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Summary of Revisions in Version 2 

The RCR was revised to include comments and responses following NRC and FENOC review. The main changes are 

summarized below: 

1. 	 Item 15: Were fracture surfaces or concrete voids tested near the subsurface laminar crack surfaces for the presence 
Ettringite as was done along the outer surface of the SB core bores to confirm moisture intrusion (e.g. Ettringite)? If not, why 
was this test not done to confirm that moisture had penetrated to location/depth of laminar cracks? If this testing was done 
provide the results. 

a. 	 P": (ADDED TO F.M. 3.9 - Discussion - Moisture Migration) 
2. 	 Item 19: Why did the observed laminar cracking propagate "through" the coarse aggregate Instead of around the 

aggregate? Does this suggest any information about the rate of crack propagation? 
a. 	 P": (ADDED TO Section 2.01 -Laboratory Tests and Examination to Test for Concrete Integrity -1st paragraph ­

PAGE 3) 
3. 	 Item 20: With the conclusion that the laminar subsurface cracking was not exposed to air, what caused the trace amounts 

of carbonation identified on the transverse and longitudinal crack surfaces? 
a. 	 P": (See the Carbonation Failure Mode.) 

4. 	 Item 21: States that the lack of micro-cracks on the fracture surfaces eliminates a progressive aging failure mechanism or 
fatigue. However, in PI! repot; Exhibit 2; page 20 Figure 6b for cores Aand Didentified micro-cracks and Exhibit 2Page 30 
describes these cracks. Explain the presence/cause of these micro-cracks and why they are not considered or discussed in 
your conclusions in the RCR on page 25? 

a. P": (ADDED TO Section 2.01 -Laboratory Tests and Examination to Test for Concrete Integrity -3mparagraph). 
5. 	 Item 26: Provide and explain the input assumptions for the finite element analyses performed by your vendor (Exhibits 61 

and 73) associated with the 1977 and 1978 blizzards events. Also, identify how sensitive your analysis condusions were to 
each input assumption (e.g. sensitivity study). 

a. P": (ADDED TO Appendix II, Section 2.05 - Exhibit 73 discussion; last bullet) (ADDED TO Appendix II, Section 
2.06 - Exhibit 61 discussion; last bullet) 

6. 	 Item 27: Provide and explain the input assumptions for the finite element analysis performed by your vendor (Exhibit 62) 
associated with wind loading and the 1998 tomado event. Also, identify how sensitive your analysis conclusions were to 
each input assumption (e.g. sensitivity study). 

a. P": (ADDED TO Appendix II, Section 2.06 - Exhibit 62 discussion; last bullet) Item 46: PII states "The second 
most likely scenario is that during the blizzard, water intruded from the cracks in the dome of the structure and trapped in 
small gaps between the rebar and concrete. Upon freeZing, the volume expansion of ice produced significant radial stresses 
that resulted in the observed cracking." Is this scenario aiso identified and explained in the FENOC RCR? If so where? If 
not, why not? Could athird environmental scenario (e.g. wind-driven rain &freezing conditions, moisture intrusion and 
loading) existed after completion of the SB wall, but prior to dome installation (May 1971-August 1975) generated sufficient 
forces at inner rebar mat to cause laminar cracks? Was this investigated? Explain. 

a. 	 P": (ADDED TO main report, Section 2.05 - top of page 7) This mechanism was explained in Section 6.02 
Failure Mode 2.7 on page 15 and by Fig. 4on page 16. 

8. 	 Item 47: PII .states ·Shield Building expanded due to crystallization of the diffused, moisture trapped in the concrete." And 
on Pg 24 "when an excessive' amount of ice forms in pores, the ice generates cracks in concrete." What concrete tests 
were performed to confirm this assumption that freezing and crystallization of ice in pores causes intemal cracking damage 
the SB concrete? If no tests were done explain. Were SB concrete tensile and compressive properties tested in the areas 
assumed affected by ice crystallization? Explain. 

a. 	 PI!: (ADDED TO main report, Section 2.05 - top of page 7) 
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9. 	 Item 48: PII, repot shows picture of standing water between roof dome and parapet and picture stating "freeze-thaw 
damage in the roof concrete." It appears this condition would allow water to intrude/collect in the parapet to roof joint and if 
followed by freezing conditions, ice would expand within this joint. What effect would this have on the stress applied to the 
SB: structures? Was this condition analyzed by FE techniques? If not, why not? It appears if ice fonns within this joint it 
would create radial stress on the parapet and top of SB wall, at roof (and tensile loads on inside SB wall near roof). Were 
any examinations (other than visual) perfonned on the roof or parapet? If not why not. Were any type of examinations 
conducted at the inside surface of the SB wall just below the parapet to identify cracking? If not why. not? What actions 
proposed preclude this scenario from causing further cracking (e.g. is top surface sealing identified)? 

a. 	 PI!: (ADDED TO main report, Section 6.02 - bottom of page 17) 
10. 	 Item 49: Why does this section of the report discuss 2-3 inch penetration for wind driven rain, but other tests used in your 

FE analysis were based on work at UC Boulder that show 3-4 inch penetration with 90 mph winds? 
a. 	 PI I: (ADDED TO main report, Section 6.02 - top of page 21) 

11. 	 Item 50 (Exhibit 61): PI! judged the 1977 blizzard to be the "second worst" in tenns of environmental factors which can 
cause laminar cracking:' Could this laminar cracking have been caused by the 1977 blizzard since according to Exhibit 61 of 
the PII repot stresses during this blizzard approached the tensile strength of the concrete and may exceed this level when 
modeling accuracy is considered? Also; identify the expected FE model accuracy forthis application and how it was1 
determined (e.g. benchmarked)? 

a. 	 PI!: (ADDED TO main report, Section 2.04 - middle of page 6) 
12. 	 Item 51: The equation for cracking parameter Sc uses a concrete tensile strength of 973 psi. This is not consistent with 

root cause and other PII report sections that indicate 600 psi is amore representative number. Why was this number used 
and what impact does it have on the analysis and conclusions? 

a. 	 PI!: (ADDED anote to Appendix III - near center of page 111-1) 
13. 	 Item 52: FM 2: 12 discusses Out of Plumb condition of SB walls (original construction field report No.5), but did not 

investigate effect of this condition on the friction forces at the slip forms: Specifically, the out of level condition can create 
higher fiction forces on slip fonns which can cause internal laminar tears/cracking the uncured concrete at the reinforcement 
steel. Identify and provide the tests/analysis performed to rule out this potential cause as the initiation site for the laminar 
cracking observed. If no investigation of this potential cause was perfonned identify planned corrective actions. Reference 
"Slip fonning of Vertical, Concrete Structures Friction between concrete and slipform panel" by Kjell Tore Fossa - Dr. 
Thesis- Section Below from Chapter 2, pg 33 of this document." 
Delamination of the concrete in the cover zone is concrete separated or displaced from the substrate: Avertical crack in the 
cover zone parallel to the reinforcement and sometimes invisible on the surface, is delamination of concrete. Delamination 
is also areas where the concrete in the cover zone is lifted together with the panel and makes the cover deficiency on the 
wall face clearly visible. 
Delamination is often related to: 
- Problems during start up, 
- Geometry changes, 

Area above embedment plates and block outs 

- the slipfonn is not in level" 


a. 	 PI!: (Discussed in Appendix VI, FM 2.12 - Discussion) 
14. 	 Item 54: PII, modeling suggests that SB laminar cracking initiated by debonding at the interface of concretel rebar along the 

outer reinforcement; however core bore laminar crack depths exist away from the rebar mat depth. How is this possible 
explain? 

a. 	 PII: (note added to Analysis I, section 9.01 - page 33 before table 3) 
15. 	 Item 55: PII model suggests crack propagation by freezing the void fraction available in the concrete. What modeling was 

done to evaluate crack propl!lQation which did not occur by freezing (e.g.: laminar cracking identified in the MS room near 
areas that have been confinned to remain above 100F during operation)? If no modeling can explain this crack propagation 
identify why this crack exists. 

Page ii© 2012. Performance Improvement International­



a. 	 PII: (note added to Analysis I, section 9.01 - page 32 before table 2) 
16. 	 Item 56: Why was the thermal conductivity of the SB concrete 50% higher than the highest range expected for concrete? 

Did this contribute to an increased depth of freezing such that the area susceptible to cracking was at the outer rebar mats? 
a. 	 PII: (note added to Analysis I, section 10.02 - page 39 end of 3rd paragraph) 

17. 	 Item 57: It does not appear that the FE stress analysis of the SB incorporated the abnormally high thermal conductivity 
measured for the SB (exhib~ 59): Instead, only the measured coefficient of thermal expansion was included in the FE 
analysis. Why didn't the FE analysis account for the uniquely high thermal conductivity measured for the SB concrete? What 
effect would it have on the analysis to account for this parameter? 

a. 	 PI I: (note added to Analysis III, section 11.02 - page 52 3rd paragraph) 
18. 	 Item 58: How was the tensile strength of the SB concrete range of (836 to 962) used in this analysis determined? Why was 

the tensile strength representative ofthe concrete properties in 19n and 1978? explain? 
a. PII: (note added to Section 2.01 Laboratory Tests and Examination to Test for Concrete Integrity - page 2) 

19. 	 Item 59: Can a radiallbending loads induced by off-center loads applied on the dome (e.g. uneven snow loads or 
unbalanced dead load for dome/parapet) be transmitted to the top of the shield building wall? If not explain. If so should this 
have been incorporated into the FE models? 

a. PII: (Response added in new section XVII Additional Comments item 1before Appendix I - page 92-93) 
20. 	 Item 60: Why was this location and size of crack on the SB selected to evaluate crack propagation? Is it the highest stress 

location for this type of cracking, explain? 
a. PI!: (Response added in new section XVII Additional Comments tlem 2before Appendix I - page 92-93 ) 

21. 	 Item 61: Why wasn1 the maximum design loading in the lowest margin areas of the SB assumed for this crack growth 
analysis (e.g. seismic loads/design wind loads including tomado driven missile impacts)? If the deSign loading was 
considered could the cracks propagate? (e.g. What combination of design and service loads could cause the existing 
cracks to propagate? 

a. PI!: (Response added in new section XVII Additional Comments tlem 3before Appendix I - page 92-93 ) 
22. 	 Item 62: States "Therefore it is not believed that the increased magnitudes in either the radial or maximum principal 

stresses are sufficient to propagate cracks that may have formed under normal thermal and environmental conditions, such 
as winter and summer.' What is the magnitude of the stress amplification assumed at the tip of the laminar crack front? 
And what is the level of tensile stress (mode I) or shear stress (mode II) is required to drive this crack based upon the stress 
concentrations? Work in Sweden that indicates non-linear FE models have been used to predict cracking of reinforced 
concrete under shear loads. Why wasn't asimilar FE model developed to evaluate the potential for growth of the existing 
cracking? Why isn't amore refined FE model or other applicable analysis needed as part of the corrective actions to monitor 
crack growth to ensure monitoring plans are adequate? 

a, 	 PI!: (note added before 'tj/. Root Cause and Contributing Causes - page 87) 
23. 	 Item 63: Ice could not form in the main steam line room areas, where laminar cracking was identified. How did laminar 

cracking propagate into this area wtlhout ice formation and how long did this propagation take? (e g. minutes, hours, days, 
weeks?) Based on Exhibit 75 sub model near top of aux building roof, the cracking is not predicted to propagate once the 
crack has initiated due to differential thermal expansion and freezing process, so why did the crack propagate into the main 
steam line room? If this cannot be explained based upon the model developed why not? 

a. PI!: (Response added in new section XVII Additional Comments tlem 4before Appendix I - page 92-93 ) 
24. 	 Item 64: What was the exact number used as an input to the fin~ element model for the maximum depth of penetration 

where moisture levels would generate expansion of material vice contraction, (e.g. exceeded relative humidity of 93%). 
How sensitive is this model to this assumed moisture penetration depth? Specifically, if the dePt~e inch less or one 
inch more, will it change the predicted crack initiation depth or growth rate? 7 11t 1-'~1'01l. 

a. PI!: (Response added in new section XVII Add~ional Comments item .tbefore Appendix I - page 92-93 ) 
25.•Item 1&2: Finite element analysis evaluated aset of parameters that resulted in laminar cracking - necessary 

parameters. Explain the engineering judgment and assumptions that concluded 1978 blizzard conditions (rain, wind, 
temperature) resulted in the fintle element analysis necessary parameters that resulted in shield building laminar cracking. 
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Explain how 1978 blizzard conditions can explain cracking in the entire shield buildinR' F~r example, if blizzard wind was in 
a single direction, how was water driven into all flute shoulders explained? :? .';;tr., k 

a. 	 PII: (Response added in new section XVII Additional Comments item%before Appendix I) 
26. 	 .tem 3: Cracking postulated at 600 psi radial stress is one component of stress tensor. Clarify how this failure stress 

was developed. What is the significance with respect to actual tensile stress magnitude? L;\t~(l'j51" /, i. 
a. 	 PII: (Response added in new section XVII Additional Comments itemrh\fore Appendix I) 

27. 	 • Item 4: Provide clarification with respect to shield building crack initiation, crack growth, and crack arrest. Why are the 
computer results reasonable and reflective of identified cracking? 

a. 	 PI!: (Response added in new section XVII Additional Comments item B1lefore Appendix I). 
,,,) jH((tn l , 

.7frl1 6/"/' z... 
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1. Introduction 

Section 1.01 Issue 

First Energy Nuclear Operating Company's (FENOC) Davis-Besse Nuclear Power Station 

discovered laminar cracking along the outer rebar mat ofthe Shield Building during the 

installation ofan access opening for the Reactor Vessel Head Replacement. This occurred 

during the 17 Mid-Cycle Outage. 

FENOC subsequently contracted Performance Improvement International (PH) to perform a 

comprehensive technical root cause assessment to identifY the cause or causes ofthe observed 

laminar cracking. This report provides the results ofPII's technical root cause assessment as 

well as the recommended corrective actions to prevent reoccurrence. 

Section 1.02 Report Structure 

This report is intended to be a single point reference document that includes the detailed 

information needed to understand the circumstances and conclusions associated with the Shield 

Building's laminar cracking. The report has a pyramidal structure. Section 2, the Executive 

Summary, provides detailed summary and overall conclusions. Section 3 provides a brief 

description ofthe Davis-Besse Shield Building (DBSB) and a detailed discussion about the 

observed laminar cracking. The first step in the analysis process is to identifY potential Failure 

Modes (FMs) in order to determine the overall scope ofthe issues to be investigated. A total of 

45 potential FMs in three general groups were identified to encompass the scope ofpossible 

contributors to the laminar cracking event. This report provides a discussion ofthe confirmed 

failure modes grouped by topic area. Section 4 discusses in detail the failure mode process and 

the individual failure modes that contributed to the observed Shield Building cracking. Section 5 

through Section 7 discusses the unrefuted (supported) failure modes that most likely or did not 

contributed to the laminar cracking event. Section 8 through Section 14 discusses the 

methodology and results from the comprehensive Finite Element Analyses that were performed 

based on the confirmed failure modes. Conclusions that are associated to conditions that caused 

the cracking event, conditions that could not have caused the cracking event, and conditions that 

do not support the current Shield Building cracking to propagate are discussed in these sections. 

Based on the discussion in Sections 8 - 14, Section 15 discusses the root cause ofthe event and 
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Section 16 provides recommendations to prevent recurrence ofthe issue. Navigating through this 

document is facilitated by use ofhyper link and cross-reference functions. 

II. Executive Summary 

In equipment failure analysis, a root cause is typicaJIy defmed as the main contributing factor 

that leads to the damage ofan engineering system. A root cause must possess the following two 

characteristics to be considered valid: 1) It can be eliminated to prevent recurrence and 2) It is 

under the control ofmanagement. 

In determining the root cause ofthe laminar cracking located at the outer rebar mat of the Davis­

Besse Shield Building (DBSB), Performance Improvement International examined every 

potential mode-of..failure that could have conceivably Jed to the observed damage. PH's root 

cause investigation searched for all potential sources, spanning from the inception of the 

building's design to the present-day operational conditions. Consequently, over a period of four 

months, PH experts in conjunction with FENOC, VATIC, and MPR collegially developed an 

exhaustive list of45 failure modes that could have plausibly contributed to the laminar cracking 

ofthe DBSB, either individually or in concert. 

The 45 failure modes analyzed are associated with 3 main phases: the Design & Analysis Phase, 

the Construction & Fabrication Phase, and the Operational Phase. Laboratory tests and 

examinations as well as Finite Element Analyses (FEA) were conducted extensively, which 

either supported or refuted the developed list of failure modes. To assure that the Shield 

Building was not in any immediate jeopardy, two of the failure modes investigated instantly 

were the integrity of the concrete used in the Shield Building and the stress-state, in the 

conflrmed damaged regions, caused by thermal effects. 

Section 2.01 Laboratory Tests and Examination to Test for Concrete Integrity 

PH performed extensive analyses of fracture-surface characterization and measurements of 

concrete material properties. Laboratory tests performed on concrete cores extracted from the 

Shield Building show that the concrete has both high compressive and tensile strength 

characteristics. Strength increase in concrete is larger at early ages and stabilizes after a few 

years; on the other hand, the strengths of concrete can decrease over time due to aging related 
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deterioration mechanisms such as freeze-thaw cycles and chemical attacks. There was no 

available data to determine the strength development rate for the SB wall concrete. 

Based on established strength development rates from long term research it is plausible to 

assume that between 1978 and the present the concrete may gain very little. 

By using current strength to model 1977 and 1978 we took a conservative approach. 

The strength range of 836 to 962 was only used to set the stress contour limits for the figures in 

the Exhibit. The value 900 psi was chosen to represent approximate stress needed to be exceeded 

to crack the concrete and used as a visual indicator in the stress contour figures only. 

Furthermore, examination of the core bores revealed that the cracks propagated through the 

aggregate which demonstrates a strong bond between the cement paste and aggregate. The 

propagation of cracks through aggregates is common in mature concrete. In cases like this one, 

the location and direction ofthe stresses and resultant cracks is predetermined and, depending on 

the orientation of the aggregates, may make propagation through the aggregate the 'path of least 

resistance'. It is possible that propagation through the aggregate requires less energy than 

through the interface around it. 

This cracking through the aggregate does not provide any reliable information about the rate of 

crack propagation. 

The core-bores showed no signs of micro-cracking which, in combination with factors to be 

discussed in subsequent sections, eliminates a fatigue I progressive failure mechanism. The 

micro-cracks observed in the CTL report (Exhibit 2) are not representative ofthe areas observed 

by PlI. The cores observed by PlI were from locations exposed to repetitive loading and not the 

near-surface concrete observed by CTL. 

In addition, there is no observable material degradation in all other aspects of the concrete, such 

as concrete placement, creep coefficient, young's modulus of elasticity, heat capacity, thermal 

diffusivity, air entrainment, or freeze-thaw resistance. 

Section 2.02 Carbonation 

To answer the question ofwhether we have a problem with carbonation at the Davis-Besse 

shield building it was necessary to evaluate the environmental conditions, observed carbonation 

and extent ofcorrosion. 
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• 	 Observed carbonation - Laboratory tests by CTL Group (Exhibit 2) found that: "Paste 

along the outer surfuce ofthe cores ... is fully carbonated to a depth of 5 to 8 mm." It 

also noted that "Carbonation in the body of the cores exhibits a mottled pattern with 

small areas ofcarbonated and non-carbonated paste; however, this feature does not 

appear to affect the overall integrity and performance ofthe concrete. Paste along the 

fracture surfaces of both cores, associated with those crack locations identified in the core 

holes, exhibits the same mottled carbonation pattern observed in the body of the cores; 

however, the paste does not appear to have carbonated due to exposure along the fracture 

surfaces." 

• 	 Observations of 83 fracture surfaces by PH (Exhibit 58) noted similar pattern of 

carbonation on 23 samples. This thin layer may be related to exposure after the cores 

were cut and is not considered an indication ofdeep significant carbonation. The source 

of carbon dioxide at the observed fracture carbonation is unclear. The carbon dioxide 

could have been introduced into the fracture dissolved in water, through limited surface 

cracks or by exposure to air prior to testing. 

Since the depth ofcover to main rein forcement was 3 inches, the observed rate of 

carbonation is considered very slow and does not present a problem for the structure. 

In some locations, cover to outer surface ofrebar was found to be as low as I inch 

(25.4mm). This reduced cover is likely the result ofexceptional conditions (such as 

reinforcement overlaps, bundling, or misaligned forms), and is not a problem considering 

that carbonation reached less than a third ofthe reduced cover in 40 years. 

Research found that "The carbonation induced corrosion cannot start until the 

carbonation depth reaches a certain critical level ofdepth from the steel rebar. This 

critical carbonation depth has been calculated as 80% ofthe total depth ofconcrete 

cover." 

A review ofdurability reported on the expected carbonation depth for different concretes 

was conducted, and concluded that concrete similar to the Davis-Besse concrete (high 

strength with outdoor exposure) was expected to have carbonation depth of5 mrn after 25 

years. The rate ofcarbonation is a function ofthe square root oftime, indicating that 

future carbonation will be significantly slower (approximately 7 mrn after 50 years and 
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lO mm after 100 years). These values are a close match to Davis-Besse, where 8 mm 

carbonation was observed after 40 years. 

