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OBSERVED CRACKS IN WALLS OF MIDLAND PLANT STRUCTURES

by
W. G. Corley and A. E. Fiorato*

INTRCDUCTION

A series of previous reports have presaented an evaluation of
the structural significance of cracks observed in the Feedwater
Isolation Valve Pits, Auxiliary Building Control Tower and
Electrical Penetration Areas, Diesel Generator Building, and
Service Water Pump Structure at Midland Nuclear Power Plant
Units 1 and 2.(1'5)" Observed cracks in the structures were
described and significance of the cracks relative to future load
carrying capacity was discussed. A site plan for the Midland
Plant which indicates buildings evaluated is shown in Fig. 1.

Cracks observed in the Feedwater Isolation Valve Pits, and
the Auxiliary Building Control Tower and Electrical Penetration
Areas were attributed primarily to restrained volume changes
that occurred during curing and drying of concrete. Cracks
observed in the Diesel Generator Building were attributed to
restrained volume changes and to reported differential settle-
ment between duct banks under the building and the north and
south portions of the building. Cracks observed in the Service

Water Pump Structure were attributed primarily to restrained

*Respectively, Divisional Director, Enginesering Development
Division; and Director, Construction Methods Department,
Construction Technology Laboratories, a Division of the
Port.and Cement Association, 542U Cld Orchard Road, Skokie,
Illinois 60077.

**Numbers in parentheses refer to references listed at the end
of this report.
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volume changes, although occurrenc” ot settlement related
cracking could not be entirely dismissed.

Nuclear Regulatory Commission staff members reviewed the
reports listed as References 1 through 5. After review, staff
members requested more detailed information on the relationship
between observed rracks and po“ential residual stresses in rein-
forcement., 1In addition, information on significance of spacing
and width of multiple cracks was requested. This report was

prepared in response to the staff request.

PREFACE

As a preface in this report to material presented on crack
widths and steel stresses, it is emphasized that only rough
estimates of residual steel stresses can be obtained from
measured crack widths and spacings. Relationships used to
estimate crack widths as a function of steel stress, reinforcing
bar size, and concrete cover are generally used for evaluation
of serviceability requirements. They are not normally used to
determine residual streszes.(s) Because of inherent varia-
bility in crack widths and crack spacings in concrete members,
and because of the significance of time-dependent effects, any
estimate of residual steel stress made from observed crack
widths and spacings must be considered as an indication of

order of magnitude rather than a quantitative value.

DEVELOPMENT OF CRACKS IN REINFORCED CONCRETE

Figure 2, adapted from Ref. 6, illustrates the develop-

ment of cracks in reinforced concrete tensile and flexural
members. As described in Ref. 6, initial cracks in rein-

. construction technology laboratories
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mechanism of crack formation which illustrates that crack width
at the surface of concrete can be considerably larger than that

near the steel-concrete intertace.(a)

Tests have shown that
surface crack widths may be as much as three times greater than
cracks at the steel-concrete interface, and that the difference
in crack widths is a function of the magnitude of stress in the
teintorcomeﬁt.(s)

Equations 1 and 2 are derived for "instantanecus" locading
conditions. Long-term effects, such as shrinkage and creep,
are not considered. Tests have shown, however, that crack
widths are significantly affected by long-term sustained

(11,12)

loading. Although spacing of cracks has been found to

remain essentially unchanged, crack widths have been found to

(11) Therefore,

double after two years of sustained loading.
long-term effects must be considered in evaluating crack widths
in existing buildings.

The purpose of the previous discussion of crack development
has been to illustrate several important factors regarding use
of crack widths and crack spacings for assessment of the condi-
tion of reinforced concrete members. fhese factors include:

1. The mechanism of crack formation in reinforced con-
crete members is such that significant scatter in crack
widths and crack spacings i~ .erently exists.(s)

2. Crack widths measured at the surface of a concrete
member are not necessarily equal to those at the loca-

tion of the reinforcement. Thus, estimates of residual
steel stresses from surface crack measurements must be
interpreted with care.

