o 2 a
10.00 | N Y A
Fa A
A
5.00 + SN A
A
Adc= 2 to <3 in.
.00 t { } { — } -
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
r = 0.8311 W(MEASURED)" * In Uniits of 0.001 in.

MSE= 9.27



Z1-dg

35.00 -

!

30.00 -

i

T

25.00

20.00 -

W(CEB)* 15.00

DEPTH OF COVER FROM 2 TO <3

W(CEB)=W(M)

A
10.00 |
5.00 |
0.00 1
Adc= 2 to <3 in.
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
r = 0.5947 . .
MSE= 24.72 W(MEASURED})* * In Units of 0.001 in.
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DEPTH OF COVER FROM 3 AND OVER

35.00 +
30.00
[
25.00 +
20.00 + ¢ ° °
W(G-L)*
@ [ J
15.00 } .
[ [
10.00 + W(G-L)=W(M)
@
5.00 |
@ dc= 3 in. and Over
0.00 —+- ] } { } { 1 —]
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
r = 0.7241 W(MEASURED)* * In Units of 0.001 in.

MSE= 69.53



w
=

W(K-M)*

DEPTH OF COVER FROM 3 AND OVER

35.00
30.00
25.00 1
20.00 ﬁ
®
15.00 + i e
[
[ ] [ ]
1 ®
10.00 ° ° W(K-M)=W(M)
5.00 |
@ dc= 3 in. and Over
0.00 t } 1 t { t { 4
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
r = 0.8428 W(MEASURED)* * In Units of 0.001 in.

MSE= 14.68
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v

W(CEB)*

DEPTH OF COVER FROM 3 AND OVER

35.00 +

30.00

T

25.00 +

20.00 t ®

15.00 +

10.00 W(CEB)=W(M)

5.00 +

o dc= 3 in. and Over

1 [ ] } i

0.00 - T -8 T t i T T T 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

I = 0.8384 W(MEASURED)* * In Units of 0.001 in.
MSE= 35.43



APPENDIX C

Calculated Versus Measured Crack
Width with Data Sorted by A

W(M)
W(G-L)

Measured Crack Width

Calculated Crack Width Using the Gergely-Lutz Equation
W(K-M) = Calculated Crack Width Using the Kaar-Mattock Equation
W(CEB) = Calculated Crack Width Using the CEB-FIP Relationships




W(G-L) VS. W(M) FOR ALL EFFECTIVE AREAS

BA= 0 to <10 sq. in.

O A= 10 to <20 sq. in.

A A= 20 to <30 sq. in.
O A= 30 to <40 sq. in.

35.00 1

30.00 +

25.00 +

20.00 +

15.00 +

W(G-L)*

C-1

10.00

35.0

30.0

25.0

20.0

15.0

10.0

5.0

0.0

W(MEASURED)* * In Units of 0.001 in.

0.7637

MSE

r

9.05
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W(K-M) VS. W(M) FOR ALL EFFECTIVE AREAS

35.00 +
30.00 +
W(K-M)=W(M)
25.00 +
20.00 + A A
W(K-M)* Q A
A 0 o
15.00 o 3 o 3
o Lo g 44 _ @ o
o - Q
10.00 A_A,gfﬁ R QSad .,:&.‘- 5| o 07O 10 e
. R o = <10 sq. in.
O p gﬂ | : o O A= 10 to <20 sq. in.
& ‘ ; A A= 20 to <30 sq. in.
5. O ° .
00 5 & O A= 30 to <40 sq. in.
[
0.00 ; — : } : ; —
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
r = 0.8012 W(MEASURED)* * In Units of 0.001 in.

MSE=7.67



W(CEB) VS. W(M) FOR ALL EFFECTIVE AREAS

W(CEB)=W(M)

OA= 0 to <10 sq. in.

35.0

£E¢
ooo
0w n w
8% %
vV Vv vV o
222878
[en TN o B e ]
- N ™
N o
< L oL
¢ 40

25.0

20.0

15.0

35.00 1

30.00 1+

25.00 +

20.00 +

15.00 +

W(CEB)*

0
W

10.00

5.00 +
0

W(MEASURED)* * In Units of 0.001 in.

r = 0.7290

MSE= 13.41



EFFECTIVE AREA FROM 0 TO <10

35.00 +

30.00

ll

W(G-L)=W(M)

25.00 1
20.00 +
W(G-L)*
15.00 ¢

106.00

5.00

B A= 0to <10 sq. in.