• 	 Extent ofcorrosion - Failure Mode (FM) 3.10 - Corrosion ofRebar - evaluated the 

potential and extent ofcorrosion at the Davis-Besse shield building. The conclusion was 

that no significant corrosion ofreinforcing bars existed. 

Based on the above it is concluded that carbonation ofconcrete is not a problem at the Davis­

Besse shield building. 

Section 2.03 Thermal and Stress Analysis 

The unique configuration of the architectural-panel shoulders (refer to Figure I for a schematic) 

and areas of high density rebar (the top of the Shield Building and main steam line areas) were 

investigated for their vulnerability. Extensive thermal analysis and stress analysis were 

undertaken using fmite element analysis (FEA), looking at typical and worst case winter and 

summer conditions to which the Shield Building could potentially be exposed. These analyses 

did not singularly produce high enough stresses to overcome the tensile capacity ofthe concrete. 

Based on these results, PH concluded that cyclic stresses are most likely not responsible for 

initiating the observed laminar cracking. These analyses indicate that a major event capable of 

creating significant radial stresses would be required to produce the observed laminar cracking. 

Considering the aforementioned, PH concluded that the fracture was therefore initiated and 

propagated by substantial stresses beyond what would be anticipated by the design intent of the 

Davis-Besse Shield Building. 

Section 2.04 Root Cause 

As it became clear that an atypical event was required to produce the observed laminar cracking, 

all known abnormal events occurring during the Operational Phase of the Davis-Besse Shield 

Building were supported or refuted. Correspondingly, all known abnormal events (earthquakes, 

lightning, etc.) were refuted except blizzard conditions for which the DBSB is susceptible. Based 

on the evidence, PH extensively investigated the damage mechanism which is founded on 

internal ice formation within the wall ofthe Davis-Besse structure during severe blizzards. 
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Out ofthe top 3 blizzards to which the Davis-Besse Shield Building has been subjected, the root 

cause investigation found that the most likely triggering event is The Toledo Blizzard of 1978. 

Only this scenario had the existing combination of wind, moisture and temperature extremes to 

generate the significant stresses required to produce the observed laminar cracking. To confirm, 

the second worst blizzard, occurring in 1977, was also analyzed using finite element thermal and 

stress analysis. The results show that the radial stresses do not exceed the tensile capacity of the 

concrete and therefore most likely could not have contributed to the observed crack. The 1977 

Blizzard stress analysis suggests that the peak max principal stress approached the tensile 

strength. However, the area of high stress is limited to a very small area (See Figures 14 - 17). 

The stress contours during the 1978 Blizzard (shown in Figures 7 - 13) show a significantly 

larger area subjected to high stresses. The difference in the stress results during the two Blizzards 

is significant and larger than the expected uncertainty in modeling. This is based on engineering 

judgement. There was no sensitivity analysis performed. 

As supported by thermal and stress analysis as well as laboratory tests and examination, the 

common factor for all unrefuted fuilure modes is moisture intrusion under severe blizzard 

conditions. Therefore, the most likely root cause of the laminar cracking observed in the Davis­

Besse Shield Building is the inadequate sealing of the building surface to prevent moisture 

intrusion during a severe blizzard. 

The other two contributing factors that, considered alone do not qualifY as a root cause, are 1) the 

structural design ofthe shoulders and 2) dense spacing of the outer horizontal rebar mat in some 

areas ofthe bUilding. Given severe blizzard conditions that allow for significant moisture 

penetration and subsequent internal ice formation, these two contributing fuctors intensifY radial 

stresses to the point of structural damage. 

Section 2.05 Laminar Cracking Scenarios (Primary and Secondary) 

The primary, most likely scenario, which led to the observed laminar cracking in the Davis­

Besse Shield Building, is described in what follows. During the 1978 blizzard, a significant 

amount ofmoisture penetrated the wall ofthe Shield BUilding. In addition, the Shield Building 

concrete was also subjected to below freezing temperatures. With the combination of moisture 
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penetration and below freezing temperatures, the outer layers ofthe Shield Building expanded 

due to crystallization ofthe diffused moisture trapped in the concrete. The vo lume expansion in 

the outer layer ofthe concrete, especially in the thick shoulder areas, produced significant radial 

stresses, which initiated and propagated the laminar cracking in the outer rebar mat. This theory 

could not be confirmed by direct testing since the limited number ofstrength tests precluded the 

possibility ofmaking a statistically significant analysis ofsuch damage. A very large number of 

tests throughout the structure would have been required and there is no guarantee that the tests 

would be sensitive enough to identifY such variation. The variation in the tests performed points 

to this problem. 

The test procedure and test data are shown in Exhibit 52 Fig. 5. 

The second most likely scenario is that during the blizzard, water intruded from the cracks in the 

dome ofthe structure and trapped in small gaps between the rebar and concrete. Upon freezing, 

the volume expansion of ice produced significant radial stresses that resulted in the observed 

cracking. This mechanism was explained in Section 6.02 Failure Mode 2.7 on page 16 and by 

Fig. 4 on page 17. 

A third environmental scenario assumed that wind-driven rain & freezing conditions,moisture 

intrusion and loading existed after completion ofthe SB wall, but prior to dome installation (May 

1971-August 1975) and generated sufficient forces at inner rebar mat to cause laminar cracks. 

This scenario was also addressed in Section 6.02 Failure Mode 2.7 on page 16 and by Fig. 4 on 

page 17 ofthe PH Report. Historical records relative to significant snow storms in the Toledo 

area were reviewed dating back to 1870. Prior to the 1977 blizzard, there was only one major 

snow storm that struck on December 1 st 1975. However, this blizzard was accompanied by 

milder temperatures (above 20 deg F), relatively weak winds, and was ofvery short duration 

(less than 2 days). 

The necessary conditions for this laminar cracking event are listed as follows: 

1. 	 The exposed unsealed concrete surface of the Shield Building allows moisture 

penetration. 

2. 	 A significant amount ofwater is diffused into the concrete 
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3. 	 The environmental temperature is well below freezing point ofwater for a long period of 

time so that the temperature near the outer mat rebar behind the shoulders (-3-18 inches 

deep into the Shield Building) could drop below the freezing point. 

4. 	 The design of flute-shoulders which caused discontinuity in the structure and the lack of 

radial reinforcing steel in the shoulder areas to resist radial stresses. 

5. 	 Tensile strength ofthe concrete is lower than the radial stresses produced in some areas 

near the outer rebar mat 

Section 2.06 Prevention 

To eliminate any possibility of repeat conditions as further degradation, one or more of the 

necessary conditions stated above would have to be eliminated. Among the necessary conditions 

stated above, the only practical condition that could be prevented is the moisture intrusion prior 

to and during a severe blizzard. As such, PII recommends FirstEnergy consider applying a 

weather-proof concrete sealant to the outside and top surface of the Shield Building. 

As a conservative measure, PH recommends performing confIrmation monitoring at a few 

selected locations to ensure that the proposed corrective action effectively prevent further crack 

propagation. This confIrmation monitoring shall be performed on a periodic basis, such as once 

per refueling outage. If the cracks are confIrmed not to propagate after three times of 

confirmation monitoring, the efforts of further monitoring may be suspended. 

HI. Plant 0 scription and History 

Section 3.01 General Design 

The Shield Bu ilding is a reinforced concrete structure of right cylinder confIguration with a 

shallow dome roof An annular space is provided between the steel Containment Vessel and the 

interior face ofthe concrete Shield Building of approximately 4 feet 6 inches width to permit 

construction operations and periodic visual inspection of the steel Containment Vessel. The 

volume contained within this annulus is approximately 678,700 cubic feet. The containment 

vessel and Shield Building are supported on a concrete foundation set on a fLfm rock 

structure. With the exception of the concrete under the containment vessel, there are no 

structural ties between the containment vessel and the Shield Building above the foundation slab. 

Page 8 © 2012. Performance Improvement International­



The Shield Building has a height of279 feet 6 inches measured from the top of the foundation 

ring to the top of the dome. The inside radius ofthe Shield Building is 69 feet 6 inches and the 

thickness of the Shield Building wall is approximately 2 feet 6 inches. The Shield Building 

exterior has eight vertical architectural flute reveals that are spaced 45 degrees apart. The 

architectural flute reveals consist of shoulders that extend another 1 foot 6 inches outward and 

gradually taper back to the outer cylindrical wall of the Shield Building while reaching a point of 

tangency 17 feet 11 inches from the centerline of the flute . Figure 1 shows a plan view ofthe 

Davis-Besse Shield Building. Numbers 1 - 8 refer to the Flute regions of the building: 

Figure 1: Plan View of the Davis-Besse Shield Building (8 Flutes & 16 Shl'in1lTTF'T"<T-----' 
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The Shield Building is designed to provide biological shielding during nonnal operation and 

from hypothetical accident conditions. The Shield Building provides radiation shielding, a 

means for collection and fihration of fission product leakage from the containment vessel 

following a hypothetical accident, and provides environmental protection for the containment 

vessel from adverse atmospheric conditions including extreme winds, tornadoes, and tornado­

borne missiles. Besides the emergency ventilation system, the Shield Building also interfaces 

with station lightning protection, and station drainage. 

The Shield Building is a structure consisting ofconcrete, and reinforcing steel, with other 

minimal miscellaneous embedded materiaL The Shield Building was designed in accordance 

with American Concrete Institute CACI) 307-69, Specification for the Design and Construction 

ofReinforced Concrete Chimneys, and checked by the Ultimate Strength Design Method in 

accordance with ACI 318-63, Building Code Requirements for Reinforced Concrete. 

Section 3.02 Laminar Crack Discovery 

During the installation ofan access opening to the Davis-Besse Nuclear Power Station's Shield 

Building, during the l7-Mid-CycIe outage, a crack was observed along the entire left edge ofthe 

opening as well as on the left side ofthe top and bottom opening edge. The location ofthe crack 

is in the shoulder area below the surface ofthe concrete and tends to run along the edge ofthe 

outer-face reinforcing steel mat. Investigation ofthe right side ofthe opening and the entire wall 

thickness did not reveal any additional crack-like indications. 

Initial chipping along the left edge was performed to detennine the extent ofcracking. This 

chipping revealed that the extent ofcracking quickly dissipated. Chipping was also performed 

along the top edge ofthe access opening, however, the crack indication continued. 

Nondestructive evaluation (NDE), using Impulse Response (IR), was used to identify the extent 

ofcracking. Subsequently, concrete core bores were perfonned to confirm the locations ofthe 

laminar crack identified by NDE techniques, and also to establish the areas ofsolid concrete. 

These examinations revealed similar cracking in each flute shoulder inspected. The cracks in 

the flute shoulder area are well defmed and generally bounded by the flute shoulder horizontal 

steel reinforcing hooks. Cracking was also identified outside ofthe flute shoulders at the top of 
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the Shield Building wall and local cracking around the blockouts for the main steam line 

penetrations. 

(a) Characterization of Laminar Cracks 

Based on the investigation performed, the following conclusions can be made: 

• 	 The crack is considered a circumferential laminar crack and not a radial through­


thickness directional crack. 


• 	 The width ofthe crack is very tight, generally less than 0.01 inches 

• 	 The crack passed through the coarse aggregate 

• 	 The location ofthe crack is limited to the outer reinforcing (rebar) mat 

• 	 The cracking is prevalent in the flute shoulder areas. 

• 	 The crack is also prevalent in the higher-density reinforcing areas along the outer face 

rebar at the top ofthe Shield Building and along the outer mce rebar around the blockouts 

for the main steam line room penetrations. 

• 	 Cracking is more prevalent in the South and Southwest quadrant ofthe Shield Building 

• 	 Cracking is less prevalent in the flute areas and the shell areas (between the shoulder 

areas) 

IV. Failure Mode Process 

Performance Improvement International's investigation efforts identified three major categories 

(phases) that house all potential failure modes. These phases are: the Design & Analysis Phase; 

the Construction & Fabrication Phase; and the Operational Phase. An extensive literature review 

was conducted (Grieve et al. 1987; Mehta and Monteiro 1993; Neville 1995; Young et al. 1998; 

Naus and Graves 2007; Li et at. 2009), and 45 possible failure modes were identified. Each of 

the possible failure modes was extensively investigated and evaluated as to its likelihood. 
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In general, each failure mode was scientifically refuted or supported by laboratory tests & 

examinations or by state-of-the-art Finite Element Analysis. Some failure modes did not need to 

be scientifically tested as deductive reasoning based on existing evidence was sufficient enough 

to either support or refute their mode of failure. Unless there is positive refuting evidence against 

a given failure mode, it is considered as a possible contributing factor. The failure modes 

without positive refuting evidence, hereafter called unrefuted failure modes, are further 

quantitatively analyzed to understand their relative importance and contribution to the observed 

laminar cracking. 

After exhaustively investigating the cause ofthe laminar cracking, PH concluded that the damage 

to the Davis-Besse Shield Building was most likely a result ofinternal ice formation within the 

wall ofthe building due to moisture transport and below freezing temperatures. Investigation 

confrrmed that the root cause ofthe observed laminar cracking is inadequate sealing ofthe 

concrete surface to prevent moisture intrusion during severe blizzards. There are however 

contributing factors that, once the internal formation ofke has occurred, facilitate crack 

propagation, they are: 

1. 	 Shoulder Design and Reinforcing Steel Associated with the Shoulder Area. 

2. 	 High density ofhorizontal reinforcing steel rebar located in the top 20 feet ofthe Shield 

Building and in some localized areas (i.e. - penetration blockouts) 

All 45 failure modes, along with their verified supporting or refuting evidence can be found in 

Appendices 4 -7. 

V. Group 1: Unrefuted Failure Modes - Design & Analysis Phase 

Section 5.01 Unrefuted Failure Modes: 

FM 1.3 Rebar Interaction with Flute/Shoulder 

FM 1.5 Excessive Density ofRebar 

FM 1.12 Inadequate Shoulder Reinforcement Details 
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Section 5.02 Failure Modes 1.3 & 1.12: 

(a) Discussion 

The shoulders were not adequately considered in the structural analysis ofthe Shield Building 

for the unforeseen extreme set ofunique environmental conditionals that ultimately caused the 

observed cracking; however, the building along with its architectural panels was properly 

designed and analyzed for all known load cases. As such, the reinforcing steel mat in the 

shoulder area is independent ofthe main outside reinforcing steel mat with the exception ofthe 

horizontal reinforcing steel anchored only at the ends ofthe shoulder area. This results in a 

discontinuity since the shoulder reinforcing steel mat is not sufficiently tied to the shell outside 

reinforcing steel mat. Any stress in the main outer reinforcing steel mat would tend to cause 

differential stress between the shoulder areas and the Shield Building shell area. The original 

design ofthe Shield Building did not consider this structural discontinuity and any affects it 

might have on the building's structural capacity. 

The following figure illustrates the shoulder/shell interface showing the shell's outer rebar mat 

and the rebar in the architectural panel which ties the panel to the shell. 
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 Shell Oute' Reb" Mat I 

Shoulder to Shell Rebar Tie 

Figure 2: Rebar Schematic of Shield Building Shell and Architectural-Panel Shoulder Interface 

(b) 	 FMs 1.3 - Shoulder Design and Reinforcing Steel Associated with the Shoulder Area: 
Supporting Evidence Verifying Failure Mode 

• 	 Cracks are predominate in the shoulder area 

• 	 Cracks are predominately located between the horizontal rebar anchor points. (results in 

approximately 10 foot spacing) 

• 	 The shou Ider vertical and horizonta I rebar are #8@ 12 spacing. 

• 	 The vertical rebar are not tied to the main outside reinforcing steel mat 

• 	 The horizontal rebar are tied to the main outside reinforcing steel mat only at the ends. 

There is approximately 10 foot horizontal span in which the shoulder concrete is not connected 

to the main outside reinforcing steel 
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r) 	 FMs 1.12 - Shoulder Design and Reinforcing Steel Associated with the Shoulder Area : 
Supporting Evidence Verifying Failure Mode 

The shou lder areas were reinforced with #8 rebar spaced at 12 inches in each direction. The 

horizontal rebar were provide with a tie (i.e. hooks) at each end into the main reinforcing of the 

Shield Building wall. The distance between these tie points was about 10 feet. This left a 

considerable span where only concrete was available to resist loads at the cylinderlshou lder 

interface. This relatively large span is the area where the laminar cracks have been identified, 

Ref. Drawing C-111 A. 

(eI) Conclusion 

The lack of adequately spaced ties between the shoulder reinforcement and the main cylinder 

appear to be the one potential failure that could have prevented the cracking. Therefore, this 

failure mode is considered to be a cause for the identified laminar cracks. 

Section 5.03 Failure Mode 1 5 

[.11 Discussion 

Reinforcing steel bars around the Shield Building are made up of many individual bars. Stresses 

are transmitted from one reinforcing steel bar to the next bar through the concrete in the 

immediate area surrounding the lap splice. Areas with high density of reinforcing steel are 

usually associated with concrete high stress areas. In addition the concrete spacing between the 

reinforcing bars is also reduced in areas of high density of reinforcing steel. Although the ACI 

Code does not limit the amount of steel, and by itself high density reinforcing steel does not 

cause cracking, it may contribute to the propagation of a crack once it has initiated. The top 20 

feet of the Shield Building can be considered an area of high stress associated with high density 

of horizontal reinforcing steel. It should also be noted that although higher density reinforcing 

may contribute to crack propagation once initiated, it is not a violation of past or current ACI 

standards. 

The cracking observed around the main steam line penetration blockout area also can be 

considered an area of high stress with high density of reinforcing steel. Additional reinforcing 
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steel were added to compensate for the interruption of bars around the temporary blockout 

opening. 

There are locations, such as the top 20 feet ofthe walls where the nominal spacing of the 

horizontal rebar is 6". With lap splices and normal construction tolerances, this can lead to 

regions where there is less than 2" of clear concrete spacing between the horizontal rebar. It was 

also observed that in some locations the vertical rebar was adjusted on either side of the jacking 

bars in order to accommodate the hydraulic jacking heads used during the slip-forming 

operation. The fo 1I0wing figure illustrates the high density rebar that exists in the outer rebar 

mat at some locations of the Shield Building. 

Figure 3: High Density of Reinforcement at Outer Rebar Mat (Photo during Construction) 

(b) 	 FM 1.5 - High Concrete tress Areas As. ociated with High Density of lIorizontal 
Reinforcing Steel: Supporling Evidence Verifying Failure Mod 

• 	 Laminar cracks were observed at the top of the Shield Building 

• 	 Laminar cracks were observed around the construction opening adjacent to the shou Iders 

• 	 Laminar cracks were observed around the main steam line penetration adjacent to the 


shoulders 
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(c) Conclusion 

PH conducted a rebar sensitivity study through Finite Element Analysis, the specifics of which 

are discussed in Exhibit 5 J. The study confirms that laminar cracking occurs in high density 

reinforcement zones while laminar cracking is absent under the same motivating conditions in 

areas of less dense rebar. 

VI. Group 2: Failure Modes - Construction & Fabrication Phase 

Section 6.01 Unrefuted Failure Modes 

FM 2.7 Concrete Sealant 

Section 6.02 Failure Mode 27. 

(.1) Dj, clIssion 

There are two types of moisture transport processes in the Davis Besse Shield Building that 

provide sufficient moisture to be entrapped in the concrete. One may be called "Top-down 

moisture penetration", and the other may be called "External-internal moisture penetration". The 

top-down penetration results in high moisture content near rebar regions and what we call the 

sub-mode I laminar cracking, as will be described in FM 3.6. The external-internal transport 

causes high moisture content in the outer layer of concrete, which leads to what we call the sub­

mode 2 delamination cracking which will be described in FM 3.6 as well. The following section 

describes the two types of moisture transport processes in Davis-Besse Shield Building. 

A Third theory involved freezing of water that penetrated into roofi'parapetjoint, causing radial 

stresses. However, the two potential mechanisms identified preclude cracking on the inside since 

it is not exposed to the same deep freezing conditions as the outside. Three 'full-depth' cores 

showed no indication of cracking on the inside of the wall, and the construction opening that 

originally identified the laminar cracking showed no crack at the IF rebar. Cracking was only 

found at the OF rebar 
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(i) Tbe top-down moisture penetration 

The top-down moisture transport process assumes that the water comes from the top of the 

structure and slowly penetrates down within the concrete wall. During the construction of the 

Shield Building, the wall was built first and the dome was subsequently constructed two years 

and four months later. So, the jacking bars, dense rebar, and top of the concrete walJ were all 

exposed to the environment. Moreover, initial defects may be generated by the jacking bars and 

dense rebar, together with the large aggregate used in the concrete. These factors resulted in the 

potential for high porosity concrete near the rebar and jacking bars allowing for water 

penetration. Due to the heterogeneous characteristics ofconcrete, the water comes down along 

random paths of least resistance which may tend to explain the sporadically distributed cracks in 

the wall. This moisture transport mechanism is illustrated in Figure 4. 
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Jacking bars and dcns~ rebar on th~ wall for mor~ 
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Dens~ rebar in th~ waD (in a d~laminated area) 

Figure 4: Top-Down Moisture Transport Mechanism 

(ii) The external-internal moisture penetration 

This moisture transport process is illustrated in Figure 5. It assumes that the moisture comes 

from the side surface of concrete waJl and slowly penetrates into the wall. For above ground 

concrete structures like Davis Besse Shield Building, there is hardly any liquid water in the 

porous system in concrete under an arid environment, and the water vapor diffusion is a 

dominant process. During a blizzard, the effect of wind-driven rain is an important factor to 
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consider. On the outer surface of concrete wall, the rain water is pressed by the wind pressure 

and penetrates into concrete. The liquid water penetration is a dominant process which is driven 

by the wind pressure on the surface. 