-9-
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applied stresses were calculated from measured forces in each
bar. Estimated stresses were deter~ined using two approaches.
In the first approach, individual maximum crack widths were
used to estimate steel strains and corresponding stresses. In
the second approach, average widths measured along transverse
cracks were used to calculate an average steel strain. In both
approaches, measured crack spacings were used to calculate
strains. An assumed value of 29,000 ksi was used for modulus
of elasicity. Calculations were made at two levels of applied
stress, The first level, Case 1, was for steel stresses in the
vicinity of 40 ksi. The second level, Case 2, was for steel
stresses in the vicinity of 59 ksi.

The calculation procedure used for Table 1 essentially
applies Egq. 2 "in reverse." Reinforcement stresses are derived
from measured crack widths and crack spacings.

As shown in Table 1, the ratio of estimated stress to
applied stress varies considerably for the estimate based on
individual crack width measurements. Except for Specimen U4,
stress estimates based on summation of crack widths agree
reasonably well with applied stresses. Evaluation of these
data indicate that crack spacing has a considerable effect on
the results, Crack spacing for nominally identical No. 14 bar
test specimens varied by a factor of 2.0.

Table 1 illustrates that even under controlled laboratory
conditions, and for simple loading conditions, estimates of
steel stresses from measured crack widths and spacings have low

reliability. This is particularly true when individual crack

-16- construction technology laboratories



width measurements are used. It can be expected that estimates
based on field measurements of existing buildings would be less
accurate than is implied by results in Table 1.

However, for purposes of monitoring the condition of the
Midland Plant structures, the approach used above can be
considered applicable on a general basis. Measured crack width
and crack spacing can be used as gualitative indicators of
condition of the structures, without the need to obtain
quantitative residual stress values. The relationship between
crack width, crack spacing and steel stress can be used to
provide approximate data for selection of acceptance criteria.
The approximate data must be tempered by engineering ijudgement

and experience.

OBSERVED CRACKS IN WALLS OF MIDLAND PLANT STRUCTURES

Cracks observed in the Midland Plant structures were
described in References 1 through 4. Table 2 contains a summary
of observed cracks in walls of the Feedwater Isolation Valve
Pits, Auxiliary Building, Diesel Generator Building, and Service
Water Pump Structure. Walls listed in Table 2 were selected
because they contained the most significant cracks. Except for
the center east and center west walls of the Service Water Pump
Structure, data given in Table 2 are based on inspections made
by CTL personnel.

Average crack spacings and crack widths given in Table 2
were determined from all recorded cracks in the wall element

under consideration. For walls in the Auxiliary Building,

w Loy construction technology laboratories
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TABLE 2 SUMMARY OF GBSERVED CRACKS IN SELECTED WALLS

Crack Spacing, in. | Crack Width, in. Sum of
o Crack Widths|
- 2
Building and Wall Description ::‘c:: Nin. —— "“.(l) Avg.‘ ) Over 10 &
Gage Length
1. Feedwater Isolation Valve Pits
(a) Unit 1 (West Unit) - wWall 4 2 31 - 0.006 0.005 0.01
(b) Unit 2 (East Unit) - wWall 1 2 79 - 0.003 0.003 0.01
2. Auxiliary Building
(a) West Electrical Penetration 4 - - 0.010 - 0.01
Area - Column Line K
(b) East Electrical Penetration 2 - - 0.010 - 0.01
Area - Column Line K
3. Diesel Generator Bullding 21 6 33 0.025 0.009 0.13
Center Wall
4. Service Water Pump Structure
(a) East Wall - North End 9 43 56 0.015 0.008 0.04
- South End 4 80 129 0.015 0.005 0.02
(b) Center East Wall 9 9 58 0.020 0.017 0.07
(c) Center West Wall 5 35 92 0.030 0.026 0.06
(d) West Wall - North End 9 24 63 0.025 0.011 0.06
- South End ¥ 50 60 0.020 0.016 0.05




averages were not calculated because only a few cracks were
observed, and these were at different elevations within the
overall height of the wall.