1 ] 1 ] 1 [l F
T T 1 T T T 1

6.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0

[ = 0.7841 W(MEASURED)* * In Units of 0.001 in.
MSE-= 5.81
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EFFECTIVE AREA FROM 0 TO <10

35.00
30.00 |
25.00 -
20.00 -
W(K-M)*

15.00

10.00 -

5.00

W{K-M)=W(M)

B A= 0 to <10 sq. in.

]
T T Al

r = 0.7567
MSE= 6.67

T L

15.0 20.0
W(MEASURED)*

25.0 30.0 35.0

*® In Units of 0.001 in.
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35.00

30.00 +

25.00 +

20.00 +

W(CEB)* 15.00 -

EFFECTIVE AREA FROM 0 TO <10

W(CEB)=W(M)

10.00
g o
0
o &o
5.00 - 0
0.00
B A= 0 to <10 sq. in.
-5.00 4 = ; s : |
0.0 10.0 15.0 20.0 25.0 30.0 35.0
r = 0.7801 W(MEASURED)* * In Units of 0.001 in.

MSE=8.38
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EFFECTIVE AREA FROM 10 TO <20

35.00 +

30.00 +
W(G-L)=W(M)

25.00
20.00 |
W(G-L)*

15.00 -

10.00 -

5.00

O A= 10 to <20 sq. in.

1 | 1 | | ] ]
T T 1 T T ¥ 1

0.00 -
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

r = 0.8396 W(MEASURED)* * In Units of 0.001 in.
MSE= 6.13
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EFFECTIVE AREA FROM 10 TO <20

35.00
|

30.00

W(K-M)=W(M)

25.00
20.00
W(K-M)*

15.00 +

10.00 +

5.00

¢ A= 10 to <20 sq. in.

0.00 # | - : F r : 1
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
r = 0.8525 W(MEASURED)* * In Units of 0.001 in.

MSE= 5.68
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W(CEB)"

EFFECTIVE AREA FROM 10 TO <20

35.00 ]

30.00 +
W(CEB)=W(M)
25.00 ﬁ
20.00
15.00 |

10.00 |

5.00 A

0.00

© A= 10 to <20 sq. in.

-5.00 - $ } } t } } -
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
r = 0.8075 * |n Units of 0.001 in.

MSE= 10.78 W(MEASURED)"
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35.00 T

30.00 +

25.00 -

T

20.00 +
W(G-L)*
15.00 |

10.00 +

5.00 4

EFFECTIVE AREA FROM 20 TO <30

W(G-L)=W(M)

o>
(g 8

I | ]

A A= 20 to <30 sq. in.

I3 1 —

0.00 1
0.00 5.00

r = 0.7332
MSE= 14.72

T 1 ¥

10.00 15.00 20.00
W(MEASURED)*

T T 1

25.00 30.00 35.00

* In Units of 0.001 in.
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EFFECTIVE AREA FROM 20 TO <30

35.00
T

30.00
W(K-M)=W(M)

25.00 1

20.00 +
W(K-M)*

15.00 +

10.00 +

5.00 j&

A A= 20 to <30 sq. in.

1 ] | i ]
T T 1 i i

0.00 ~ i
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

r = 0.7535 W(MEASURED)* * in Units of 0.001 in.
MSE= 10.85
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W(CEB)*

EFFECTIVE AREA FROM 20 TO <30

35.00

30.00 +
W(CEB)=W(M)
25.00 -
20.00 -
15.00 -

10.00 -

5.00 A

0.00 -
A A= 20 to <30 sq. in.

Il { i ]
{ T 1 g T T

1

-5.00 +
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

r = 0.6941 . .
MSE= 17.64 W(MEASURED)* * In Units of 0.001 in.
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30.00 1

25.00 +

20.00 -

T

W(G-L)* 15.00

10.00 + o

5.00 ¢

EFFECTIVE AREA FROM 30 TO <40

W(G-L)=W(M)

O A= 30 to <40 sq. in.

1 |
1

0.00
0.0

r = 0.0605
MSE= 77.81

Il I3 b |
T T T LI T

5.0 10.0 15.0 20.0 25.0 30.0
W(MEASURED)" ¢ In Units of 0.001 in.
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30.00 +

25.00 -

T

20.00

W(K-M)* 15.00 -

10.00 +

5.00 1

EFFECTIVE AREA FROM 30 TO <40

W(K-M)=W(M)

0 A= 30 to <40 sq. in.

|
| ] | 4 i

0.00 E
0.0 5.0

r = 0.4865
MSE= 39.64

1 1 1 T

10.0 15.0 20.0 25.0 30.0
W(MEASURED)* * In Units of 0.001 in.