Water pressure Vapor pressure 

100% relative humidityWatN pressure equivalent 
to 106 mph wind 

90% relative humidity 

The interface between liquid 
pore water and water vapor 

) 

) 
) 

c ) 


C'O )
.... 
) Concrete Wall c 

(]) )>.;: )
"'0 

J )
"'0 

C ) 


~ ) 
) 

) 

) 

Liquid water 
penetration 

Water vapor 
diffusion 

Figure 5: External-Internal Moisture Penetration 

Figure 5 shows the two transport processes in a concrete wall during a blizzard. The blue region 

represents the outer layer of concrete in which pores are saturated by liquid water, which may be 

called water region, and the yellow region stands for the inner layer where vapor water is 

dominant, which may be called vapor region. The entire depth of the water region is shown in 

Figure 5 as Lw (on the left), which is important in the study conducted. The partial depth of the 

vapor region, say higher than 90% pore relative humidity is shown as Lv (on the right), which is 

also important for our study. The depth of the water region Lw is much higher than that of vapor 
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region Lv. The sum of the two depths is called Lm, (Lm = Lw + Lv), representing the depth of 

concrete with high moisture content. 

Exhibit 72 shows that the water penetration depth depends on permeability ofconcrete and it can 

vary in a very large range. For solid concrete without distress, the I D analytical results showed 

that the penetration depth could be 2 - 3 inches under a strong wind-driven rain. With surface 

distress such as microcracks and 2D moisture penetration, the depth of high moisture region 

could be higher. Moreover, the moisture trapped in the concrete could continue to penetrate into 

the concrete after the blizzard, resulting in a higher depth of the high moisture region. 

Therefore, in the 1978 models, the depth of moisture penetration is considered approximately 3 

to 4 inches in locations subjected to 1 D moisture diffusion. 

As a summary, based on preliminary and approximate analyses for solid concrete without major 

distress, the depth of high moisture region Lm is about 2 to 3 inches after a few days ofWDR. 

This may be considered as a reference or guideline for determining the depth of high moisture 

region in the concrete wall. The present results are based on I-D analysis. The concrete in 

shoulder areas is subjected to 2-D moisture penetration, and thus the high moisture region Lm in 

shoulder areas may be higher than that in the wall between shoulders. 

(h) FM 2.7 - Concrete Sealant: Supporting Evidence Verifying Failure Mode 

ACI 515.1 R-79 (not available during construction) is 'A Guide to the Use of Waterproofing, 

Damp-proofing, Protective, and Decorative Barrier Systems for Concrete. ' Section 2.2 sets the 

standard-of-care for using water proofing and makes the case for applying water-proofing or 

damp-proofing to the wall: 

"2.2-When waterproofing is used 

Waterproofing is normally used to prevent leakage of water into, through, or out of 

concrete under hydrostatic pressure. If freezing and thawing conditions exist, as in 

above-grade applications or if water is carrying aggressive chemicals which attack 

reinforcing steel or concrete, then the waterproofing barrier will be used to prevent 
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leakage into the concrete ... Waterproofing is also used to minimize unsightly carbonates 

or effiorescence. 

2.2.1 Water leakage into and through concrete - Water may be forced through concrete 

by hydrostatic pressure, water vapor gradient, capillary action, wind-driven rain, or any 

combination ofthese. This movement is aggravated by porous concrete, cracks or 

structural defects, or joints that are improperly designed or installed ... Waterproofing 

membranes are intended primarily to prevent the passage ofwater in liquid form. They 

also retard the passage ofwater vapor in varying degrees depending on the type of 

membrane ... " 

According to Davis-Besse specification C-38 (Exhibit 5): 

"9.2 Curing 

The Shield Building concrete, except as otherwise approved by the CONSTRUCTION 

MANAGER, shall be cured by the liquid membrane method. The liquid membrane 

curing compound shall conform to Clear Seal No. 150 as manufactured by Grace and 

Company, Cambridge, Massachusetts, or approved equal. Application shall be in 

accordance with the manufacturer's instructions. The liquid membrane shall be applied to 

all slip-form wall surfaces. The membrane shall be applied to within 2 feet (two feet) of 

the bottom ofthe slip-form after the concrete surface has been fmished." 

The product used is no longer available, but similar sealants have limited life and are mainly 

intended to prevent moisture evaporating during the curing phase ofthe concrete cure. This 

curing compound can be assumed to be ineffective after 12 months. 

(c) Conclusion: 

Ifthe concrete was to achieve high moisture content, facilitated by methods described in the 

previous section, followed by sub-freezing conditions, it could create a situation where an icing 

condition would exist. This icing condition could be a contributor to concrete cracking ifthe 

moisture content was sufficiently high and widespread. The lack ofa Concrete Sealant was a 

contributing cause to the Laminar Cracks. 
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VII. Group 3: Main/Sub Failure Modes - Operational Phase 

Section 7.01 Unrefuted Failure Modes 

3.6 (a) Freezing of Water near Outer Rebar Mat in Blizzard Conditions 

3.6 (b) Expansion ofConcrete due to Internal Ice Formation in Blizzard Conditions 

Section 7.02 Summary of Failure Modes 3.6 (a) & 3.6 (b): 

(a) Discussion 

PH considered a number ofabnormal-event failure modes that either could have or did occur 

during the operational life ofthe Davis-Besse Shield Building (DBSB) such as earthquakes, 

tornados, lightning, and physical or chemical attacks. All abnormal events were refuted except 

for the extreme weather conditions attributed to the Toledo Blizzard of 1978. Dubbed the Great 

Blizzard of1978, it was the state of Ohio's worst blizzard in recorded history. The blizzard lasted 

for three days, spanning from January 25th January 2th
, with maximum wind speeds reaching 

105 mph and 850mb atmospheric temperatures recorded as low as _240 F (see Exhibit 65 for 

temperature discussion). 

The top three blizzards in recorded Ohio history in terms of freezing temperature and duration, 

occurring near the Davis-Besse Power Plant, were determined to be the 1977, 1978, and 1994 

blizzards. Snowfall and wind velocity are two critical factors in determining the moisture 

content near the surface ofthe Shield Building. The moisture content is the critical factor 

involved in the process leading to significant radial stresses that produce cracking. From the 

below table, it is obvious that the 1978 Blizzard is the worst case. Based on PII's engineering 

judgment, the second worst blizzard is the 1977 case. 

© 2012. Performance Improvement International- Page 23 



Table 1: Comparison of 1977, 1978, & 1994 Blizzard Conditions (1978 Snowfall & Wind 

Velocity show Worst Case) 


EVENT 

SNOWFALL 
20 DAYS 
PRIOR 

(lNCRE ) 

SNOWFALL 
DURING 

([NCHES) 

MAX WIND 
(MPH) 

LOW 
TEMPERATURE 

e'F) 

BLIZZARD 
1977 9.1 4 

84 (gust) 
78 (avg. , est.) 

-2, (surface) 

BLIZZARD 
1978 

21.S 12 lOS -S, (surface) 

BLIZZARD 
1994 

11.9 3.S 4S(avg., est.) -17, (surface) 

(b) 	 FaiJure Mode Hypothesis 

This failure mode hypothesizes that during the 1978 Toledo Blizzard, water diffused into the 

concrete partly due to wind induced pressure and subsequent internal ice formation occurred due 

to the below freezing temperatures. As a consequence, two failure modes which will be 

discussed in detail, one main and one secondary, could have resulted from the water/ice-concrete 

interaction. The requisite for one or the other of these failure modes to be valid depends upon I) 

The extent of the diffusivity of water into concrete and 2) The effects of the coefficient of 

thermal expansion (CTE) in the low temperature range. Investigation shows that the established 

moisture penetration and CTE values are in the range to cause crack propagation during 1978 

Blizzard conditions. Both of these requisites are discussed in detail in ~ xhibit 72 and Exhibit 57, 

respectively. 

(i) 	 ub -Mode 1: FM 3.6 (Al - Freezing ofWatel' near Outer Rebar Mat in Blizzud 
Conditions 

This sub-mode can explain the laminar cracking in the shoulders. Recall that there is a 

discontinuity at the shoulder/shell interface of the Shield Building. Any stress in the main outer 

reinforcing steel mat, as caused by concrete expansion due to internal ice formation for example, 

would tend to cause differential stress between the shoulder areas and the Shield Building shell 

area. The damage process is shown in Figure 6 by three stages and explained below: 
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1. 	 As the environmental temperature drops below the freezing point during the beginning stage 

ofa blizzard, the trapped water (from diffusion processes) near the horizontal outer mat rebar 

at the flute and mid-panel locations freezes first. This is because in these two areas, the 

horizontal rebar are closest to the cold surface (~3 inches), as shown in the upper figure of 

Figure 6. However, the moisture in the pores of the concrete behind the shoulders remains in 

liquid or vapor states (no ice) because the shoulder keeps this area warmer due its thickness. 

2. 	 As the blizzard continues, the temperature continues to drop well below the freezing point of 

water. At this point, the water trapped near the outer mat horizontal rebar between the two 

first-freezing areas starts to freeze, i.e., in the areas directly behind the thick shoulders from 

the surface. The moisture behind the shoulder diffuses towards the ice fronts, which are 

located near the surface of the flute and shell wall. The diffusion directions of moisture are 

shown in the middle figure of Figure 6. The moisture diffusion is driven by the maximum 

temperature gradient from the hottest area to the coldest area as well as by the maximum free 

energy gradient from the area with higher free energy (vapor and liquid) to the area with 

lower free energy (ice). 

3. 	 When the diffusing moisture reaches the ice fronts, it turns into ice. This is shown in the 

third figure (the enlarged area) in Figure 6. So, the ice fronts move from both sides (the flute 

and the shell wall) toward the middle of the shoulder. Due to the formation of ice at both 

ends ofthe shoulder which acts as a dam, high pressure is generated in the shoulder areas as 

the water continues to migrate to the ice fronts resulting in the crack initiation in the 

shoulder. 
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Figure 6: Freezing of Water near Outer Rebar Mat Sequence (FM 3.6, Sub-Mode 1) 
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The moisture diffusion and ice formation process in the shoulder area were not simulated by any 

finite element models because, as stated earlier, the moisture diffusion process is driven by two 

field variables: temperature and moisture. The two field variables are fully coupled. Moreover, 

the formation of ice in the pores of concrete changes moisture diffusivity of concrete since ice 

crystals in pores block the pathway of moisture and thus reduces the diffusivity. On the other 

hand, when an excessive amount of ice forms in pores, the ice generates cracks in concrete and 

thus increases the diffusivity of concrete (Eskandari-Ghadi et al. 2012; Xi and Nakhi 2005). 

Furthermore, the effect of high wind pressure on the outer surface of the Shield Building makes 

the numerical modeling of the moisture penetration process into concrete a very complicated 

task. Currently available commercial finite element programs cannot handle such a sophisticated 

multi-physics problem. 

This failure mode would exist only under the following conditions in a severe blizzard: 

I. 	 A significant amount of water is diffused into the gaps between outer mat rebar and the 

concrete due to wind induced surface pressurization. 

The environmental temperature is well below freezing point of water for a long period of time so 

that the temperature near the out mat rebar behind the shoulders (~2-12 inches deep into the 

Shield Building) could drop below the freezing point 

(ii) 	 Sub-Mocte 2: FM 3.6 (8) - Expansion of Concrete in Blizzard Conditions due to 

Internal Ice Formation 

Under low temperatures, concrete may expand (instead of contract) during a cooling period. This 

expansion is caused by the formation of ice in the concrete. During a severe cooling process, the 

temperature of the concrete in the outer layer ofa cylindrical-type wall, such as the DBSB, is 

lower than that of the inner layer. Therefore, ice formation in the outer layer of the wall results in 

an expansion while the absence of ice formation in the inner layer of the wall leads to continuous 

contraction. This special outer-expansion-and-inner-contraction deformation pattern can result in 

a tensile stress in the radial direction of the wall. Thus, laminar cracking may occur in the case of 

excessively high radial tensile stress. 
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For illustration purposes, Figure 7 shows a general schematic of the outer-expansion-and-inner­

contraction phenomenon. Due to the structural configuration of the OBSB, this phenomenon 

causes significant stresses in the shoulder areas, as will be demonstrated in subsequent sections 

of this report. 

p 

Figure 7: Outer-Expansion-Inner-Contraction Schematic (FM 3.6, Sub-Mode 2) 

Extensive finite element analyses were performed to study the response of the OBSB due to 

internal ice formation during blizzard conditions. The results showed that this sub-mode can be 

used to explain the increase in radial stress and damage development in the wall during the 

blizzard. This sub failure-mode will be discussed in detail in the subsequent finite element 

analysis section. 
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VI I \. Analysi. IntroduClion 

Section 8.01 AnalysIs Summary 

To analyze the laminar cracking, PII used state-of-the-art concrete stress- and fracture-analysis 

modeling techniques to evaluate the contributions of volume expansion due to ice freezing, 

thermal stress, and high density reinforcing steel. These modeling techniques were originally 

developed as a part ofthe Crystal River-3 (CR-3) root cause investigation and calibrated against 

the Crystal River-3 fracture and temperature data. Note that the CR-3 root cause investigation 

was extensively reviewed by the US Nuclear Regulatory Commission (NRC) over a period of 

more than one year and has received no negative comments from the NRC. 

The findings of PII ' s analysis results are summarized below: 

1. 	 There are high stresses near the thick portions of the shoulders due to differential volume 

expansion amplified by the structural discontinuity, 

2. 	 The radial stresses located in the shoulder areas under extreme rain-wind-temperature 

conditions exceed the tensile capacity of the concrete. These stresses are a result of ice 

driven concrete volume expansion, due to high internal moisture content, under 

prolonged extremely low temperature conditions preceded w ith rain storms. These 

conditions were encountered shortly before and during the 1978 Toledo blizzard. 

3. 	 There is inadequate radial reinforcing steel in the shoulder area to resist high concrete 

tensile stresses in the rad ial direction. Due to the Jack of rad ial reinforcing steel, the 

concrete tensile stresses exceed the tensile capacity of the concrete producing laminar 

cracks near the outer reinforcing steel mat. 

4. 	 The thermal stresses resulting from the hottest weather conditions (J04°F), under which 

the thermal stresses are the greatest, would be approximately 300 psi. This stress is 

signifIcantly below the tensile capacity of the concrete; therefore this condition probably 

did not initiate or propagate the laminar cracks. 

5. 	 Laminar cracks happen in areas of dense rebar (6" spacing) when subjected to high 

moisture content and cold temperatures and NOT in areas of sparse rebar (J 2" spacing). 
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IX. Analysis I, FM 3.6 (A): Finite Element Analysis ofDense Rebar Condition 

Section 9.01 Dense Rebar Analysis 

A set ofanalyses was performed to quantify the propensity to propagate a laminar crack due to 

freezing ofwater under the horizontal rebar. The study was done using a wide range ofrebar 

densities, as this seems to be a key factor in the observed extent and therefore the propagation of 

the laminar cracks. 

Specifically, the issue is the density ofrebar in 2 dimensions (not 3 dimensions) in the outer face 

(OF) rebar mat. There are locations, such as the top 20 feet of the walls where the nominal 

spacing of the horizontal rebar is 6". With laps and normal construction tolerances, this can lead 

to regions where there is less than 2" ofclear spacing between the horizontal rebar. It was also 

observed that in some locations the vertical rebar were adjusted on either side of the jacking bars 

in order to accommodate the hydraulic jacking heads used during the slip-forming operation. An 

example ofthis is shown in Figure 3. 

(a) "Enabling Event" Considered 

In these models, the "enabling event" is a freezing failure in which the "sides" ofthe shoulders 

freeze first and trap moisture in the centers ofthe shoulders. The "sides" ofthe shoulders 

include the regions where the shoulders transition into the walls, including the flute valleys and 

the tangential transition to the base cylinder. The shoulders can insulate the OF rebar mat and 

delay changes in temperature in the middle ofthe shoulders. As the concrete near the outer 

surface ofthe building freezes, temperature and pore pressure gradients may form in the 

concrete. These gradients would drive water "side" to "side", hence the "side-to-side" label (See 

Figure 6 for details). 

(b) Analysis Design 

The moisture ingress is not modeled explicitly. The ingress ofmoisture is an assumption for this 

set ofanalyses (See Section 7.02, FM 3.6 (A) for more explanation). 
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The horizontal bars are frozen from the outside in,_ Water expands about 9% when 

Only a small subset ofthe elements in the models is assigned a 

the horizontal rebar 

Using these values, it was found that laminar cracks form in regions with rebar spacing of6" or 

less. The 0.6% and 1 % values are referred to as the void fraction (VF) or "air content" that is 

filled with water. Note that the Davis-Besse concrete was measured to have a void fraction of 

roughly 5%, and the void fraction is generally higher under the horizontal rebar (See Exhibit 2 

and Exhibit 26). 

(c) Scenarios Considered 


Five sets ofdifferent rebar spacing scenarios were modeled. They included: 
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I) 	<6" - Tightly-spaced rebar with a pattern based on the figure above. In this scenario, the 

vertical rebar have a variable spacing from 2" to 6". The horizontal bars have a nominal 

spacing of 6" with laps. This results in a clear spacing between bars of 0.6" to 4.6" . 

2) 6" nominal- Both horizontal and vertical bars have a nominal 6" spacing, including laps, 

which creates a clear spacing between bars of2.6" in some locations and 4.6" in others. 

3) 6"H/ 12"V - Horizontal bars are spaced with the same nominal 6" including Japs. The 

vertical bars are given a nominal 12" spacing, including laps. 

4) 12" nominal- Both horizontal and vertical bars have a nominal 12" spacing, including 

laps. 

5) 	 > 12" - Both horizontal and vertical bars are placed 12" from each other, but no laps are 

included and the bars are 8" from the boundary edges of the model, simulating a scenario 

with bars that are more sparse than 12". 

(d) 	 Results Summary 

The results are summarized in the Table 2. 

The " motivating force" is the void fraction of elements treated as ice, e.g. 0 .6% and 1 % of the 

The "rebar spacing" variable is summarized 

above and presented in the legend , and the "extent of cracking" is a scale from 0 to 3 that serves 

to simplify the extent of the damage observed in each model. The meaning of each level from 0 

to 3 is described in the third legend following the table below. A level of " 3" is a complete 

delamination along the OF rebar mat similar to the center ofshoulder 9 at the top of the shield 

building. A level of"O" is no damage. 

What the results show is that there is a clear trend toward more damage with tighter rebar 

spacing. The models with all 12" rebar spacing showed no laminar cracks at all. 

Accordingly, the laminar cracking identified in the MS room near areas that have been 

confirmed to remain above 100F during operation can be explained by a weakened plane in the 

concrete, created by the presence of very high density rebars in the OF rebar mat plane. This 

plane allows a crack to propagate with relatively little motivating force . 
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Table 2: Results from Rebar Sensitivity Study for various Motivating Forces and Rebar Spacing 

Motivating Force Case Rebar Spacing Extent of Cracking 

<6"o o 
Case 1 <6" 0.6 1 

<6" 3 

Case 2 

6" HI 12" V o o 

0.6 6" HI 12" V Case 3 1 

6" H/ 12" V 3 

Case 4 

>12"o o 

>12"0.6CaseS o 

>12" o 

Note that the models' suggestion that SB laminar cracking initiated by debonding at the interface 

of concrete/ rebar along the outer reinforcement may appear to conflict with the observation that 

some core bore laminar crack depths exist away from the rebar mat. 

However, in concrete, cracks that initiate at the concrete/rebar interface may 'wander' through 

the ' path ofleast resistance ' as it propagates. Variation in localized material strength could 

readily cause such crack 'wandering'. It is likely that these cores encountered such condition. 
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Table 3: 

Motivating Force 

o 

0.6 

No Force 

Extent of Cracking 

0 No Laminar Cracks 

1 Sparse, Up To 12" x 12" 

2 Continuous Up To 24" x 24" 

3 
Extensive, Larger than 24" x 24" 

with Localized Double Cracks 

Rebar Spacing 

<6" Sub 6" Spacing (e .g. 2", 4") 

6" 
Nominal 6" Spacing of all Bars, 

with Laps 

6" H /12" V 

Nominal 6" Spacing Horizontal 

Nominal 12" Spacing Verti cal 

12" 
Nominal 12" Spacing of all Bars, 

with Laps 

>12" Wider than 12" Spacing 

Figure 8 & Figure 9 respectively show laminar cracking due to water freezing near dense rebar 

and laminar cracking that is absent due to water freezing near sparse rebar. 

Figure 8: laminar Cracking (Nominal 6/1 Spacing, 0.6% VF) 
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_~.Inc StlIndl 

Figure 9: Oebonding but No Laminar Cracking (Nominal 12" Rebar, 0.6% VF) 

tel Conclusion 

This study shows and establishes the following: 

• 	 Only a small fraction of the voids under the rebar need to fill with water and freeze in 

order to get laminar cracks. And, for a given motivating force , there are large laminar 

cracks that form in regions with dense rebar and none form in regions with sparse rebar. 