Also shown in Table 2 is the sum of crack widths over a 10-ft
gage length for the selected walls. This sum was determined by
*sliding" the gage length horizontally along the wall until the
maximum value of the sum was found. Selection of a 10-ft gage
length was essentially arbitrary. However, it does provide a
multiple of from seven to ten times the spacing of vertical
reinforcement in the walls. If stress related vertical crarks
were to occur, it is expected that their spacing would be
influenced by the location of vertical reinforcement. It is
also believed that the 10-ft gage length is sufficiently large
to incorporate the influence ofvmultiple cracks.

Data on the sum of crack widths over a 10-ft gage length can
be used to evaluate the influence of multiple cracks and also
serve as a basis for acceptance criteria for use in monitoring
future crack development.

Using an approach similar to that defined in the discussion
of Eg. 1, crack spacings were estimated for the walls listed in
Table 2. This was done using a bond stress distribution devel-
oped in Ref. 8.* C(Crack spacings calculated for the walls
in Table 2 range from approximately 12 to 18 in. Calculations
were based on reinforcement details and material properties

listed in Ref. 1 through 4.

*The procedure for estimating crack spacings and crack widths
was developed by R. G. Oesterle, Manager, Structural Analytical
Section, Construction Technology Laboratories.

.

«l®»
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As can be seen in Table 2, measured crack spacings are gen-
erally larger than the calculated range. This confirms earlier
observations that relate observed cracks to restrained volume
changes rather than exterral forces. It indicates that the
observed cracks are much sparser then would be expected if
cracks had occurred because of significant applied locads or
building settlement. It also implies that future crack develop-
ment, if related to applied forces or settlement, would require
formation of additicnal cracks in addition to some increase in
widths of eristing cracks.

Maximum crack widths observed in the structures range from
0.003 to 0.030 in, Average crack widths range from 0.003 tec
0.026 in. The largest crack widths were observed in the center
west wall of the Service Water Pump Structure. This wall has
the lowest reinforcement ratio and the largest bar spacing of
all walls evaluated. Thus, it is not surprising that volume
change cracking would result in larger widths.

In Ref. 3, crack widths measured in tre center wall of the
Diesel Generator Building were used as a measure of rein-
forcing bar extension to estimate residual steel stresses.

Using measured crack widths over a gage length of approximately
150 in., residual steel stresses in the range of 20 to 30 ksi
were derived. Approximately the same result is obtained by
using the sum of crack widths over a 10-ft (120 in.) gage 1en§th
as listed in Table 2. Considering the Diesel Generator Building
center wall as a base, results for other walls in Table 2 imply

considerably lower levels of residual reinforcement stresses.

=20~ construction lechnology laboratories
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If any crack exceeds 0.030 in. in width, an engineer

kncwledgeable in reinforcec concrete behavior and
design should evaluate significance of the cracking.*
If development of yield strain in the reinforcement is
inferred frem any observed crack, underpinning opera-
tions should be stopped immediately. Based on discus-
sions given previously in this report, it is recom-
mended that a maximum crack width of 0.06 in. for any
individual crack be used as an indication of the
development of incipient yielding. 1In addition, if
the sum of crack widths over a horizontal gage length
of 10 ft exceeds 0.25 in., underpinning operations
should be stopped. The effects of these cracks should
be evaluated by a consultant and further courre of

action should be recommended.

The above are intended to provide reasonable criteria for

evaluation of condition of the structures during underpinning.
If unanticipated loads or settlements were to oceur, it i=
expected that the number and size of cracks would increase
significantly over those currently existing., 1In combination
with the displacement monitoring program, it is believed that
the crack monitoring program w.ll provide a conservative method

to indicate occurrence of incipient structural disturbances.