S1-D

30.00

25.00 A

20.00

15.00 -

W(CEB)*

10.00

5.00

EFFECTIVE AREA FROM 30 TO <40

W(CEB)=W(M)

0.00 o]
0 A= 30 to <40 sq. in.
-5.00 I } ! IO t |
0.0 5.0 10.0 15.0 20.0 25.0 30.0
r = 0.0722 o . .
MSE= 113.37 W(MEASUHEB)* In Units of 0.001 in.



APPENDIX D

Calculated Versus Measured Crack
Width with Data Sorted by py

WM)
W(G-L)

Measured Crack Width

Calculated Crack Width Using the Gergely-Lutz Equation
W(K-M) = Calculated Crack Width Using the Kaar-Mattock Equation
W(CEB) = Calculated Crack Width Using the CEB-FIP Relationships




W(G-L)*

35.00
30.00 +
25.00 |
20.00 1
15.00 °
o
O 0O o
10.00 1 o Oo

W(G-L) VS. W(M) FOR ALL p,

W(CEB)=W(M)

] |

P,

E0.00 to <0.01
¢ 0.01 to <0.02
A0.02 to <0.03
00.03 to <0.05
¥ 0.05 and Over

r = 0.7537
MSE= 9.05

15.0 20.0
W(MEASURED)*

® in Units of 0.001 in.



.U
b

35.00 y

30.00

25.00

W(K-M) VS. W(M) FOR ALL p,

WK-M)=W(M)

20.00 1
W(K-M)*
15.00
Pe
10.00 |
@0 TO <0.01
©0.01 to <0.02
A0.02 to <0.03
5.00 00.03 to <0.05
X 0.05 and Over
0.00 t { } } —
0.0 15.0 20.0 25.0 30.0 35.0
r = 0.8012 * In Units of 0.001 in.

W(MEASURED)*

MSE= 7.67



W(CEB)*

W(CEB) VS. W(M) FOR ALL p,

35.00
30.00 +
W(CEB)=W(M)
25.00 -
20.00 -
15.00
10.00 +
P:
Bno to <0.01
5.00 ¢ 0.01 to <0.02
A0.02 to <0.03
7 ©0.03 to <0.05
) X 0.05 and Over
0.00 A A
& | E
-5.00 ; i { E } t |
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
r = 0.7290 e .
MSE= 13.41 W(MEASURED)* In Units of 0.001 in.



a

p.FROM 0 TO <0.01

35.00
30.00 |
W(G-L)=W(M)
25.00 | |
20.00 |
W(G-L)*
15.00 | 5|
&
10.00 |
5.00 + P.
[0.00 to <0.01
0.00 } { } { } t {
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0
r = 0.4997 W(MEASURED)" * In Units of 0.001 in,

MSE= 20.66



¢-d

p.FROM 0 TO <0.01

25.0

25.00
20.00 | WK-M)=W(M)
15.00 |
a
W(K-M)* a i
10.00 1
5.00 |
pe
[0.00 to <0.01
0.00 i | { i {
0.0 5.0 10.0 15.0 20.0
r=0.1812 W(MEASURED)* * In Units of 0.001 in.

MSE= 24.16



25.00 7

20.00 +

15.00 -

W(CEB)* 10.00 +

p.FROM 0 TO <0.01

W(CEB)=W(M)

5.00 +
P
0.00 - [@0.00 to <0.01
5
5]

-5.00 - £ { ; f . |
0.0 5.0 10.0 15.0 20.0 25.0
r=0.1784 N . .
MSE= 225.46 W(MEASURED)* In Units of 0.001 in.



La

p.FROM 0.01 TO <0.02

30.00 7
o
25.00 1
o
20.00 + ° o
o o ©
W(G-L)* 15.00 | ——— W(G-L)=W(M) °
o o
10.00 + ° > ©
o ©
o o
r *
5.00 | o
o
S 00.01 to <0.02
0.00 | + t —+ { { j 1 =
0.0 2.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
r = 0.5720 W(MEASURED)* * In Units of 0.001 in.