• 	 Freezing of ice under the horizontal rebar is a plausible failure mode. The cracks are 

reproducible and and then further testing shows 

that there is no failure in regions with sparse rebar 

• 	 For the same motivating force, there are large laminar cracks that form in regions with 

dense rebar and do not form in regions with sparse rebar. With a given motivating force, 

_ all of the models with 6" spacing of rebar showed the development of some 

laminar cracks, while none of the models with all 12" spacing showed any laminar 

cracking. 
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• 	 Establishes that rebar spacing is a probable contributing factor because the tighter rebar 

spacing can facilitate crack propagation along the plane ofweakness. In regions with 

wider rebar spacing, damage is less likely because ofthe absence ofthis contributing 

factor. 

X. 	 Analysis II, FM 3.6 (B): Finite Element Analysis of 1977 & 1978 

Blizzard Conditions 

Section 10.01 Analysis 

Numerous finite element analysis models were developed to examine the behavior ofthe DBSB 

under several weather conditions. For purposes ofthis failure mode, extreme weather 

conditions, using the 1977 &1978 Toledo Blizzard as a case study was examined. Finite element 

analysis experts worked in concert with aggressive scientific application to determine the 

structural response of the DBSB to the conditions associated with the 1978 Toledo Blizzard. 

Detailed analysis reports, referenced in Exhibits 56, 63, 65, 66, 67, and 71, may be reviewed for 

an in-depth scientific understanding ofthe analyses performed; however, the highlights from 

these analyses will be discussed in what follows. 

two. The purpose ofthe transient thermal analysis was to determine the temperature distribution 

throughout the DBSD. 

details ofthe wind and thermal modeling can be found in Exhibits 65 & 67. 
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Initially, thermal transient analyses were conducted using the Crystal River CR3 thermal 

properties. A total of32 thermal conditions were examined which included the summer/winter 

solstices and spring/autumn equinoxes with either windy or calm conditions as well as average 

hot/cold ambient temperatures. These are summarized in Table 4 ofSection l3. 

identified that maximized the tensile radial stresses. Once the DBSB thermal properties became 

available, thermal analyses were repeated for those six cases that produced the highest radial 

stresses (Table 5). An additional two thermal transient analyses were performed for ambient 

conditions that corresponded to the 1977 and 1978 blizzards. 

temperature conditions discussed in this section ofthe report reference the predicted 

temperatures for the 1977 and 1978 blizzard conditions (Exhibit 65). 
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The following figure shows the region studied in detail, shoulder 

numbers 11 & 12. 

\ 
'2706itO 

Vicinity of Flute 6 

Studied in Detail 


Figure 10: Plan View of the DBSB (Analysis of Flute 6, Shoulder511 & 12) 
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Section 10.02 Coefficient of Thermal Expansion 

The coefficient of thermal expansion (CTE) of high moisture concrete is a highly nonlinear 

function of temperature. This is associated with the 9% volume expansion of the freezing of 

entrapped water. The freezing ofwater in small pores in concrete takes place at temperatures 

lower than 32°F due to surface tension, which prevents the formation of ice at 32°F; the water in 

concrete freezes at varying temperatures depending on the pore size. This nonlinear dependence 

ofthe CTE with temperature is shown in Exhibit 57 and used as an input to the finite element 

analysis presented here. 

The thermal properties of concrete reported in Exhibit 59 depend on 

many parameters such as moisture content of concrete and type of aggregate. The important 

thermal parameter is the thermal diffusivity which includes the effects of both conductivity and 

specific heat. 

Tests of moisture penetration were also performed at the University of Colorado at Boulder, 

which showed that a ~ater penetration up to 3 or 4 inches is possible when there 

are winds in excess of90mph (such as during the 1978 blizzard). The 1978 models are 
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mo isture depth of penetration is roughly half the 1978 case due to significant Iy less wind and 

precipitation in the 1977 case. xhibit 66 and Exhibit 71 summarize some key meteorological 

data during and prior to the blizzards of 1977 and 1978. 

Section 10.03 Circumferential Temperature Distribution at 0 F. Horizontal Reba, 

profiles around the Shield Building at the outer face horizontal rebar are shown in Figure 11 . 

The figure shows 8 sets of double peaks for each temperature profile. The double peaks represent 

the warmer temperature under the shoulders. The temperature is warmer under the shou lders 

because there is a thicker layer of concrete at those locations which reduces the heat loss to the 

exterior during the blizzards. 
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Temperature (OF), Mid-Height, Outer Face Horizontal Rebar Depth 
16 

- 1977 Blizzard Temperature Calculation (Worst Case) 

14 - 1978 Blizzard Temperature Calculation (Worst Case +20'F) 

10 

~ 
:J 

~ a 

" Q. 
E 

:E. 

22 S 67.5 11 25 135 1575 lB. 2025 225 247.5 27. 292.5 315 337 <;" " Azimuth (' ) 
36. 

Figure 11: Circumferential Temperature Distribution at the 0 F, Horizontal Rebar Depth 

Section 10.04 

The includes concrete and steel rebar at nominal (as designed) 

Figure 12, Figure 13, and Figure 14 depict the geometry and finite element mesh ofthe_ 
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Figure 12: Geometry and Rebar 

Figure 13: J of FI ute Region 
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Figure 14: Detail of Flute Region with Mesh 

(a) 

This section summarizes the results from the The result from the_ 

used to make predictions about the delamination propensity due to the two 

blizzard cond itions. This model does not attempt to make predictions of stress concentration 

effects around the included reinforcing bars due to lack of detail at the concrete/steel interface. 

The tensile strength of the Davis-Besse concrete is in the range of836 to 962 psi. The contours 

in the stress figures in this section are assigned an upper limit of900 psi. A tensile stress 

exceeding 900 psi is indicated by light grey contours in the stress figures. The interpretation of 

any light grey area in the contour plots below is that damage may occur in that area. The damage 

that results from any tensile stress above the strength of the concrete depends on 3D stress state 

as well as the strain energy available to open the crack. Low strain energy results in microcracks 

and high strain energy results in more microcracking and eventually a structural crack. 

In order to determine the size ofthe resulting crack, a separate Abaqus 
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is of the 1978 blizzard is presented in a separate section of the Root 

Cause Analysis Report. 

The stress contour results shown in this section can be summarized as follows: 

• 	 Higher tensile stress and larger stressed areas is predicted in the 1978 blizzard compared 

to the 1977 blizzard 

• 	 Blizzard of 1978: 

o 	 Tensi Ie stresses high enough to damage the concrete is pred icted 

o 	 The high stresses are distributed over large areas in the observed crack locations 

under the thick sections of the shoulders and not in the thinner sections in the flute 

and panels 

• 	 Blizzardof1977: 

o 	 Tensile stresses are lower or equal to the strength of the concrete 

o 	 The highest tensile strength are confined to small areas under the thick sections of 

the shoulders 

(i) 	 1978 Blizzard Condition 

The resu It due to the 1978 blizzard is shown in Figure 15 through Figure 21. The temperature 

contours can be seen in Figure 15 and the stress resu Its is shown in Figure 16 through Figure 21. 
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Figure 16: Max Principal Stress (psi) during the 1978 Bliuard; Deformation Scale Factor 500X 
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Figure 17: Max Principal Stress during the 78 Blizzard; Deformation Scale Factor SOOX; Wider 
Contour Range (+/- 1200 psi) 
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Figure 18: Radial Stress (psi) during the Blizzard of 1978; Deformation Scale Factor SOOX 
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Figure 19: Hoop Stress (psi) during the Blizzard of 1978; Deformation Scale Factor SOOX 
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Figure 20: Hoop Stress (psi) during the Blizzard of 1978, Deformation Scale Factor SOOX; Wider 

Contour Range (+/-1200 psi) 
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Figure 21: Vertical Stress (psi) during the Blizzard of 1978; Deformation Scale Factor SOOX 

(ii) 1977 Blizzard Condition 

The resu It from the ue to the 1977 blizzard condition is shown in 

this section. Figure 22 depicts the temperature distribution in the model. Figure 23 through 

Figure 26 show the stress state in the max principal, radial, hoop, and vertical directions, 

respectively. 
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Figure 22: Temperature (OF) during the Blizzard of 1977; Deformation Scale Factor SOOX 
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Figure 23: Max Principal Stress (psi) during the Blizzard of 1977; Deformation Scale Factor 
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Figure 24: Radial Stress (psi) during the Blizzard of 1977; Deformation Scale Factor 500X 
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Figure 25: Hoop Stress (psi) during the Blizzard of 1977; Deformation Scale Factor 500X 
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Figure 26: Vertical Stress (psi) during the Blizzard of 1977, Deformation Scale Factor SOOX 

Section 10.05 Conclusion 


The results of the analysis presented in this report can be summarized as follows: 


• 	 The blizzard of 1978 produced stresses above the tensile strength in the hoop direction, 

likely resulting in damage. The area exceeding the tensile strength is confined to a 

circumferential plane at the depth of the outer face main cylindrical wall under the raised 

shoulders. 

• 	 The 1977 blizzard shows significantly lower stress compared to the blizzard of 1978. The 

hoop stress approached the tensile strength of the concrete and it is limited to a small 

area. For these reasons only minor damage, if any, is predicted. 

© 2012. Performance Improvement International- Page 51 



XI. Analy. i TIl : Lam inar Cracking Due to 197R BliLZard Conditions (rinite 

Uemcnl Cracking Model) 

Section 11 .01 Background 

Expansion of concrete due to freezing ofentrapped moisture was studied in 

The raised shou Iders and the flute geometry are included in the model. 

Section 11 .02 Coefficient of Thermal Expansion 

The Coefficient of Thermal Expansion (CTE) discussion found in Section 10.0 I applies for this 

analysis as well. Again, the CTE of concrete with high moisture content is a highly nonlinear 

function of temperature. This is associated with the 9% volume expansion of the freezing of 

entrapped water. 

Once more, the models assume that there are two outermost contour regions with a saturation of 

93% (see Exhibit 57 Figure 4). The calculation of the saturated depth is discussed in detail in 

Exhibit 72 "Water and Moisture Transfer into Concrete". The rest of the structure is assigned the 

linear CTE of5.2e-6, as found and discussed in Exhibit 59 and Exhibit 56 Figure 2.1.4 (Material 

Properties for Davis-Besse 

The thermal conductivity and specific heat of DB concrete were used as inputs for the FE 

thermal analysis. The thermal diffusivity was calculated by the FE program based on the input 

values for thermal conductivity and specific heat. In the linear thermal analysis for temperature 

distributions in the concrete structure, the important thermal parameter is the thermal d iffusivity 

which is in the typical range for concrete, as shown in Exhibit 59. One can see from Exhibit 59 

that both thermal conductivity and specific heat of DB concrete have abnormally higher values 

than the typical values shown in the literature. Thermal diffusivity = Thermal­

conductivity/(specific heat x density). When the thermal conductivity and specific heat were 
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used to calculate the thermal diffusivity, the effect of the two abnormally higher values was 

canceled, resulting in the normal value of the thermal diffusivity for DB concrete. 

Section 11 .03 
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Figure 27: Shield Building with Flute Numbers and 
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penetration is discussed in Exhibit 72 . 

Section 11 .04 C,rcumferentJal Temperature Distribution of O.F. Horizontal Rebar 

The temperature distribution in ~resented here were calculated in separate heat 

transfer analysis an (See Exhibit 65) The temperature 

profiles around the Shield Building at the outer face horizontal rebar are shown in Figure 28. 

The models presented here use the worst case temperatures calculated for the 1978 blizzard with 

an offset of +20°F to simulate nominal temperatures. In this case, nominal temperatures will 

produce the most expansion and therefore the worst case stress condition for the building. The 

+20°F offset brings the 1978 temperature gradients into rough equivalence with the lowest 

recorded ground temperatures during the 1978 blizzard (see 'hibil 66), which would be the 

expected low temperature cond ition assum ing heavy cloud cover rather than a clear night sky 

(see xhibi( 65). 

The 1977 blizzard model uses the worst case temperatures calculated for the 1977 blizzard with 

no temperature offset because the worst case 1977 temperatures are already in the range that will 

maximize expansion and cracking. 
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Figure 28: Circumferential Temperature Distribution at the O,F. Horizontal Rebar Depth 
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Figure 29: Geometry and Rebar 

Figure il of Flute Region 
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Figure 31: iI of Flute Region with Mesh 
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Section 11 .06 Discussion 

used to make predictions about the delamination The result from the 

propensity due to the two blizzard conditions, given the assumptions of the model. 

The damage that results from any tensile stress above the strength of the concrete depends on the 

3D stress state as well as the strain energy available to open the crack. Low strain energy results 

in microcracks and high strain energy results in a structural crack. 

Ca) 1978 Blizzard Condition 

The result due to the 1978 blizzard is shown in Figure 33 and Figure 34. The temperature 

contours can be seen in Figure 32 and the cracking result is shown in Figure 33. 
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Figure 32: Temperature (OF) during the Blizzard of 1978 
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Figure 33: during the 1978 Blizzard 
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Figure 34: Cracking Result during the 1978 Blizzard showing regions with DAMAGE> 0.7 
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(b) 1977 Blizzard Condition 

The result from the Cracking~ue to the 1977 blizzard condition is shown in this 

section. Figure 35 depicts the temperature distribution in the model. Figure 36 and Figure 37 

show the cracking result. 
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Figure 35: Temperature (DF) during the Blizzard of 1977 
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ring the Blizzard of 1977Figure 36: 
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Figure 37: Cracking Result during the 1977 Blizzard showing regions with DAMAGE> 0.7 
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Section 11 .07 Conclusion 

The cracking model results shown in this section can be summarized as follows: 

• 	 The blizzard of 1978 scenario results in laminar cracking near the OF rebar mat. 

• 	 The blizzard of 1977 shows some damage (microcracking) relatively close to the surface 

of the shoulders, and significantly less damage compared to the blizzard of 1978. 

• 
Laminar cracks developed most prominently at the OF 

rebar mat under the thick shoulder regions and not in the thinner sections in the flute and 

shell. 

Xll . Analysis IV: Damage Propagation into Regions with High Rebar Density 

Section 12.01 Background 

Expansion of concrete due to freezing of entrapped moisture was studied in the 
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This 

analysis uses the same CTE discussed in previous sections (Sections 10 & 11). 

Section 12.02 

o· 

Vicinity of Shoulder 
9 

At elevation 791' 

I-W:f..+­ =.... , , 

Figure 38: Shield Building with Flute Numbers and 
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Section 12.03 Circumferential Temperature Distnbution at 0 F. Rebar 

The temperature distribution in were calculated in separate heat 

transfer analysis and (See Exhibil 65) The temperature 

profiles around the Shield Building at the outer face horizontal rebar are shown in Figure 28. 

The models presented here use the worst case temperatures calculated for the 1978 blizzard with 

an offset of+20°F to simulate nominal temperatures. In this case, nominal temperatures will 

produce the most expansion and therefore the worst case stress condition for the building. The 

+20°F offset brings the 1978 temperature gradients into rough equivalence with the lowest 

recorded ground temperatures during the 1978 blizzard (see Exhibit 66), which would be the 

expected low temperature cond ition assuming heavy cloud cover rather than a clear night sky 

(see Exhibit 65 ). 

Section 12.04 Discussion 

The result from t is used to make predictions about the delamination 

propensity due to blizzard conditions, given the assumptions of the model. 

The damage that results from any tensile stress above the strength of the concrete depends on the 

3D stress state as well as the strain energy avai lable to open the crack. Low strain energy resu Its 

in microcracks and high strain energy results in a structural crack. 
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Section 12.05 

The 	 results shown in this section can be summarized as follows: 

• 	 The locations of the cracking remain confined to the observed crack locations at the OF 

rebar mat, both under the thick sections of the shoulders and in locations where the 

horizontal rebar is spaced on 6" centers. 

o 	 The model in the top 20 ' of the walls shows some damage in the flute valley, 

which is in line with observation. 

o 	 The model near the Aux building roof shows less damage In the flute valley, 

which is also in line with observation. 

• 	 Overall, the results show good agreement with observed cracking in the areas studied. 

(n) Top 20 of rbe Wall Location 

The results at the top 20' location, perturbed by the 1978 blizzard are shown in Figure 39 and 

Figure 40. The 20°F offset temperature contours can be seen in Figure 39 and the cracking 

results are shown in Figure 40. 

NTll 
S2 
48... 
4() 
36 
32 
28 
2. 
20 
16 
12 
8

•o.. 

OOB : }ob .odb A~qus/Standan::l6 . 10 - 1 Tue Feb 14 17:46;42 Pacific Standllrd Time 2012 

y 	 Step : Step- 2-exp4nd - ice 
Increment 1: Step Tlme = 1.000 
Primary VlJ r: NT11 

Figure 39: Temperature Contours (OF) in the Top 20' of the Wall 
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z ODS: job.odb AbGqus/Expllclt 6.10-1 wad Feb 15 21 :25:08 Paclnc Stzlndard TIme 2012 

Step' Step-2-dT 
Increment 20259 : Step Tlme = 1.000 
Primary VlIr : OAMAGET 
Deformed V.er: U Deror matlon Scale ~ctor : +l. De+OO 

Figure 40: Cracking Result in Top 20' of the Wall showing regions with DAMAGE> 0.6 

(h) team Line l.ocation 

The results at the steam line location, perturbed by the 1978 blizzard are shown in Figure 41 and 

Figure 42. The 20°F offset temperature contours are in Figure 41 and the cracking results are 

shown in Figure 42. 
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Figure 41: Temperature Contours (OF) at Steam line 
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Figure 42: Steam line Area Cracking Result showing regions with DAMAGE> 0.6 
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XIII. 	 Analysis V: Investigation for Potential Laminar Cracking under Various 

Temperature Conditions 

As previously discussed, numerous finite element analyses models were developed to examine 

the behavior ofthe DBSB under the extreme conditions ofthe 1978 Toledo Blizzard. The same 

aggressive scientific analysis was also employed for several additional weather conditions to 

which the DBSB is exposed. As stated earlier, the analysis exhibits attached to this report may be 

reviewed for an in-depth scientific understanding ofthe analyses performed and corresponding 

results. The highlights from these analyses will be discussed in what follows. 

Section 13.01 Thermal Stress Screening 

In order to understand the effect ofthe various thermal conditions that the containment structure 

may be subjected to, a screening analysis was performed. The screening analysis was performed 

using preliminary material properties before the official material properties were obtained. 

The screening analysis considered a total of32 thermal conditions. 

and winter_ the spring and windy and calm_ as well as 


average and hot/cold ambient temperatures. Table 


In many instances several 

locations were analyzed to fmd the location ofthe highest radial stress. 

In order to understand the relative effect ofthe 32 different thermal conditions the gravity and 
wind load was excluded from the screening analysis. The six thermal conditions resulting in the 
highest radial stress in the screening analysis is analyzed with gravity and wind pressure loads in 
the next section. 
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Table 4: 
is Incl 

~~- ~~----
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Section 13.02 Combination Load Cases 

The result ofthe screening analysis identified the thermal conditions most likely resulting in the 

combination load cases were again solved with the preliminary material properties since the 

official values had not yet been obtained. 
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Section 13.03 Analysis Based on Measured Properties 

The six cases predicted to result in the maximum radial stress is analyzed using measured 

material properties from samples taken from the Davis-Besse containment structure. The 

material properties used for the analysis are summarized in a separate section in the Root Cause 

Analysis Report (Exhibit 56, Figure 2.1.4: Material Properties for Davis-Besse_ 

The conditions analyzed using the measured material properties are the same six conditions 

presented in Table 5. They are listed below along with the time ofday determined to produce the 

highest radial stress. The time 0 f day was determined using a 

• 
• 
• 
• 
• 
• 

(a) Circumferential Temperature Distribution at O.F. Horizontal Rebar 

The temperature profiles for the six conditions resulting in the highest radial stress based on the 

screening analysis are shown in Figure 7. The temperature profiles are plotted in the 

circumferential direction around the shield building at the outer face horizontal rebar depth. 
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Temperature (OF), Mid-Height, Outer Face Horizontal Rebar Depth 
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Figure 43: Circumferential Temperature Distribution at O.F. Horizontal Rebar 

For each of the six temperature profiles shown in Figure 43 eight set of double valleys can be 

seen. The valleys represent the lower temperature under the thick sections of the shoulders. 

These areas are covered by thicker layer ofconcrete so it takes longer for them to heat up due to 

the hot exterior conditions. Figure 43 also shows that the azimuth 225 ° location corresponds to 

the hottest location around the structure. The cond ition resu Iting in the hottest temperature at the 

outer face horizontal rebar depth is labeled ''No Wind, Summer Solstice, Hot Temperature, 7:30 

PM." This is the temperature condition studied in detail 

following sections. 
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(b) _ Location: 

The south 

to south-west side has the highest thermal gradient do to the solar heating during the day. The 

Flute/Should in Shoulder 10 and 

in the middle of the panel at azimuth 225. Again, Figure 44 shows the location of the flutes, 

shoulders, and the azimuth convention for the Davis-Besse containment structure. 
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7 ShoulCfeM 

2700 

Figure 44: Shield Building Flute Numbers and Azimuth locations 
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Section 13.04 Stress State during Hot Summer Condition 

The results shown in this section describes the detailed stress state in the hottest location around 

the structure for the hot summer condition (No Wind, Summer Solstice, Hot Temperature, 7:30 

PM) 

Figure 45 through Figure 49 show the results from the shoulder 10 location using the 

Figure 50 through Figure 54 depict the same results from the azimuth 

For each ofthe two locations the result is presented in five figures. The f11"st figure shows the 

temperature distribution and the following four figures depict the stress state: 

1. Temperature Distribution 

2. Max Principal Stress 

3. Radial Stress 

4. Circumferential (Hoop) Stress 

5. Vertical Stress 

The stress state is presented at the mid-height section of 

contour range is set to +/- 300 psi for 

all the stress figures so that they can be compared more easily. 