*A maximum crack width of 0.030 in. has been reported in the
center west wall of the Service water Pump Structure. This
structure has been evaluated since that crack was reported, (4)

==
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RELATIONSHIP OF OBSERVED CONCRETE CRACK WI DTH

AND SPACING TO REINFORCEMENT RESIDUAL STRESSE

FILE 0485.16 SERIAL 17320

REFERENCES (1) J W COOK LETTER TO H R DENTON, EVALUATION
OF FEEDWATER ISOLATION VALVE PITS AT
MIDLAND PLANT, SERTAL 15493 DATED JANUARY 25,
J W COOK LETTER TO H R DENTON, EVALUATION OF
AUXILIARY BUILDING CONTROL TOWER AND
ELECTRICAL PENETRATION AREAS AT MIDLAND
PLANT, SERIAL 15527 DATED JANUARY 29, 1982
J W COOK LETTER TO H R DENTON, EVALUATION OF
THE EFFECT ON STRUCTURAL STRENGTH OF CRACKS
IN THE WALLS OF THE DIESEL GENERATOR BUILDING,
SERIAL 15978 DATED FEBRUARY 16, 1982
J W COOK LETTER TO H R DENTON, EVALUATION OF
CRACKING IN SERVICE WATER PUMP STRUCTURE AT

MIDLAND PLANT, SERIAL 16009 DATFL MARCH 2, 1982

Russell P. DeWint
Vice President
Nuclear Operations

J W COOK LETTER TO H R DENTON, LIMIT ANALYSIS TO

EVALUATE <PR“IQr WATER PUMP STRUCTURE EAST AND

WALL CAPACITIES, SEXRIAL 17137 DATED MAY 7, 1982
EFF

- .,u‘k LA.TTLR TO H R DENTON, "F.A S OF

A
CRACKS ON SERVICEABILITY OF CONCRETE
STRUCTURES AND REPAIR OF CRACKS,
SERIAL 16884 DATED APRIL 30, 1982
D G EISENHUT LETTER TO J W COOK
DATED MAY 25, 1982
ENCLOSURE )JBSERVED CRACKS IN WALLS OF MIDLAND PLANT STRUCTURES

References 1 through 5 above ransmitted a series of reports wi

an evaluation of the effect on structural strength of cracks observ
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feedwater isolation valve pits, the auxiliary building control tower and

electrical penetration areas, the diesel generator building, and
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water pump structure. These five reports were provided as the result of
discussions with the NRC Staff and its consultants at meetings held on
December 10. 1981 and January 11, 1982. During these meetings, Consumers
Power alsc agreed to provide the NRC with an evaluation of the effects of
cracks on the longterm serviceability of concrete structures and with
recommendations on sealing cracks. Our longterm report on serviceability .as
forwarded with the enclosure to the correspondence of Reference 6.

As the result of the NRC Staff's review of the reports listed as references 1
through 6, additional information was requested in Enclosure § of the NRC's
May 25, 1982 correspondence (Reference 7). NRC Staff members requested more
detailed information on the relationship between observed cracks and the
potential for residual stresses in reinforcement. In addition, information on
the significance of crack width and spacing for multiple cracks was requested.

In response to these requests, we are providing the enclosed report entitled,
"Observed Cracks in Walls of Midland Plant Structures", by Messrs W G Corley
and A E Fiorato of Construction Technology Laboratories, a division of the
Portland Cement Association. This report presents a discussion of the
observed cracks in Midland Plant structures with particular refereuce to the
relationship between observed crack widths and residual steel stresses implied
by the observed cracks. The significance and evaluation of spacing and width
of multiple cracks is also discussed.

Based on the detailed technical discussion presented in the enclosed report,
we believe that sufficiently conservative acceptance criteria for the crack
monitoring prcgram have been established. These criteria provide a sound
basis for using observed crack width and crack spacing as a measure of the
condition of the structures during the implementation of remedial measures.
Although measured displacements are recommended for use as the primary means
of monitoring behavior of the structure, periodic visual inspection to monitor
cracks will supplement displacement data. We believed that the displacement
and crack monitoring program will provide a safe and reasonable method for
assessing the condition of each structure during the underpinning operations.
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