MSE= 24.08



p,FROM 0.01 TO <0.02

.|

35.00 T

30.00

25.00 +

20.00 |
WK-M)=W(M)

W({K-M)*
15.00

10.00 |

P
©0.01 to <0.02

5.00 +

| | 1 ! |
T T T T T

A

-4

0.00 +— f [
0.0 2.0 4.0 6.0 8.0 ~10.0 12.0 14.0 16.0 18.0 20.0

r = 0.7066 W(MEASURED)* # 1 Units of 0.001 in.
MSE= 10.64




6-d

p.FROM 0.01 TO <0.02

35.00
T
30.00 +

25.00 +

o

20.00 -

W(CEB)* 15.00 | HEEE

10.00 - <
5.00 1
| Pe
0.00 1 o8 o ©0.01 to <0.02
-5.00 } } + —+ t } i } H 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
r = 0.6688 W(MEASUHED)* * |n Units of 0.001 in.

MSE= 19.18



o1-d

35.00 +

30.00 +

25.00 -

20.00 -

W(G-L)*

15.00 +

10.00 -

p.FROM 0.02 TO <0.03

W(G-L)=W(M)

P
A0.02 to <0.03

1 [
1 4 | 1

5.00
A A
0.00 =~ :
0.C0 5.00
= 0.8569

MSE=7.09

Il
1 1 1 T T

10.00 15.00 20.00 25.00 30.00 35.00

W(MEASURED)* * In Units of 0.001 in.



1n-a

35.00 ¢

30.00

25.00 +

20.00 +

W(K-M)*

15.00

10.00 +

p.FROM 0.02 TO <0.03

W(K-M)=W(M)

P
A0.02 to <0.03

J ]
f ! .‘ . - 1

5.00 | &
A
A
0.00 :
0.00 5.00
r = 0.8647

MSE= 6.78

10.00 15.00 20.00 25.00 30.00 35.00

W(MEASURED)* * In Units of 0.001 in.



[45¢

35.00 1

30.00 +

25.00

20.00

W(CEB)* 15.00
10.00 |

5.00

0.00

p.FROM 0.02 TO <0.03

W(CEB)=W(M)

| H [l 1

P
A0.02 to <0.03

) i
T 1

-5.00

c.00
r = 0.8506
MSE=8.72

T T T 1

10.00 15.00 20.00 25.00
W(MEASURED)*

30.00 35.00
* In Units of 0.001 in.



e1-a

p.FROM 0.03 TO <0.05
35.00 -

1

30.00 +

W(G-L)=W(M)

W(G-L)*

P
©00.03 to <0.05

0.00 5.00 10.00 15.00 | 20.00 25.00 30.00

r = 0.7609 W(MEASURED)*

* i .001 in.
MSE=9.17 In Units of 0.001 in



yi-d

p.FROM 0.03 TO <0.05

35.00 1

30.00

WK-M)=W(M) —

W(K-M)*

P
00.03 to <0.05

0.00 + f } f f 1 ]
0.00 5.00 10.00 15.00 20.00 25.00 30.00

r = 0.7823 W(MEASURED)*
MSE= 8.45

* |n Units of 0.001 in.



s1-a

p.FROM 0.03 TO <0.05

35.00 T

30.00

W(CEB)=W(M)

25.00

20.00 |
W(CEB)*
15.00 |

10.00 +

Pe
00.03 to <0.05

5.00 +

Il ]
T 1

0.00 =~ I t i
0.00 5.00 10.00 15.00 20.00 25.00 30.00

r = 0.8189 W(MEASURED)* * In Units of 0.001 in.
MSE= 9.01



91-d

p.FROM 0.05 AND OVER

35.00 +

30.00 -

T

T

25.00

20.00
W(G-L)*
15.00 +

T

10.00

5.00 )I(

xxx %«g x
%4 x % xx X

W(G-L)=W(M)

Pe
X 0.05 and Over

0.00 + : 1‘ I }
0.00 5.00 10.00 15.00 20.00

r = 08127 W(MEASURED)*

MSE= 3.70

1] T )

25.00 30.00 35.00

* In Units of 0.001 in.



L1-a

p.FROM 0.05 AND OVER

35.00

T

30.00 -

25.00

T

20.00 +
W({K-M)*
15.00 -

1

T

10.00

| — ]

WK-M)=W(M)

P
X 0.05 and Over

1 ]
T 1

0.00 } :
0.00 5.00 10.00

r = 0.7640
MSE= 5.23

T T

15.00 20.00
W(MEASURED)*

25.00 30.00 35.00

* In Units of 0.001 in.



81-d

p.FROM 0.05 AND OVER

35.00 -
|

30.00 +

W(CEB)=W(M)
25.00 -

20.00
W(CEB)*
15.00 ¢

10.00 +

500 T pg

.4 : XK ‘ X 0.05 and Over
0.00 V{ X ; . f , 1 .

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

r = 0.8125 W(MEASURED)* * In Units of 0.001 n.
MSE= 9.46