(a) Stress Analysis Results Summar")' 

The maximum stress in the is confined to the top and bottom of the 

outer face horizontal rebar. The maximum tensile stress is about 300 psi and not enough to crack 

the concrete. 
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(b) , 'houlder 10 Lucation 

The temperature distribution, max principal stress, rad ial stress, hoop stress, and vertical stress in 

shoulder 10 are depicted in Figure 45 through Figure 49, respectively. Figure 45 shows that the 

shoulder surface is hotter than the flute surface. This is the result of more solar exposure on the 

shoulder surface compare to the flute valJey. Also, there is more surface area at the corner of the 

shoulder resulting in higher temperature during the hot ambient condition. 
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Deformed Var: U Oeror~tion Salle Factor : + . 

Figure 45: Temperature Distribution (OF) in 

Figure 46 through Figure 49 depict the stress state using the max principal stress and the three 

stress components in a cylindrical coordinate system located at the containment structure center. 

The max principal and radial stresses are highest at the outer face horizontal rebar. The figures 

Shoulder 10 Location 
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.ocI b ~"I"d&. t""CY'-'_ S 09:4S :12 Pacific Stllnd.rd Tlme 2012 

1: Step Tlme = 1.00 

Deformation Salle Flilctor : +5.0009+02 

Comparing the stress in the three radial, hoop, and vertical directions (Figure 47 through Figure 

49 respectively) ind icates that the radial component has the highest tensile stress. As shown in 

Figure 47, the radial tensile stress is below 300 psi which is less than the tensile strength of the 

concrete. It is concluded that the hot summer temperature condition is not capable of 

delaminating the structure in the flute/shoulder location. 
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Figure 46: Max Principal Stress (psi) in the laced in the Shoulder 
10 location 
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Fjgure 48 : Hoop Stress (psi) in the laced in the Shoulder 10 
location 
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aced in the Shoulder 10Figure 49: Vertical Stress (psi) in the 

lL') Azimuth 225° Location 

The temperature distribution, max principal stress, radial stress, hoop stress, and vertical stress in 

the shell area at azimuth 225° are shown in Figure 50 through Figure 54, respectively. Figure 50 

shows that the exterior surface is hotter than the interior. This is the result of the hot ambient 

daytime condition and the colder nighttime condition, 
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Figure 50: Temperature Distribution (Of) in the placed at the Azimuth 
225 0 

Figure 51 through Figure 54 depict the stress state using the max principal stress and the three 

stress components in a cylindrical coordinate system located at the containment structure center. 

The max principal and radial stresses are highest at the outer face horizontal rebar depth (see 

Figure 51 and Figure 52). Comparing the stress in the radial, hoop, and vertical directions 

(Figure 52 through Figure 54, respectively) ind icates that the radial component has the highest 

tensile stress. As shown in Figure 52, the rad ial stress is below 300 psi which is less than the 

strength of the concrete. It is concluded that the hot summer temperature cond ition is not capable 

of delaminating the structure in the shell section location (middle ofa panel). Furthermore, 

Figure 53 and Figure 54 show that the hotter exterior surface temperature results in compression 

stresses in both the hoop and vertical directions due to expansion of the outer layer. 

location 
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Figure 52: Radial Stress (psi) in the aced at the Azimuth 225° 
location 
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Figure 54: Vertical Stress (psi) in the ced at the Azimuth 225 0 

Section 13.05 ConclusIon 

The results of the analysis presented in this report can be summarized as follows: 

• 	 The temperature and wind conditions found to maximize the radial stress are not 

sufficient to delaminate the structure alone 

• 	 Thermally induced radial stresses is maximized at the hot summer temperatures 

• 	 At the location of the outer face horizontal rebar, the maximum rad ial stress due to 

temperature gradients, gravity, and wind is about 300 psi 
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XIV. 	Analysis VI: Investigat ion or Potential Laminar Crae\... Propagation given 

current hield Building ondition 

Section 14.01 Analysis 

A Finite Element Analysis was performed using the NASTRAN 3D Model to investigate the 

potential for existing-crack propagation. The NASTRAN 3D Model idealized a 30 ft . by 30 ft. 

cracked section of the DBSB centered with respect to the southwest flute (Flute Number 6). 

Figure 55 shows an illustration of the NASTRAN idealization and Figure 56 shows a detailed 

region of the flute and shoulder highlighting the difference in stresses due to the existing crack. 

Figure 55: "Thin-CracklJ region introduced as idealized the "Cracked" boundary at the OF 

Rebar 
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Figure 56: Summer Solstice Hot No Wind 7:30 pm, Constant Concrete eTE = 5.20 xlO-6 
in/inrF 

Section 14 02 Conclusion 

As summarized in Table 6 the magnitude of maximum principal stresses increased a slight 

amount from <JMP= 162 psi (No crack) to <JMP= 184 psi (w/crack). There is only a marginal 

increase in the magnitude ofradial stress, from <JR= 76 psi (No crack) to <JR= 92 psi (w/crack). 

Table 6: Summer Solstice with Simulated 30'x30' "Crack" - Summary Results for Radial Stress 

@ EL 785' 10" 


(+ = Tension, - =Compression) 


~DNastran Plane-Straitl 3D J\astrar_ y1 Peak Stress Values at 'Crack' 
ID Case Description Time Slice Peak Stress Radial Stress Max. PritIC. Stress 
9 Summer Solstice Hot No Wind; 7:30PM +76 psi I .. 162 psi 

10 Summer Solstice Hot 11: 0 Wind; Crack 7:30 PM .. 92 psi I .. 184 psi 

Therefore it is not believed that the increased magnitudes in either the radial or maximum 

principal stresses are sufficient to propagate cracks that may have formed under normal thermal 

and environmental conditions, such as winter and summer. 

The stress concentrations, mode I and mode II stresses are calculated by the solver in the 

cracking models. 
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The PH proprietary modeling techniques have been validated in thick-walled reinforced concrete 

silos. PH has the only modeling technology that has successfully predicted the cracking at 

Crystal River 3, including the SGR opening delamination, the detensioning cracks, and the 

retensioning cracks. No other modeling technology has been more validated for this purpose. 

XV. Root Cause and Contributing Causes 

As stated in the beginning of this report, a root cause must possess the following two 

characteristics to be considered valid: 1) It can be eliminated to prevent recurrence and 2) It is 

under the control of management. 

As supported by thermal and stress analysis as well as laboratory tests and examination, the 

common factor for all unrefuted failure modes is moisture intrusion under severe blizzard 

conditions. Therefore, the most likely root cause ofthe laminar cracking observed in the Davis­

Besse Shield Building is the inadequate sealing ofthe building surface to prevent moisture 

intrusion during a severe blizzard. 

The other two contributing factors that, considered alone do not qualify as a root cause, are 1) the 

structural design ofthe shoulders and 2) dense spacing of the outer horizontal rebar mat in some 

areas ofthe building. Given severe blizzard conditions that allow for significant moisture 

penetration and subsequent internal ice formation, these two contributing factors intensify radial 

stresses to the point of structural damage. 

This most-likely failure scenario, which is able to explain all the general characteristics ofthe 

cracking pattern states that, during a blizzard which is preceded by a rain storm, the rain/snow 

diffuses into the structure due to the surface static pressure produced by high velocity winds. The 

moisture content of the concrete may increase to a level of90% or greater during this process. 

Moreover, because the wind direction near the Davis-Besse Power Plant is more prevalent from 

the southwest direction, the moisture level in the southwest side ofthe concrete will be higher 

than the northeast side ofthe concrete. The high winds associated with the blizzard are also a 

significant contributor as it increases the heat loss on the concrete surface. Note that during a 
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typical blizzard, the exact wind direction may change from time to time due to the swirling 

action ofthe wind. 

As the environmental temperature drops during the blizzard, the temperature ofthe concrete also 

drops, with the outside surface having a lower temperature than areas deep into the concrete. 

When the concrete temperature reaches 23 OF or below, the moisture in the concrete starts going 

through the crystallization process and eventually forms into ice. The volume expansion of ice 

makes the volume ofconcrete greater near the surface ofthe Shield Building, thus producing 

large radial stresses. 

Due to the discontinuity ofthe shoulder and shell interface ofthe Shield Building, the radial 

stresses are the highest near the outer rebar mat and near the areas ofthe thicker portion ofthe 

shoulders. In addition, the radial stresses are higher in the outer rebar mat where there is a higher 

density ofhorizontal or vertical rebar. 

Radial stresses are significant enough to initiate laminar cracks when the concrete has high 

moisture content with very cold temperatures. Cracks will propagate in the areas where the 

concrete tensile strengths are lower than the radial stresses and will stop when the radial stresses 

redistribute themselves in the process ofcrack propagation or the crack propagates into a high 

material strength area. 

The necessary conditions for this laminar cracking event are listed as follows: 

I. 	 The exposed unsealed concrete surface of the Shield Building allows moisture 

penetration. 

2. 	 A significant amount ofwater is diffused into the concrete 

3. 	 The environmental temperature is well below freezing point ofwater for a long period of 

time so that the temperature near the outer mat rebar behind the shoulders (~3-18 inches 

deep into the Shield Building) will drop below the freezing point ofwater. 

4. 	 The design of flute-shoulders which caused discontinuity in the structure and the lack of 

radial reinforcing steel in the shoulder areas to resist radial stresses. 

5. 	 Tensile strength ofthe concrete is lower than the radial stresses produced in some areas 

near the outer rebar mat 
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The supporting evidence of this most-likely failure scenario is listed below: 

• 	 The crack is considered a circumferential laminar crack and not a rad ial through­


thickness directional crack. 


• 	 The width of the crack is very tight, generally less than 0.0 I inches, indicating the 

damaging force is highest and concentrated at the fracture surface 

• 	 The crack passed through the course aggregate, ind icating the initiating force is large and 

not cyclic 

• 	 The location of the crack is limited to the outer reinforcing (rebar) mat 

• 	 The cracking is prevalent in the flute shoulder areas. 

• 	 The crack is also prevalent in the higher reinforcing areas at the top of the Shield 


Building and along the blockouts for the main steam line room penetrations 


• 	 Cracking is more prevalent in the South and Southwest quadrant of the Shield Building 

• 	 Cracking is less prevalent between the shoulder areas 

Our conclusions and recommendations are based on the limited samples made available to PII 

and the finite element models developed by PII's best effOlt, within the four month 

investigation. Additional samples and further numerical studies will certainly help to resolve 

more detailed issues (such as the laminar cracking in Shoulder 9), but will not change our 

conclusions and recommendations. 

XVI. Recommendations lo Prevenl RecLlrrence 

To prevent recurrence, one or more of the five necessary conditions for the most likely failure 

scenario has to be prevented . Among the five necessary conditions stated above, the only 

practical condition is to prevent the moisture intrusion into the concrete prior to and during a 
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severe blizzard. As such, PI! recommends FirstEnergy consider applying a weather-proof 

concrete sealant to the outside surface of the Shield Building. 

The following table summarizes the logic for the corrective action. 

Table 7: Root Cause/Contributing Factors and Corrective Action to Prevent Recurrence 

Necessary Condition 
Any Corrective Action to Prevent 

Recurrence 

Rain storm proceeding a blizzard which helps 

diffuse water into concrete to significantly 

raise its moisture content 

Applying Weather Proof Sealant on the 

concrete surface will prevent the concrete 

from reaching the critical saturation point 

A severe blizzard which is capable of 

reducing concrete temperature significantly to 

a level much below the freezing point of the 

water 

Not practical to insulate the Shield Building or 

prevent the adverse effects of high winds and 

low temperatures. 

The design of flute-shoulders which caused 

d iscontinu ity in structure 

Not practical to remove the flute shoulders to 

remove the d iscontinu ity 

The high density of rebar which increases the 

radial stresses 

Not practical to redesign the required 

reinforcing steel 

The tensile strength is lower than the radial 

stresses produced near the outer rebar mat 

Not practical to install additional radial 

reinforcing steel to resist the increase in 

concrete rad ial stresses. 

As a conservative measure, PlI recommends performing confirmation monitoring at a few 

selected locations to ensure that the proposed corrective action effectively prevent further crack 

propagation. This confirmation monitoring shall be performed on a periodic basis, such as once 

per refueling outage. If the cracks are confirmed not to propagate after three times of 

conftrmation monitoring, the efforts of further monitoring may be suspended. 
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XVII. Additional Considerations 

The following are responses to issues raised after the report was fmalized in its current form. 

1. 	 The moisture penetration test procedure and test data are shown in Exhibit 52 Fig. 3. The 
analysis was shown in Exhibit 72. The tests, performed at the University ofColorado at 
Boulder, followed the procedure detailed in Exhibit 52 since there is no ASTM standard test 
appropriate for this purpose. 

2. 	 Six core-bores revealed evidence ofmultiple laminar cracks in the same area ofthe outside 
face reinforcement. Performance Improvement International (PII) considers these to be a part 
ofa single delamination process. As explained elsewhere, cracks in concrete fo llow the path 
of least resistance and may diverge an inch or two to bypass a large piece ofstrong 
aggregate. A crack may also split under the same condition and continue on both sides ofthe 
aggregate for a short distance. Another possibility is that two distinct cracks, originating to 
the left and right ofthe core, follow a slightly different path due to localized stronger 
aggregates. These cracks will either converge or one will terminate beyond the stronger area. 

3. 	 An uneven snow load could transfer load to the top ofthe SB wall, but it wouldn't be any 
worse than the entire roof filling up with water. A previous vendor did a calc on the latter 
and the stresses were relatively small. This also wouldn't explain why there was cracking all 

the way down the wall, so it was never considered as a significant contributor to the laminar 
cracking. 

4. 	 [Exhibit 56] [Page 79]. The size and location for the 30'x30' simulated "crack" was selected 
to approximate the same location as the physically observed 30' crack. 

5. 	 The thermal transient analysis conditions were chosen as the design load conditions because 
these thermal loads are the only conditions that produce radial stresses ofany significant 
magnitude tending to open pre-existing cracks. Wind, seismic and tornado loads do not 
produce any significant stresses ofany nature at the location of30' "crack". 

6. 	 The presence oflaminar cracks in the steam room does not contradict the freezing 

mechanism. In places where there is a very high density ofrebar in a single plane (and 
therefore a very low density ofconcrete in that plane, like a perforated paper towel) it is 
possible for a crack to propagate due to initiation ofcracking in an adjacent region. Based on 
the IR mapping data provided by Davis-Besse, the cracks around the main steam lines 
coincide with regions ofvery high-density rebar and have arrested near the boundary ofthese 
regions. This is entirely compatible with the most likely failure mode identified. 

7. 	 The exact depth ofpenetration used as input to the FE model varies. In "ID" areas, it is 4" or 
less. In "2D" areas, it is 14" or less. An inch one way or the other would shift the crack 
location about an inch -- but a rigorous sensitivity study was not performed since we are not 
modeling growth rate. 
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8. 	 A qualitative elimination analyses was performed for all possible events. The analysis 
concluded that the blizzard of 1978 was the only event that can possibly generate the 

damage. The externally necessary conditions are high speed wind driven rain which 
facilitated a large amount of moisture penetrated into the concrete. The internally 
(intrinsically) necessary condition is the expansive nature ofthe concrete upon the formation 
of ice under low temperatures. The blizzard of 1978 produced a "perfect storm" that 
combined all necessary conditions and make them sufficient to generate the damage. 
All necessary parameters (external loading parameters and internal material parameters) are 
random variables to a certain extent, such as wind speed, wind direction, temperature, 
coefficient ofthermal expansion, compressive strength, and modulus of elasticity of concrete. 
Therefore, general trends of structural responses are more important than a specific response 

to a combination of input parameters. In order to simulate the general trend of the damage 
process by the FE method, the necessary parameters used as inputs for the FE analyses are 
either average values oftest data obtained from the concrete cores available to PH during the 
project period or typical values collected based on our extensive literature search. The 
general trend of stress output ofthe FE analyses showed that the blizzard of 1978 was highly 
likely the event to cause large laminar cracks like those found in Davis-Besse shielding 
building. 
The blizzard of 1978 was the only event that produced a "perfect storm". Large forces were 
needed to propagate cracks through the aggregate and only two motivating forces were found 
to be capable ofthis - ice freezing and differential expansion due to ice freezing. In order for 
this scenario to happen, there need to be high winds and precipitation driving moisture into 
the concrete. The temperature outside has to drop to well below freezing. The blizzard of 
1978 was the only event found to have all these factors in sufficient magnitude to cause large 
laminar cracks like those found at Davis-Besse. 
2D moisture penetration in the shoulders (due to a high surface area to volume ratio) leads to 
more differential expansion under the shoulders. The presence ofweak planes in the 
concrete (due to very high rebar density) gives the cracks a "perforated" path to propagate. 
Damage in the flute shoulders is concentrated on the southwest side ofthe building, which 
coincides with the predominant wind direction. Other parts ofthe building will still get wet. 
Based on the IR mapping, the laminar cracks that are not on the southwest side ofthe 
building are limited to regions with weak planes ofconcrete (due to high density rebar). 
Weak planes ofconcrete will require less force to initiate cracks. Therefore, the observed 
result is expected. 

9. 	 The cracking models consider the entire stress tensor when calculating damage. This is done 
internally by the code. In all other models (non-cracking models), the failure stress being 
considered (regardless of its direction or magnitude) is strictly a means ofcomparison. The 
failure stress is not used as an input to any ofthe models other than the cracking models. The 
cracking models used a failure stress of600 psi, which is not limited to radial stress. 
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10. The models that have been run to date produce results that are reflective ofthe observed 

damage based on IR mapping data. The laminar cracks occur in essentially the same 
locations in the models and in reality, including in the shoulders on the southwest side ofthe 
building and in regions with very high planar rebar density, such as in the top 20' ofthe 
building and around the main steam line penetrations. 
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Appendix II Summary of Finite Element Analyses Performed 

Section 2.01 Summary 

This document describes all analysis performed by the PH computational analysis team. 

The report submitted to the Root Cause Analysis from each analyst is summarized below. 

(a) Exhibit 67 - Davis-Besse Containment Tower lysis 
The for this report includes: 

• No surrounding buildings 
o 34mph from the Northwest (summer) 
o 34mph from the Southwest (winter) 
o 72mph from the Southwest (winter) 

• Surrounding buildings 
o 34mph from the Northwest (summer) 
o 72mph from the Southwest (winter) 
o 105mph from the Southwest (winter) 

• Tornado 
o Category F2 
o Traveled from the Northwest to Southeast 

Boundary Conditions for the problem consisted of 

• Winter 
o Ambient temperature of-13°F. 
o Temperature ofthe containment tower remained at a constant 7°F. 

• Summer 
o Ambient temperature of 104°F. 
o Temperature ofthe containment tower remained at a constant 130°F. 

It includes:The results from this analysis are input the Nastran 

• Pressure distributions on the surface 

• Heat transfer coefficients 

• Vorticity shedding calculated on the 72mph case 
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There are no conclusions ofthis analysis alone. The results of used in 
Exhibit 65 - Davis-Besse Thermal Analysis 

Section 2.03 
Role: Heat transfer analysis using Nastran Finite Element Analysis 

(a) Exhibit 65 - Davis-Besse Thermal analysis 
This analysis serves the purposes ofassessing the seasonal and daily variations in the 

temperature ofthe outer concrete shield building ofthe Davis-Besse reactor. The results ofthis 

analysis are used as inputs for subsequent thermal stress analysis. There are no conclusions of 

this analysis alone. The results ofthis analysis are used in the following Exhibits: 

• 	 Exhibit 56 - Structural and Thermal Analysis Investigation 

• 	 Exhibit 54 - Thermal Stress Analysis with Gravity and Wind Load 

• 	 Exhibit 61 - Stress Analysis at Cold Conditions and High Moisture Content 

• 	 Exhibit 62 - Stress Analysis due to 105 mph Wind Load 

Section 2.04 
Role: Structural analysis using Nastran Finite Element Software 

(a) Exhibit 56 - Structural and Thermal Analysis Investigation 

(i) 
These models serve the dual purposes of: 

1. 	 Calculating temperature distributions throughout the Shield Building resulting from the 

thermal transient response due to the various environmental conditions 

2. 	 Thermal stress analysis at critical time intervals during the 24 hour time periods of each 

environmental condition. 

also provide a cross check and quality assurance with_ 

A revised version ofthe duced a simulated crack 30' x 30' to 

evaluate the state of stress in the simulated crack region. 

The Results 0 f the 
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• 	 The highest magnitude of radial stress is in the thick portion of the architectural flutes 

during the summer months. The south-west facing architectural flutes experience a higher 

degree ofradial stress. The magnitude of radial stress is not sufficient to cause cracks. 

• 	 As a result ofthe thermal temperature gradients across the wall section the outer layers of 

concrete to the outer face rebar show the highest magnitudes of tension stress. From the 

outer face rebar layer moving further toward the center of the shield building wall the 

magnitude of tension stresses reduces to levels that would clearly not initiate cracks. 

• 	 Result from the _Nastran Model with simulated 30' x 30' crack is that stress 

developed due to thermal stress from the environmental conditions would not further 

propagate the simulated crack. 

(ii) 

These models are used to identifY peak time intervals during 24 hourll hour individual time 

slices where the magnitudes of radial stresses are highest. 

The Results ofthe re: 

• 	 Identifies the time of day during the 24 hour time period when magnitude of radial 

stresses is highest. 

• 	 Peak radial stresses around regions where known stress concentration factor (SCF) 

effects are known to exist will produce high stresses that could initiate cracks. 

• 	 The state of stress surrounding these SCF points would not propagate. 

Section 2.05 
Role: Structural analysis using Abaqus Finite Element software 

(al 	Exhibit 51 - Freezing Failure and Rebar Spacing Sensitivity Study 

This study shows that only a small fraction ofthe voids under the rebars need to fill with water 

and freeze in order to get laminar cracks. And, for a given motivating force, there are large 

laminar cracks that form in regions with dense rebar and none form in regions with sparse rebar. 
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This study shows that freezing of ice under the horizontal rebars is a plausible failure mode by 

establishing the conditions under which this modality matches the observed failures and then 

further testing the mode to show that there is no failure in regions with sparse rebar. 

This study shows that for the same motivating force, there are large laminar cracks that form in 

regions with dense rebar and do not form in regions with sparse rebar. With a given motivating 

force,_all ofthe models with 6" spacing ofrebar showed the development ofsome laminar 

cracks, while none ofthe models with 12" spacing ofboth horizontals and verticals showed any 

laminar cracking. 

This study establishes that rebar spacing is a probable contributing factor because the tighter 

rebar spacing can facilitate crack propagation. In regions with wider rebar spacing, damage is 

less likely because ofthe absence ofthis contributing factor. 

(b) 	Exhibit 73 - Laminar Cracking due to 1978 Blizzard 

• 	 The blizzard of 1978 scenario results in laminar cracking near the OF rebar mat. 

• 	 The blizzard of 1977 shows some damage (microcracking) relatively close to the surface 

ofthe shoulders, and significantly less damage compared to the blizzard of 1978. 

o 
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Laminar cracks developed most prominently at the OF 

rebar mat under the thick shoulder regions and not in the thinner sections in the flute and 

shell. 

• 	 Assumptions: For the assumed depth of penetration of water (3-4"), PH performed a 

Rilem tube test and got a number very similar to our assumption (2-3"). For the strength 

we assumed 600-900 psi and tensile tests showed a range of500-1 000 psi. For the strain 

energy, we performed a calibration to a known crack. The elastic stiffuess is validated by 

test data as well. Moreover, our conclusions are based on a reasonable set of input 

parameters that result in a plausible failure scenario. There is reasonable assumptions 

information, but we have determined that all other possible failure modes are not 

credible. Traditional sensitivity studies were not performed since this analysis is not a 

design basis analysis. 

(c) Exhibit 75 - Damage Propagation into Regions with High Rebar Density 

• 	 The locations of the cracking remain confined to the observed crack locations at the OF 

rebar mat, both under the thick sections of the shoulders and in locations where the 

horizontal rebar is spaced on 6" centers. 

o 	 The model in the top 20' of the walls shows some damage in the flute valley, 

which is in line with observation. 

o 	 The model near the Aux building roof shows less damage in the flute valley, 

which is also in line with observation. 

• Overall, the results show good agreement with observed cracking in the areas studied. 

Section 2.06 

Role: Structural analysis using Abaqus Finite Element software 

(a) Exhibit 61 - Stress State during the 1978 and 1977 Blizzards 
This analysis compares the stresses during the 1978 and 1977 blizzards assuming 93% moisture 

content in the outer few inches ofthe structure. The results ofthe analysis can be summarized as 

follows: 
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• 	 The blizzard of 1978 produced stresses above the tensile strength in the hoop direction, 

likely resulting in damage. The area exceeding the tensile strength is confmed to a 

circumferential plane at the depth ofthe outer face main cylindrical wall under the raised 

shoulders. 

• 	 The 1977 blizzard shows significantly lower stress compared to the blizzard ofl978. The 

hoop stress approached the tensile strength of the concrete and it is limited to a small 

area. For these reasons only minor damage, if any, is predicted. 

• 	 Assumptions: For the assumed depth of penetration of water (3-4"), PH performed a 

Rilem tube test and got a number very similar to our assumption (2-3"). For the strength 

we assumed 600-900 psi and tensile tests showed a range of500-1 000 psi. For the strain 

energy, we performed a calibration to a known crack. The elastic stiffuess is validated by 

test data as well. Moreover, our conclusions are based on a reasonable set of input 

parameters that result in a plausible failure scenario. There is reasonable assumptions 

information, but we have determined that all other possible failure modes are not 

credible. Traditional sensitivity studies were not performed since this analysis is not a 

design basis analysis. 

(b) Exhibit 62 - Stress Analysis due to 105 mph Wind Load 
The wind pressure during the 1978 blizzard was considered in this analysis 

• 	 The wind pressure does not produce stresses capable ofde laminating the structure. 

• 	 The 105 wind pressure load results in a max principal stress ofabout 55 psi 

• 	 The 105 wind pressure load results in a radial stress of less than 1 psi 

• 	 Assumptions: The pressure loads due to the 105 mph wind were calculated in a separate 

_ model and mapped to the Abaqus _ Model. The assumptions and 

modeling details are provided in Exhibit 67. Page 15, Figure 23 shows the surfuce 

pressure contours due to the 105 mph wind speed. Since the stresses are benign «1 psi) 

there is no need to perform a sensitivity study. Even a factor of2 difference in any input 

parameter will not result in a significant stress change. 
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(c) 	 Exhibit 64 - Thermal Stress Analysis with Gravity and Wind Load 
This analysis considers various temperature, gravity and wind conditions and the influence on 

the radial stress. The results ofthe analysis are: 

• 	 The temperature and wind conditions found to maximize the radial stress are not 

sufficient to delaminate the structure alone 

• 	 Thermally induced radial stresses is maximized at the hot summer temperatures 

• 	 At the location of the outer face horizontal rebar, the maximum radial stress due to 

temperature gradients, gravity, and wind is about 300 psi 

Section 2.07 Modulus of Elasticity 

The average compressive strength test data obtained at University ofColorado at Boulder 

showed that t;;' = 7571 psi (See Exhibit 52). Considering the large deviation ofcompressive 

strength test data from 5,444 psi to 10,508 psi and only one specimen available for testing 

modulus ofelasticity (the result was Ec = 5.9E06 psi, See Exhibit 3), it was decided that the 

modulus ofelasticity ofconcrete be calculated using the ACI formula for normal weight 

concrete, assuming fe' 7500 ps~ which results in 4.94E06. This value was used in all 

finite element models. 
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Appendix III Uncertainty Analysis 

The laminar cracking phenomenon is a structure wide issue. The crack develops at some weak 

point in the susceptible region and then propagates throughout the rest ofthe susceptible area. 

The overall result is sensitive to the overall average parameter to determine the ultimate extent of 

the crack. 

The overall cracking parameter is made up as follows: 

Sc =FJ (E *Mt*T), where Ft is the tensile strength (~973 psi +1- 6%) 

E is modulus ofelasticity (- 5.5 Msi +1- 8%) 

Mt is the modulus ofthermal expansion (- 5.20 E-61F) 

T is the temperature gradient seen by the concrete when it cracked. Solving, a 34 0 F 
gradient is needed to precipitate cracking. 

Note: The measured Ft value of973 psi was replaced with 'effective strength' of600 psi for the 
cracking models since experience shows that it is necessary to use a lower "effective" strength in 
the cracking models for multiple reasons. 

The uncertainty on anyone ofthe physical parameters ofthe concrete is about 8% each and 

taken together would give an uncertainty ofabout 13%. The uncertainty in the modeled 

distributions oftemperature and stress are on the order of30% for steady state cyclic fatigue 

calculations. It is much higher for transient temperature and stress conditions during a blizzard 

condition. 

As a result, we consider the uncertainty in steady state calculations to be on the order of+1- 35% 

which is sufficient to conclude that small amplitude cyclic phenomena are not responsible for the 

laminar cracking observed. It is not possible to make as firm a conclusion about the identified 

root cause because ofthe highly transient nature ofthe event. It is only possible to make 

comparisons about relative damage predicted by the model and verify that the observed damage 

is similar in nature. Thus the computer models provide a qualitative verification of the root 

cause conclusion. 

The more limiting parameter is the calculation ofthe temperature gradient in a severe transient 

condition such as the Blizzard of 1978. The uncertainties associated with the calculation ofthis 
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parameter are very large indeed. For that reason the ca1cu lation is not meant to be a quantitative 

assessment. 
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Appendix IV Failure Mode Chart 
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Appendix V Group I Failure Modes 

FM 1.1 - Rebar to rebar Interaction 

. Description: 
This failure mode will review the potential for rebar to rebar interaction to have caused/contributed to 
the laminar cracking issue. 
Data to be collected and analysed: 
Construction drawings: 
Exhibit 43 - Calculation C-CSS-099.20-054 
Exhibit 44 - Calculation C-CSS-099.20-056 
Exhibit 41 - C-0110 Roof plan wall section details 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
Per Drawing C-110, the majority of the rebar is as follows: 

Shell area Inside face: 
Horizontal either #11 @ 6", or #11@ 12", or #8 @ 12" depending on location 
Vertical either #10 @ 12" spacing or #11 @ 12" depending on location 

Shell area Outside face: 
Horizontal 
Vertical 

Shoulder area: 

either #11@6" spacing or #11@12" depending on location 
either #11@ 12" or #10@8" spacing depending on location 

Horizontal #8 @ 12" 
Vertical #8 @ 12" 

The above rebar is the typical pattern . 
• Additional rebar have been added at penetrations and at the construction opening. This additional 
I rebar is considered localized and not typical. 

Additional rebar is also present at the top 20 foot of the shield building. 
The rebar spacing is not unusual for this type of construction 
The specified rebar lap splice length is consistent with or more conservative than the ACI Code 
requirements 
The stresses in the rebar and concrete are approximately % of the allowable values 
There IS NO Supporting EVidence that this is a contributor 
Discussion: 
None 
Conclusion: 
Rebar to rebar interaction was not a cause of the Laminar Cracks 
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FM 1.2 - Rebar to Concrete Interaction 


Description: 
This failure mode will review the potential for rebar to concrete interaction to have caused/contributed 
to the laminar cracking issue. 
Data to be collected and analysed: 
Construction drawings: 

• Exhibit 41 - C-0110 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
See FM 1.1 and Exhibit 41 for rebar design requirements 
The stresses in the rebar and concrete are approximately Yz of the allowable values. 
The specified rebar lap splice length is consistent with or more conservative than the ACI Code 
requirements. 

• There is NO supporting evidence that this is a contributor 
Discussion: 
None 
Conclusion: 
Rebar to Concrete interaction was not a cause of the Laminar Cracks 
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FM 1.3 - Rebar Interaction with Flute Shoulder 


I Description: 
· This failure mode will review the potential design deficiency on rebar detailing that could lead to rebar 
· interaction with the Flute/Shoulder to have caused/contributed to the laminar cracking issue. 

Data to be collected and analysed: 
Exhibit 41- C-0110 Roof plan wall section details 

• Verified Supporting Evidence: 

• Cracks are predominate in the shoulder area 

• Cracks are predominately located between the horizontal rebar anchor points. (results in 
approximately 10 foot spacing) 

• The shoulder vertical and horizontal rebar are #8@12 spacing. 

• The vertical rebar are not tied to the main outside reinforcing steel mat 

• The horizontal rebar are tied to the main outside reinforcing steel mat only at the ends. 

• There is approximately 10 foot horizontal span in which the shoulder concrete is not connected 
to the main outside reinforcing steel 

Verified Refuting Evidence: 
None 
Discussion: 
Refer to FM 1.12 for additional discussion 
Conclusion: 
Rebar interaction with flute shoulder may be cause of the Laminar Cracks 
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FM 1.4 - Rebar to Rebar Overlap 


Description: 
This failure mode will review the potential for rebar to rebar lap splice to have caused/contributed to 
the laminar cracking issue. Some of the rebar in the wall were extended (spliced) by overlapping instead 
of mechanical connectors. These overlap connections need to be spaced correctly with sufficient 
overlap in order to transfer stresses between rebar . 

• Data to be collected and analysed: 
Exhibit 41 - C-0110 Roof plan wall section details 
Exhibit 43 - Calculation C-CSS-Q99.20-054 

. Verified Supporting Evidence: 
, None 
Verified Refuting Evidence: 
Reference Drawing C- 110, the specified rebar lap splice length is consistent with or more conservative 
than the ACI Code requirements 
The stresses in the rebar and concrete are approximately Y, of the allowable values. 
The lap splice lengths specified on Drawing C-110 exceed the minimum length of lap splices required by 

i 

American Concrete Institute (ACI) 318-1963. The specified length of the lap splices ensures that the 
required load transfer is very low as identified in Calculations C-CSS-99.20-054 and 056. 
There is NO Supporting Evidence that this is a contributor 
Discussion: 
None 
Conclusion: 
Rebar to rebar overlap did not cause the Laminar Cracks 
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FM 1.5 - Excessive density of rebar 


Description: 

This failure mode will examine the potential for excessive rebar density to have caused the identified 

laminar cracks. 

Data to be collected and analysed: 

Construction drawings: 

Exhibit 44 - C-01l1A 

Exhibit 41 C-OllO 

Exhibit 51- Rebar density sensitivity study by PI! 

Verified Supporting Evidence: 

• 	 Laminar cracks were observed at the top of the shield building 
• 	 Laminar cracks were observed around the construction opening 
• 	 Laminar cracks were observed around the main steam line penetration 
• 	 A 'Rebar Spacing Sensitivity Study' was performed by PI! (exhibit 51). The study established that 

higher density of rebar could lead to more laminar cracking under a given stress condition. 

Verified Refuting Evidence: 

See rebar requirement in the Rebar to Rebar Interaction section. 

The normal detail is #10 bar or #llbar@12" spacing. Additional rebar was added at the construction 

opening and at blockout areas to compensate for the rebar interrupted by the opening. In addition, at 

the top 20' of the shield building, the rebar density increase to #llbar@ 6" spacing. 


However, The majority of the cracks were observed in the shoulder areas where the rebar density is not 

excessive and very normal for that type of construction. 

Discussion: 


• A study to evaluate freezing failure and rebar spacing (exhibit 51) found that for a given motivating 
. force, large laminar cracks form in regions with dense rebar and not in regions with sparse rebar. 

Conclusion: 

Excessive density of rebar is a contributor to the laminar Cracks 
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FM 1.6 - Building Dome Weight 


Description: 
This potential failure mode will examine the effect of the Building and dome weight as a 
cause/contributor to the identified laminar cracking. 
Data to be collected and analysed: 
See FM 1.7 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
See FM 1.7 
Discussion: 
None 
Conclusion: 
See FM 1.7 
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FM 1.7- Interaction between Building/Dome 


Description: 
This potential failure mode will examine the interaction between the 5hield Building dome and walls as a 
cause/contributor to the identified laminar cracking. 
Data to be collected and analysed: 
Construction drawings: 
Exhibit 43 Calculation C-C55-099.20-054, Attachment C p. 11 
Exhibit 53 - Drawing C-l09 
Exhibit 41 Drawing C-110 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The weight of the dome is over 5000 kips, Ref. Calculation C-C55-099.20-054. However, the 
circumference of the shield building is approximately 450 feet with 30 inch thick walls. This results in a 
compressive force of less than 50 psi. 
The weight of the 225 foot wall results in a compressive force of less than 250 psi 
The reinforcing at the top of the shield building is substantial. However, per ACI 307 5ection 4.1.4 the 
amount of reinforcement in the top 7.5 feet is doubled what is needed to account for the load. 
The structural analysis shows that the stress in the rebar and concrete are approximately ~ of the 
allowable values. 
There is nothing unusual with the rebar in this area. 
Therefore, this potential cause is refuted. 
Discussion: 
None 
Conclusion: 
Interaction between Building/Dome was not a cause of the Laminar Cracks 
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FM 1.8 - Interaction between Building/Wall 


Description: 
Interaction between the Shield Building and the adjacent Auxiliary Building could have exerted forces 
that potentially caused some of the laminar cracks. 
Data to be collected and analysed: 
Construction drawings: 

i Exhibit 44 - Drawing C-lllA 
i Exhibit 45 - C-0100 Shield Bldg Foundation 
i Exhibit 51- C-0200 rev 30 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
There has been no seismic activity at the Davis-Besse site which could have caused any interaction 

between structures. Also, the Auxiliary Building is founded on bedrock as is the Shield Building. This 

eliminates any potential for differential settlement to have caused interaction. 

The as-found cracks are primarily located away from the direct interface between these two structures 

(Exhibit 44 - Drawing C-ll1A). 

The Shield Building and Aux building are isolated by an expansion joint. (See Drawing C-200) 


i This makes it highly unlikely that interaction between the two buildings caused any of the laminar 
cracks. 
Discussion: 
None 
Conclusion: 
Interaction between Building/Wall was not a cause of the Laminar Cracks 
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FM 1.9 - Structures Dynamic interaction 


Description: 
Structures Dynamic Interaction could have exerted forces that potentially caused some of the laminar 
cracks. 
Data to be collected and analysed: 
See FM 1.8 
Verified Supportil1g Evidence: 
None 
Verified Refuting Evidence: 
See FM 1.8 
Discussion: 
None 
Conclusion: 
Structures Dynamic interaction was not a cause of the laminar Cracks 
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FM 1.10 - Rebar Location in the structure 


Description: 
The potential for the rebar location in the structure to have caused or contributed to the laminar • 
cracking will be reviewed. 
Data to be collected and analysed: 
Construction drawings: 
Exhibit 41- Drawing C-110 

• Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The rebar location is consistent with good engineering / fabrication practices with the exception of how 

the shoulder area is tied back to the shield building shell area. 

Refer to Failure Mode 1.3 for the Rebar Interaction with the Flute /Shoulder. 

Discussion: 
Refer to FM 1.12 for additional discussion 
Conclusion: 
Rebar location in the structure was not a cause of the laminar Cracks 
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FM 1.11 - Inadequate Concrete Tensile Strength 


i Description: 
This potential failure mode will examine the potential for inadequate tensile strength in the concrete as 

• a cause/contributor to the identified laminar cracking. 
! Data to be collected and analysed: 
! Exhibit 3 - Lab Test results from Twining Laboratories 

Exhibit 52 ­ Lab test results from University of Colorado at Boulder 

•Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The minimum specified compressive strength is 4000 psi. The design tensile strength of the concrete is 
a function of this minimum compressive strength. 
A common design expression (ACI 318-89) is: 

ft =6.7 (fc}o.s or 6.7(40oo}0.5 =424 psi 

Average Splitting Tensile Strength (fst) from tests performed on shield building core samples (Exhibit 3 

• and 52) exceeded 900 psi. 
Discussion: 
None 
Conclusion: 
Inadequate tensile strength did not cause the Laminar Cracks 
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FM 1.12 - Inadequate Shoulder Detail 


Description: 
This potential cause for the laminar cracks is the potential of inadequate shoulder reinforcement details. 
Data to be collected and analysed: 
Construction drawings: 
Exhibit 44 - C-0111A 
Exhibit 41 - C-0110 
Verified Supporting Evidence: 
The shoulder areas were reinforced with #8 rebar spaced at 12 inches in each direction. The horizontal 
rebar were provide with a tie (Le. hooks) at each end into the main reinforcing of the Shield Building 
wall. The distance between these tie points was about 10 feet. This left a considerable span where only 
concrete was available to resist loads at the cylinder/shoulder interface. This relatively large span is the 
area where the laminar cracks have been identified, Ref. Drawing C-lllA. Various loading (thermal, 
creep shrinkage, etc.) have been shown to develop stresses that could account for these cracks. The lack 
of adequately spaced ties between the shoulder reinforcement and the main cylinder appear to be the 
one potential failure that could have prevented the cracking. 
Therefore, this failure mode is considered to be a cause for the identified laminar cracks. 
Verified Refuting Evidence: 
None 
Discussion: 
None 
Conclusion: 
Inadequate shoulder detail was a major cause for the Laminar Cracks 
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Appendix VI Group 2 Failure Modes 

FM 2.1 - Concrete Mix 

Description: 
Concrete mix design controls the physical properties of the concrete and its performance in the 

structure. 


The mix components analysed here include the aggregate type, aggregate properties and cement type. 

Mix-dependent properties include workability, design and actual strength, durability, and air content 

and distribution. 

Description of issues and conclusions follow. 


Data to be collected and Analysed: 
Concrete mix design was evaluated based on data from original mix-design, visual and microscopic 

investigation of the hardened concrete, review of inspection and NCR (Non-Conformance Report) 

records. Analysis of delivery tickets and test reports was performed . 

Exhibit 1 is original mix design 

Exhibit 11 is original submittals including mix design and material properties 

Exhibit 2 is a Petrographic analysis by CTL. 


Exh ibit 8 is a report on four NCRs during concrete placement. 

Exhibit 26 is a report on Petrographic Studies of Concrete from Containment Structure by WJE. 

Exhibit 34 - Concrete mix summary for Below Grade wall 

Exhibit 35 - Concrete Strength summary for Below Grade wall 

Exhibit 36 - Concrete Strength summary for Above Grade wall 

Verified Refuting Evidence: 


Aggregates 
Aggregates used were in compliance with the project specifications of 1.5" MSA (Maximum Size 
Aggregate). Exhibit 11 provides complete information on the original aggregates. Petrographic analysis 
by CTL (exhibit 2) identified the aggregate as "composed of limestone, dolomitic limestone, argillaceous 
limestone, and other carbonate rocks. Particles range from dense to moderately porous." Microscopy 

inspection found no indication of reactive aggregates or weak inclusions. The aggregate is hard and 
appears to be well distributed in the matrix. 

It is concluded that the aggregates were not a cause of the laminar cracking. 

Cement Type 
Two cement types were used in the structure. Type II cement was used in the below-grade part and in 
the top 4 feet of the wall (as detailed in NCR - Exhibit 8). The choice of Type II for use below grade may 
have been influenced by concern for potential durability issues. 

Type I cement was used for the rest of the structure. This choice may be related to the higher early 
strength requirements of slip-forming operation. 

These two cement types have similar strength properties after the first month and should provide the 
same long-term performance. 

It is concluded that the choice of cement type had no effect on physical properties of the hardened 
concrete and was not a cause of the laminar cracking. 
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Strength 
A total of ninety-two (92) cylinder sets from original construction were analyzed. Eighteen sets were for 
concrete using the Type II cement (Exhibits 34-35) and seventy four (74) were for Type I cement (Exhibit 
36). Figure 1 below summarizes the results. Note the first 19 tests and 3 of the last are for concrete 
with Type II cement - resulting in lower seven day strength but comparable later strength. 

Twenty-eight (28) days strength averaged 5750 psi with seven (7) days strength averaging 4100 psi . As 
expected, the concrete with Type II cement was slower to gain strength, but by day 28 all concrete 
exceeded the design requirements of 4000 psi. 

Average strength at 90 days reached 7075 psi with Standard Deviation (StD) of 50S, maximum strength 
of 8100 psi , and minimum value of 5884 psi. 

Due to the nature of the placement (slip-forming) and the limited records it was not possible to 
determine where each load was placed and attempt to correlate strength results with observed distress. 

Project specifications (exhibit 4) required that "Concrete for slip-form work shall conform to ACI 
Standard "Recommended Practice for Cold Weather Concreting" (ACI 306-66). The concrete shall attain 
a minimum ultimate compress ive strength of 1200 psi in two days when type II cement is used and 1600 
psi in two days when type I cement is used ." 

A freezing test reported in January 1971 (Exhibit 7) found 2 days strength averaged 2310 psi and 28 days 
strength following 14 freezing cycles exceeded 4600 psi . 

I It is concluded that concrete strength was in compliance with requirements and was not a cause of the 
~minar cracking. It is possible that the wide range of strength results explains why areas with similar 
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load conditions exhibit different distress levels. 

Durability 
There are no indications of any durability related distress to the structure. Microscopic analysis of 
concrete cores did not detect any distress related to reactive aggregates or attack by external chemical 
agents (Exhibit 2 - CTL Lab Test Report). The petrographer's report states: "Based on Petrographic 
examination, no materials related causes for the cracks and microcracks are observed ... concrete does 
not exhibit deleterious chemical reactions involving aggregates and paste ... nor other forms of chemical 
or physica I deterioration." 

The chloride content of the shield building concrete is insignificant and could not contribute to corrosion 
of the reinforcing bars. 

Visual inspections of the outside face of the wall did not reveal any durability related distress. 

It is concluded that durability issues did not cause the laminar cracking. 

Air content 
All the concrete used in the structure was specified with air entrainment range of 3-6% (Exhibit 1). Sixty 
Nine (69) tests on fresh concrete averaged 5.2% air with StD of 0.5%, maximum value of 6% and 
minimum value of 3.3%. 

Air measurements in a core (Exhibit 2 page 16 of 20 - CTL Lab Test Report) were reported as "effectively 
non-air entrained." Another core from the same report (page 19 of 20) found varying levels of air­
entrainment ranging from 1 to 5%. Petrographic Studies of Concrete from Containment Structure by 

WJE (Exhibit 26) reached similar conclusion . They noted that even though the total air content met 
industry standards, the specific surface and spacing factor did not meet the requirements. However, 
they concluded that the apparent lack of freeze-thaw damage may be explained by the high density (low 
permeability) and high strength typical of concrete with low water/cement ratio. 

Analysis to measure effect of air on the compressive strength shows no significant effect of air content 
on the strength at 7,28 and 90 days. (See Figure 2) 

Visual inspection of external concrete wall shows no indication of freeze-thaw damage after forty years 
exposure. Visual inspection of concrete on top of the structure detected an area of the walkway with 
shallow surface spalling typical to freeze-thaw damage. This location is exposed to standing water, ice, 
and snow, and is expected to experience substantially harsher exposure than the rest of the structure. 
This level of damage after 40 years exposure is considered insignificant. 
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Workability 
Workability in concrete construction is specified by Slump values. Average Slump at the truck unloading 
point, calculated from inspection reports, was 4" with a maximum value of 6" . The concrete mix design 
(exhibit 1) specified maximum slump of 5-6" while the specification (-38 (exhibit 5) required maximum 
5" slump at point of placement. The measured slump values are in compliance and another indication 
that the concrete placed was within acceptable limits. 

Even the lower range of slump measured can be consolidated properly with the mechanical vibrators 
used in the wall construction. 

It is concluded that workability was not a cause of the laminar cracking. 

Verified Supporting Evidence: 
None 

Discussion: 
See above 

Conclusion: 
The investigation of the concrete mix design, resultant properties, and lab test results show that the 
concrete used in the Shield Building is sound, of good quality, high strength, and consistent with the 
construction specifications. Therefore, the concrete mix can be eliminated as a cause for the 
delamination. 
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FM 2.2 - Concrete Placement 


Description: 
Concrete placement may determine its performance and properties. It can affect the void structure, 

rate of strength gain, adhesion, consolidation, moisture resistant and other properties. 

Description of issues and conclusions follow. 


Data to be collected and Analysed: 
Concrete placement was evaluated based on original job specifications, review of inspection and NCR 

(Non-Conformance Report) records, review of photographic evidence, and analysis of industry standards 

and good construction practices. 

Exhibit 4 (Specification C-26 - TECHNICAL SPECIFICATIONS FOR THE FORMING, PLACING, FINISHING AND 

CURING OF CONCRETE) provided guidelines for placing the concrete in the wall. 

Exhibit 5 (Specification C-38 - QUALITY ASSURANCE AND CONSTRUCTION PROCEDURES REACTOR SHIELD 

WALL SLIP FORM CONSTRUCTION METHOD) 

Exhibit 6 (Specification C-38 - TECHNICAL SPECIFICATIONS FOR THE SHIELD BUILDING No 7749-C-38) 


• includes description and instruction for the slip-form work. 
Exhibit 8 - report on four NCRs during concrete placement. 
Exhibits 12 and 13 are Interim Field Reports regarding temperature, mix and water content issues. 
Verified Refuting Evidence: 

Methodology 
Specification C-26 (Exhibit 4) provided guidance for all phases of mixing, conveying, plaCing, finishing and 
curing the concrete. It required compliance with ACI 301, ACI 304, ACI 318, ASTM C-94, and as indicated 
in the specification. Thorough review of project documents, including daily inspection records, NCRs, 
and delivery tickets did not show any significant issues with the methodology of placing concrete in the 
wall. Specification C-38 (exhibit 5) provides additional details and clarifications: 

"The concrete is placed directly into the forms from a specially deSigned round concrete bucket, 
in approximately 9" layers evenly around the form, and then vibrated with electric vibrators, 
The bucket is hOisted to the deck area by means of an electrically controlled, free-standing 
tower crane after being loaded from a charging hopper. At the foundation level, the charging 
hoppers will be fed by concrete conveyors loaded from the ready-mix trucks." 

Segregation 
Segregation in concrete is a phenomenon where heavier particles sink and lighter ones rise during 
placement and consolidation. It can create areas of different properties that may lead to stress 
concentration and non-uniform behavior of the concrete. 

Specification C-26 (exhibit 4) stated: 

"Concrete shall not be dropped through dense reinforcing steel which might cause segregation 
of the coarse aggregate. In such cases spouts, elephant trunks, or other suitable means shall be 
used. In any event, concrete shall not be dropped free through dense reinforcing from a height 
of more than 6 feet except as otherwise approved by the CONSTRUCTION MANAGER..." 

Visual inspection of cores did not reveal any significant segregation in the wall concrete. 

It can be concluded that segregation was not a cause of the laminar cracking. 
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Ambient Temperature 
Ambient temperature, either high or low, can have deleterious effect on concrete unless steps are taken 
to protect it. Specification C-26 Section 11 (Exhibit 4) provided guidelines for cold and hot weather 
concreting. 

Thorough review of project documents, including daily inspection records, NCRs, and delivery tickets did 
not show any significant problems when concrete was placed at temperatures as low as 02F. 

It is concluded that the ambient temperature was not a cause of the laminar cracking. 

Concrete Temperature 
Concrete temperature is critical when placing during cold weather since a minimum temperature is 
required to get the chemical reactions started. Once started, these reactions will normally produce 
enough heat to keep the process going. Specification C-26 Section 11 (Exhibit 4) provided guidelines for 
required temperature range of the concrete. (Exhibit 4 - section 11.3.3 states: 

"slip-form concrete which shall have a minimum placing temperature of 85F and a minimum 
placing temperature of 70 F."). 

Exhibit 8 refers to a placement of low-temperature concrete during winter operations. Exhibit 12 details 
tests and analysis performed to confirm that the low temperature did not impact the strength 
properties. 

It is concluded that the concrete temperature was not a cause of the laminar cracking. 

Excessive Water 
The total water content of the concrete is the main parameter determining its strength and durability. 

Exhibits 8 and 12 detail an occurrence where 48 cu. yds were placed with water to cement ratio 
exceeding the design mix. Analysis and tests led to the conclusion that the strength properties were 
acceptable. The concrete was accepted. 

It is concluded that excess water was not a cause of the laminar cracking. 

Wrong Mix 
Exhibits 8 and 13 detail an occurrence where 6 cu. yds of concrete mix C 1-3 were placed in error. 
Analysis and tests led to the conclusion that fly-ash was not used and the strength properties were 
acceptable. The concrete was accepted. 

It is concluded that wrong mix was not a cause of the laminar cracking. 

Concrete Cover 
Reinforcing steel cover is intended to transfer the load between reinforcement and concrete, provide 
confinement, and protect the reinforcement from the environment. A requirement for minimum cover 
of solid concrete over any embedded steel is intended to ensure that the steel is properly protected 
from corrosion. The alkaline nature of concrete provides such protection. 

Interaction of permeable concrete with air can, over time, cause carbonation of the cement paste and 
loss of alkalinity. 

laboratory tests (exhibit 2) found that: 

"Paste along the outer surface of the cores ... is fully carbonated to a depth of 5 to 8 mm." 

Since cover to main reinforcement was 3 this rate of carbonation is slow and does not 
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present a problem for the structure. In some locations, cover to outer surface of rebar was found to be 
as low as 1 inch (24.5mm). This observed cover is likely the result of exceptional conditions (such as 
overlaps, bundling, or misaligned forms), and is not a problem considering that carbonation reached less 
than a third of the depth in 40 years. 

The report also found that chloride content is insignificant. 

It is concluded that concrete cover is not considered a cause of the laminar cracking. 

Curing 
Concrete requires presence of sufficient amount of moisture to facilitate the chemical reactions and to 
delay drying shrinkage until the concrete achieved sufficient strength to resist cracking. 

Specification C-26 (exhibit 4) lists six acceptable curing methods that the superintendent can use 

individually or together. 


Exhibit 6 provided the following guideline: 

liThe Shield Building concrete, except as otherwise approved by the CONSTRUCTION MANAGER, 
shall be cured by the liquid membrane method ... The liquid membrane shall be applied to all 
slip-form wall surfaces. The membrane shall be applied to within 2 feet (two feet) of the bottom 
of the slip-form after the concrete surface has been finished." 

Review of project documents did not locate a description of the method actually used during the slip­

forming operations. 


Thorough review of project documents, including daily inspection records, NCRs, and other 

communications did not show any problem with the curing. 


Placing Limitations 
Specification C-26 (exhibit 4) states that: 

"Concrete shall be deposited in horizontal layers of not greater depth than 24 inches, and shall 
not be allowed or caused to flow a distance, within the forms, of more than 5 feet from point of 
deposition." 

Thorough review of project documents, including daily inspection records, NCRs, and other 

communications did not show any problem with the placing limitations. 


· It is concluded that placing limitations did not cause the laminar cracking. 

•Verified Supporting Evidence: 

~No~_e_________.. ___ 

Discussion: 
· See above 

Conclusion: 
~e plac;ement methods did not cause the Laminar Crack:::.s________________--l 

---------_..._-_... 
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FM 2.3 - Slip-forming joints 


Description: 
Cold joints in concrete construction are joints where fresh concrete is placed over hardened concrete. 
In these situations it is possible to have poor adhesion, reduced load transfers, and leaks through open 

• joints. 
Data to be collected and Analysed: 
Exhibit 20 - slip-form records summary 
Exhibit 15 - hand written summary of slip-form records. 
Exhibit 4 - Spec C-26 forming placing finishing curing concrete 
Exhibit 5 - QA and procedures slip form construction - Vendor Document 7749-C-38-3-1 
Exhibit 46 - Overview and close-up of shield building showing mortar lines 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 

Exhibits 15 and 20 include a summary of data taken from slip-form records. 

• Normally, three daily shifts poured concrete continuously. 

• Concrete was placed in the forms in uniform layers that were vibrated to create a solid interface 

without any breaks or cold joints (see FM 2.5 for discussion of procedures). 

• Slip form records indicate breaks in the sequence on: 

1. May 1 - One shift 

2. May 2 - No pours 

3. May 8-9 - No pours 

4. May 15-16 - No pours 

• The above indicates three times that cold joints were created in the structure. 

Exhibit 4 provides the follOWing instructions for cold joints: 

"All concrete surfaces to receive new concrete shall be wet down two hours prior to placing 

concrete. All horizontal surfaces be thoroughly covered with approximately 1/2 inch of mortar 

immediately before the concrete is placed. For congested areas the mortar may be forced ahead 

of the concrete. The mortar shall have the same cement-sand ratio as used in the concrete 

being placed. The provision requiring placement of 1/2" mortar on horizontal construction 

joints may be waived by the CONSTRUCTION MANAGER on slip-form work when in his judgment 

the CONTRACTOR demonstrates that a satisfactory joint can be obtained without the use of 

mortar." 

Exhibit 2 includes additional specifications for cleaning and preparing the hardened concrete for 

placement of new concrete. 

Exhibit 46 is recent photos of the shield building. Darker lines on the surface appear to be the mortar 

beds used to tie hard and fresh concrete when needed. It appears that the construction manager used 
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this treatment on cases (other than the three above) when setting concrete required it. 

Close observations did not detect any sign of crack or open joint or any indication of moisture 
movement (Efflorescence). 

It is concluded that cold-joints were treated according to job specifications and were not a problem. 
i Discussion: 
. Above 

Conclusion: 
Slip-forming joints were not a cause of the laminar Cracks 
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FM 2.4 - Drying Shrinkage 


Description: 
Concrete goes through a process of water loss, mostly in the first months of exposure to the 
environment. The resultant reduction in volume - shrinkage - can cause stresses in restrained 
concrete. In the case of a wall where the exposed surfaces are not restrained the stresses are parallel to 
the face and may cause radial cracks. 
Data to be collected and Analysed: 
Visual observations of cracking in the containment wall 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
Tight radial cracks were observed in multiple locations along the wall and the parapet (Exhibit 38) . 

• These cracks were barely visible and appeared old and inactive. There was no indication of moisture 
i movement (no efflorescence, staining, etc.). I 
Discussion: 
Above 
Conclusion: 
Shrinkage cracking was not a cause of the Laminar Cracks 
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FM 2.5 - Concrete Construction 

'-D-e-S-C-ri-ption:-~-~- -~--~-~-....----....--~-.... -------- ~ 

Concrete construction methods may determine the structure's performance and properties. 
• Description of issues and conclusions follow. 

Data to be collected and Analysed: 
Concrete Construction was evaluated based on original job specifications, review of inspection and NCR 

(Non-Conformance Report) records, review of photographic evidence, and analysis of industry standards 

and common practice. 

Exhibit 4 (Specification C-26 - TECHNICAL SPECIFICATIONS FOR THE FORMING, PLACING, FINISHING AND 

CURl NG OF CONCRETE) provided guidelines for placing the concrete in the wall. 

Exhibit 5 QA and procedures slip form construction - Vendor Document 7749-C-38-3-1 

Exhibit 6 (Specification C-38 - TECHNICAL SPECIFICATIONS FOR THE SHIELD BUILDING No 7749-C-38) 

includes description and instruction for the slip-form work. 

Exhibit 27 is the ACI 347-63 Recommended Practice for Concrete Formwork. 


• Exhibit 28 is Fegles Drawing of Jack Rod layout plan. ____.__._~__....______.____.J 
Verified Refuting Evidence:- .'-------~ 

Vibration 
Specification C-26 (Exhibit 4) provided the requirements for methods and equipment to be used in the 

consolidation of the concrete. It stated that: 


"Concrete shall be placed with the aid of mechanical vibrating equipment and supplemented by 
hand spading and tamping ... The vibrator shall be operated in a near vertical position, and the 
vibrating head shall be allowed to penetrate under the action of its own weight and revibrate 
the concrete in the upper portion of the underlying layer. Neither form nor surface vibrators 
shall be used unless speCifically approved. Vibrators shall not be used to move or spread 
concrete. A ratio of not less than one spare vibrator in good working condition to each three 
vibrators required for satisfactory vibration of the concrete being placed shall be kept available 
for immediate use at point of deposition.. . " 

Thorough review of project documents, including daily inspection records, NCRs, and delivery tickets did 
not show any significant problem with the consolidation of concrete in the wall. 

Visual analysis of cores revealed the presence of entrapped air bubbles of various sizes in the matrix. 

These voids are not expected to have a significant impact on the strength of the concrete and its ability 

to resist tensile stresses. They could, however, provide locations where water can accumulate and 

freeze and where cracks can initiate. 


It can be concluded that vibration was not a cause of the laminar cracking 

Time between pours 
ACI recommendations and ASTM standards provide clear guidelines for timing concrete delivery so that 

! new concrete can be integrated into existing concrete without creating cold joints. 

Thorough review of project documents, including daily inspection records, NCRs, and delivery tickets did 
· not show any significant problems with timing of concrete delivery. 

It is concluded that the time between pours was not a cause of the laminar cracking. 
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Joints 
Exhibit 4 required that construction joints be prepared by sand blasting, bush hammering or other 
approved means. 

"All concrete surfaces to receive new concrete shall be wet down two hours prior to placing 
concrete. All horizontal surfaces be thoroughly covered with approximately 1/2 inch of mortar 
immediately before the concrete is placed... The provision may be waived by the 
CONSTRUCTION MANAGER on slip-form work ..." 

Reviewed delivery tickets did not provide records of mortar meeting the specification requirements. 
However, visual observations of the completed wall show horizontal lines of darker concrete at various 
elevations. It is believed that these lines were caused by the application of Y2 inch mortar as required by 
the specification in exhibit 4. 

Thorough review of project documents, including daily inspection records, NCRs, and delivery tickets did 
not reveal any deficiencies with joint construction. 

It is concluded that joints did not contribute to the laminar cracking. 

Forms 
The concrete forms are expected to be straight and true, able to withstand the internal and external 
pressures without leaking or damaging the concrete. Exhibit 27 (ACI 347-63) provides basic guidelines 
for slip-formed forms. Exhibits 4, 5, and 6 are project specifications detailing the requirements and the 
QA system to monitor the forms. 

Exhibit 4: 

"The Shield Building walls will be constructed by the slip-form method as described in 
Specification No. 7749-C-38. Forms shall be constructed in accordance with the applicable 
Provisions of ACI 347 except as modified herein on the drawings. Forms shall be of wood, metal, 
structural hard board or other suitable material that will produce the requited surface finish. 
Forms shall be constructed to conform to the shape, form, line and grade required, and shall be 
sufficiently rigid to prevent deformation under load and be so designed to be removed readily 
without injuring the concrete. Joints shall be mortar tight and arranged to conform to the 
pattern of the design required ..." 

Exhibit 5: 

''The basic slip-forms will consist of a four foot high form on the inside and outside face of the 
wall, constructed of vertical staves (1" x 4" T&G flooring) with walor [sic] segments cut to the 
prescribed radius. The segments are cut from 2" lumber and are three laminations thick for 
each segment. 

The form will be erected with a slight batter, that is, narrower at the top than at the bottom. 
This is to prevent the concrete from creating excessive friction on the form sides and allow the 
wall concrete to assume the proper width, approximately half way up in the form." 

Exhibit 6: 

"Parting agent shall not be used in the slip-form operation." 

The design detailed in Exhibit 5 is intended to ensure that the forms slide over the fresh concrete with 
minimal friction and no damage to the setting concrete. 
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The observed finish of the wall surface shows no signs of damage due to leaking forms or "friction tear." 

It is concluded that forms design and operation did not cause the laminar cracking. 

Slip-form speed 

The rate of movement of the forms is specified in Exhibit 5 (ACI 347-63) as follows: 


"When in the opinion of the Slip Form Superintendent the concrete in four foot section has attained its 
proper set the jacking operation will be initiated. Thereafter, the rate of the forms vertical movement 
will be controlled by the Slip Form Superintendent, based Upon the setting rate of the concrete, placing 
of reinforcing bars, placing of inserts and openings. A minimum of 13" to 20" of firm concrete must be 
attained in the lower part of forms to provide Support at all times for fresh concrete." 

Thorough review of project documents, including daily inspection records, NCRs, and other 

communications did not show any problem with the slip-forming speed. 


Slip-form speed is not considered a cause of the laminar cracking. 

Jacking Rods Locations/Dimensions 

The location/dimension of jacking rods is specified in Exhibit 5 (ACI 347-63) as follows: 


(fIN THE DESIGN OF THE FORMS IN WHICH JACKS ON VERTICAL RODS ARE USED, CARE MUST BE TAKEN TO PLACE JACKS IN 

SUCH A MANNER THAT THE VERTICAL LOADS ARE AS NEARLY EQUAL AS POSSIBLE AND DO NOT EXCEED THE SAFE 

CAPACITY OF THE JACKS. THE STEEL RODS OR PIPE ON WHICH THE JACKS CLIMB OR BY WHICH THE FORMS ARE LIFTED 

SHOULD BE ESPECIALLY DESIGNED FOR THIS PURPOSE. THESE RODS MUST BE PROPERLY BRACED WHERE NOT ENCASED IN 

CONCRETE. JACKI",G RODS OR PIPES MAY BE LEFT IN CONCRETE OR WITHDRAWN AS CONDITIONS PERMIT BUT SPLICES 

AND LOW BOND VALUE MUST BE GIVEN SPECIAL CONSIDERATION IF THEY ARE TO BE USED AS REINFORCEMENT," 

Jack rod layout is detailed in Exhibit 28. Eighty (80) pairs of jack rods were spaced evenly around the 

structure, located inside the reinforcing mats. Photos taken during construction and observations made 

during demolition show jack rod installation in compliance with the specifications. 

The Jacking Rods are 5/8 inch diameter, mild steel sections that extend from the foundation to the top 

of the vertical wall. No correlation was observed between the location of the laminar cracks and the 

Jack-Rods. 

Thorough review of project documents, including daily inspection records, NCRs, and other 

communications did not show any problem with the Jack rods. 


Jacking Rod locations/Dimensions is not considered a cause of the laminar cracking. 

I Verified Supporting Evidence: 
! None 

~.....--.... ~-----~ ....-- .... ---------­
! Discussion: 
• See above 

Conclusion: 

The listed Construction Issues did not cause the laminar Cracks 
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FM 2.6 - Voids near Rebar 


Description: 
This potential failure mode will examine whether localized voids near the reinforcing steel caused or 

contributed to the identified laminar cracking . 


• When dense reinforcing bars are located in a structure where low-slump concrete with large aggregates 
i is placed, there is a potential for deficient consolidation and resulting voids. I 

I 

Data to be collected and analysed: 
Observations during demolition process. 

Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 

• During the hydro-demolition activities to create the 2011 construction opening there were 
numerous reinforcing steel bars exposed. Visual examination of the construction opening rebar 
did not identify any unusual voids near the rebar. 

• For practical reasons it was not feasible to obtain core samples containing intact rebar/concrete 
interfaces. However, Petrographic analysis and voids analysis did not reveal significant 
difference between samples taken adjacent to steel and samples taken some distance from the 
steel. 

• Analysis of the vibration methodology used (FM 2.2 - Concrete Placement) did not identify any 
deficiencies. 

Discussion: 
It is believed that except for the normal air trapped under horizontal bars during the placement process 

, there were no unusual voids created near rebar. 
i 

Conclusion: 
There were no excessive voids near rebar and such voids were not a cause of the Laminar Cracks 
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FM 2.7 - Concrete Sealant 


I Description: 
• Concrete sealants are recommended for use on concrete walls exposed to freezing conditions because 

concrete's porous nature allows external moisture to penetrate the concrete. Under wind driven rain 
conditions the depth of penetration and amount of water may be significant. 

· Data to be collected and Analysed: ...----~-------___i 
Exhibit 5 - QA and procedures slip form construction - Vendor Document 7749-C-38-3-1 

Slip form field data summary (Exhibit 20) provides information about the sealant used for curing. 

ACI 515 is the aLJthoritative source of recommended eractice for application of sealant to concrete. 

Verified Refuting Evidence: 

According to Exhibit 20, Grace's Clear Seal #12 was applied to the concrete under the moving forms. 

There is no record of the product's composition or performance, but based on similar products it is 

believed that this was a curing/sealing compound intended to lock moisture inside the concrete during 

the curing period. These products are not intended for long term sealing of concrete against external 


· moisture and they tend to lose effectiveness under environmental exposure. 

Verified Supporting Evidence: 

There is no record of the application of a sealant to the vertical walls since the structure was 

constructed. 

Discussion: 

ACI 515.1 R-79 (not available during construction) is 'A Guide to the Use of Waterproofing, Damp­

proofing, Protective, and Decorative Barrier Systems for Concrete.' Section 2.2 sets the standard-of-care 

for using water proofing and makes the case for applying water-proofing or damp-proofing to the wall: 


"2.2-When waterproofing is used 
Waterproofing is normally used to prevent leakage of water into, through, or out of concrete 
under hydrostatic pressure. If freezing and thawing conditions exist, as in above-grade 
applications or if water is carrying aggressive chemicals which attack reinforcing steel or 
concrete, then the waterproofing barrier will be used to prevent leakage into the concrete... 
Waterproofing is also used to minimize unsightly carbonates or efflorescence. 
2.2.1 Water leakage into and through concrete Water may be forced through concrete by 
hydrostatic pressure, water vapor gradient, capillary action, wind-driven rain, or any 
combination of these. This movement is aggravated by porous concrete, cracks or structural 
defects, or joints that are improperly designed or installed ... Waterproofing membranes are 
intended primarily to prevent the passage of water in liquid form. They also retard the passage 
of water vapor in varying degrees depending on the type of membrane ... " 

According to Davis-Besse specification C-38 (Exhibit 5): 
"9.2 Curing 
The Shield Building concrete, except as otherwise approved by the CONSTRUCTION MANAGER, 
shall be cured by the liquid membrane method. The liquid membrane curing compound shall 
conform to Clear Seal No. 150 as manufactured by Grace and Company, Cambridge, 
Massachusetts, or approved equal. Application shall be in accordance with the manufacturer's 
instructions. The liquid membrane shall be applied to all slip-form wall surfaces. The membrane 
shall be applied to within 2 feet (two feet) of the bottom of the slip-form after the concrete 
surface has been " 
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The product used is no longer available, but similar sealants have limited life (need reapplication 
periodically) and are mainly intended to provide the concrete with protection for the curing period. This 
curing compound can be assumed to be inefficient after 12 months. 

At Davis-Besse the contractor was instructed to remove the membrane by sand-blasting if paint or 
special coating application was required. 

The Shield Building surface was inspected with the following results: 

• Surface cracks appear to be tight 
• No surface staining exist (no corrosion, carbonates, or efflorescence) 

• No freeze thaw damage on the surface 
• No or limited signs of spalling (one case identified at the flute corner, reference CR 2011-05648) 

Based on the above there is no evidence of surface damage from water infiltration. 

Although no signs of surface infiltration were found, the lack of concrete sealing can allow water ingress 
: into the concrete. If the concrete was to achieve a high moisture content followed by sub-freezing 

conditions, it could create a situation where icing condition would exist. This icing condition could be a 

I contributor to concrete cracking if the moisture content was sufficiently high and widespread. 
Conclusion: 
The inadequate Concrete Sealant was a contributing cause to the Laminar Cracks 
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FM 2.8 - Concrete Rebar Adhesion 


Description: 
This failure mode pertains the lack of adequate concrete to rebar adhesion may have 
caused/contributed to the formation of the laminar cracks. 
Data to be collected and analysed: 
Observations during demolition process. 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 

• Direct observation of the concrete/rebar adhesion was performed by the FENOC staff during the 
initial investigation of this issue. There were numerous examples of concrete strongly adhered 
to the rebar. There was at least one example were the concrete was adhered to the end of a 
rebar which posed a potential hazard to personnel working below. 

• While it would not be unusual to have small localized areas where the concrete to rebar 
adhesion varies, there were no observed large scale areas of less than adequate concrete to 
rebar adhesion. 

• In reinforced concrete design it is assumed that deformation bearing against the concrete, and 
not adhesion, facilitate the transfer of stresses between steel and concrete. Therefore, loss of 
adhesion and slippage is not expected to lead to failure. 

Discussion: 
None 
Conclusion: 
Deficient concrete to rebar adhesion was not a cause of the Laminar Cracks 
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FM 2.9 - Amount of Rebar in the Structure 


Description: 
This potential failure mode will examine if the amount of rebar in the structure may have caused or 
contributed to the identified laminar cracks. 

• Data to be collected and analysed: 
· Exhibit 41- Drawing C-ll0 
i Exhibit 40 - Drawing C-111 

Exhibit 39 - Drawing C-112 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
Maximum reinforcement ratio: 
For a member under axial force and bending, current ACI provisions limit the reinforcement ratio to 8%, 
while at the spring line the ratio is (1.56*2*3)/30/12 =2.6%. Note that ACI 318-63 does not have limits 
the reinforcement ratio for members under axial force and bending. 

The maximum reinforcement ratio for a single reinforced beam, which does not apply here (see section 
1601 of ACI 318-63 where k1 is 0.85 for 4000 psi concrete). 

Considering the spring line as a beam, they need to use the equations for double reinforced beams, in 
such case the maximum rebar ratio is given in ACI 318-63 section 1602, see below. Note that this ratio is 
always met since p =p'. 

Minimum reinforcement spacing: 
• The regions with 2/1-3/1 rebar spacing are localized and therefore should not affect the global behavior of 
· the structure. In fact bars with such spacing can be considered a bundle. However it must be noted that 

per ACI 318-63 bundled rebar must be enclosed by ties or stirrups. 

The majority of the cracking has occurred in areas where the reinforcing steel is #11 at 12/1 spacing, 
i inside and outside face. This reinforcing pattern is not considered excessive. 

Therefore, the rebar density does not seem uncommon or unusually high for this type of structure. 
Discussion: 
Refer to FM 1.5 for additional discussion 
Conclusion: 
Amount of rebar in the structure was not a cause of the Laminar Cracks 
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FM 2.10 - Rebar Lap Splice 


• Description: 
This failure mode will review the potential for rebar lap splice to have caused/contributed to the laminar 
cracking issue. 
Data to be collected and analysed: 
Exhibit 41- C-0110 Roof plan wall section details 
Exhibit 43 - Calculation C-C$$-099.20-054 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
See FM 1.4 
Discussion: 
None 
Conclusion: 
Rebar lap splice did not cause the Laminar Cracks 
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FM 2.11 - Small Rebar Spacing 


Description: 
This failure mode will be reviewed to determine if small rebar spacing caused or contributed to the 
laminar cracks in the Shield Building. The small rebar spacing reduces the quantity of concrete available 
to carry the tensile stresses that may act on the structure 
Data to be collected and analysed: 
Exhibit 41 - Drawing C-110 
Exhibit 44 Drawing C-111A 
Exhibit 39 - Drawing C-112 
Exhibit 51 ­ Rebar density sensitivity study by PII 

Verified Supporting Evidence: 
• laminar cracks were observed at the top of the shield building 

• laminar cracks were observed around the construction opening 

• laminar cracks were observed around the main steam line penetration 

• A 'Rebar Spacing Sensitivity Study' was performed by PII (exhibit 51). The study established that 
higher density of rebar could lead to more laminar cracking under a given stress condition. 

Verified Refuting Evidence: 
The identified laminar cracks are primarily located in the architectural shoulder areas of the Shield 
Building, Ref. Drawing C-111A. Cracks were also identified in two locations that had a higher density of 
reinforcement. The top 20 feet of the Shield Building wall has #11 horizontal rebar spaced at 6 inches on 
center, Ref. Drawing C-110. The lap splice locations would have even a smaller spacing between rebar. 
The other area of concentrated rebar is located at the two main steam line penetration areas. There is 
horizontal rebar spaced at about 6 inches per Detail 3 on Drawing C-112. 
The identified rebar spacing is not unusually small for nuclear power plant structures. Therefore the 
small spacing is not considered to be the cause for the laminar cracks. The small rebar spacing described 
above may have contributed to the propagation of the cracks that originally formed in the shoulder 
areas. 
Discussion: 

• A study to evaluate freezing failure and rebar spacing (exhibit 51) found that for a given motivating 
i force, large laminar cracks form in regions with dense rebar and not in regions with sparse rebar. 
Conclusion: 
Small rebar spacing may be a contributing cause to laminar cracking I 
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FM 2.12 - Out-of-Plumb 


Description: 
Dynamic construction of tall vertical walts requires special attention to plumbness control. If walls are 
allowed to shift beyond an allowed degree it can create a condition of excessive stresses for which the 
wall was not designed. 
Data to be collected and Analysed: 
Plumbness specifications (Exhibit 6) (Specification C-38 - TECHNICAL SPECIFICATIONS FOR THE SHIELD 

BUILDING No 7749-C-38) includes description and instruction for the slip-form work; 

Plumb control OA specifications (Exhibit S) (Specification C-38 - QUALITY ASSURANCE AND 

CONSTRUCTION PROCEDURES REACTOR SHiElD WALL SLIP FORM CONSTRUCTION METHOD); 

Plumb control measurements (Exhibit 18) from original OA during construction; 

Exhibit 19 - Out-of-plumb Interim Field Report. 


Verified Refuting Evidence: 
Exhibit 6 (page 13 of 22) specifies construction tolerances for plumbness: 

"The cylindrical wall of the completed Shield Building shall be plumb within 4 inches (four 
inches) from top to bottom and shall be not more than 1 inch (one inch) out of plumb in any 2S 
feet (twenty-five feet)." 

Exhibit S provides the specifications for plumb control during wall construction: 
"The wall plumbness will be measured at 16 equally spaced stations on the moving forms at the 
inside face of the wall with a Wild ZNl16 optical plummet (sic). The instrument bases will be 
installed so that the wall face exposed by the form movement can be compared with a target at 
the bottom of the waiL 
These readings will be taken by the Job Engineer at eight-hour intervals during the slip form 
operation, recorded, on the plumbness record form (see Form #2), and then submitted to the 
Quality Control Engineer for his use. 
If the deviations from plumb, as plotted on the master control chart, indicate that corrective 
measures are necessary, the Quality Control Engineer will inform the Job Superintendent (see 
Fig.1). 
The slip form and working platform level will be adjusted as directed by the Slip Form 
Superintendent to allow the whole structure to go back to its original position. These 
adjustments will be made thru control of individual jacks by the jacking crew and/or use of a 
telescoping leg and guide wheel system mounted on the jacking yokes ..." 

Exhibit 18 is a plot of plumb measurements at the required 16 points during construction. It shows out­
of-plumb measurements of up to 3-3/4". In all cases the forms were brought back to plumb and 
construction continued. 

Exhibit 19 Out-of-plumb Interim Field Report concluded: 

"Engineering has reviewed the Interim Field Report and its attached plumbness plots [Exhibit 
18}. Out of tolerance exceeds the 1" in 25' specified by 2-3/4". The effects this has on the shield 
building structural integrity were found to be insignificant. 

Engineering recommends that all interface work be adjusted to meet the as-built alignment of 
the structure. 
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The structure is accepted as is." 

It is concluded that out-of-plumb condition was not a cause of the Laminar Cracks. 

Verified Supporting Evidence: 
None 

Discussion: 
Documentation of the Out of Plumb condition was limited to the documents provided. We do not have 
information regarding the method of correcting the problem and whether it caused excessive friction 
forces. 

• Attempts to correlate these locations to locations of cracking found no significant correlation. 
The out-of-plumb condition peaked at three distinct (Exhibit 18) elevations that did not correspond to 
cracking as determined by CTl. 

• Exhibit 5 (Project specifications) provides information regarding design considerations that 
reduce friction. 

• The rate of slip-forming (average about 4' per shift) is fast enough to minimize friction problems. 

• The observed cracking through aggregates is further indication that the laminar cracking 
happened after the concrete reached sufficient maturity and not during placement. 

Conclusion: 
The out-of-plumb issues did not cause the Laminar Cracks 
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Appendix VII Group 3 Failure Modes 

FM 3.1 - Earthquake 

Description: 
Earthquake related movement has the potential to cause elevated stresses in any concrete structure. 
These stresses can, in combination with other existing stresses, contribute to cracking of concrete. 
This FM will review Earthquake (EO) incidents at the Davis-Besse power plant and their effect on the 
structure. 
This failure mode hypothesizes that the oscillating forces from an earthquake may excite the shield 
building into large resonant vibrations at its fundamental frequency, 3.8 Hz. The resonant vibrations of 
the shield building may produce both shear stress and radial stress in the shield building, causing 
laminar cracks in outer rebar mat. 
Data to be collected and Analyzed: 
Classifiable Events records for Davis-Besse - Exhibit 37 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 

• Davis-Besse Safety Related structures, including the Shield Building is designed for two types of 
earthquakes. The Operating Base Earthquake (OBE) with a ground acceleration of 0.08g and the 
Safe Shutdown Earthquake (SSE) with a ground acceleration of 0.015g. 

• The site as a seismic monitor trigger station that scenes very low ground accelerations. The 
threshold for the seismic trigger is 0.01g with a range of 1 - 10 Hz. Based on a review of 
historical seismic data recorded in the location near the shield building of the Davis Besse 
Nuclear Power Plant between 1971 to present, there has been no earthquake detected and 
registered. In addition, a review of the historical data in the vicinity of Davis-Besse also revealed 
no significant seismic activities 

• Davis-Besse had only one classifiable event from seismic activity which was on 3/5/1986 (event 
#3837). Computer and annunciator alarms were received for an operatmg baSIS earthquake 
(OBE) longitudinal and an Unusual Event was declared due to the seismic trigger actuation. No 
seismic activity was detected at Perry, Fermi, or the University of Toledo so the event was 
terminated after safety system walkdowns. Davis-Besse was in cold shutdown at the time of the 
seismic event from a loss of feedwater event that occurred eight months earlier on 6/9/1985. 

Discussion: 
Above 
Conclusion: 
The Earthquake Classifiable Event at Davis Besse was not a cause of the Laminar Cracks 
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FM 3.2 - Lightning 


Description: 
This potential failure mode review will examine the effect of lightning strikes on the reinforced concrete 
Shield Building. There is a potential that a lightning strike could increase the temperature of the 
concrete which would cause a sudden expansion of the concrete which would result is a laminar crack. 

! Data to be collected and Analysed: 
Exhibit 6 - Specification C-38 
Exhibit 47 - Drawing E-401 Shield Bldg. Lighting and Lightning Protection 

• Exhibit 48 - 1995-0395 Lightning Potential Condition report 
Verified Supporting Evidence: 
Exhibits 48 reports on a single condition of potential lightning strike on 5/10/1995. The conclusion was 
that this was a non-reportable condition and that the observed spall is not likely to be lightning related. 
Verified Refuting Evidence: 
Specification C-38 Section 11 describes the temporary and permanent lightning protection system for 
the shield building. Drawing E-401 details the Shield Building lightning protection system. 
The Shield Building is well grounded. As shown on Drawing E-401, there are a total of 27 Air Terminals 
anchored to the top exterior of the shield building, 18 equally spaced around the parapet top, 8 equally 
spaced at the mid height of the dome, and one located at the top center of the dome. These Air 
Terminals are all interconnected and penetrate the concrete dome in 9 locations, 4 equally spaced near 
the parapet wall, 4 equally spaced at the mid height of the dome, and one at the top center of the 
dome. The grounding cable passes through the concrete and is then connected to the containment 

! vessel at the nearest point. There are 9 interconnected locations provide a path for the lightning to 
immediately exist the structure without traveling down the sides of the building to ground. 

These systems provide the needed protection against lightning strikes. 
Discussion: 
None 
Conclusion: 

! Lightning Event at Davis Besse was not a cause of the laminar crack. 
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FM 3.3 - Tornado 


Description: 
On June 24, 1998, a F2 tornado (113 -157 mph wind speed) passed in close proximity to the shield 
building of the Davis Besse Power Plant. The pathway of the 1998 tornado was about 300 ft. north of the 
shield building. Note: Davis-Besse is design for a 300 mph tornado with a 3 psi differential pressure in 
addition to tornado generated missiles. 
This failure mode hypothesizes that the vortex shedding from the tornado, as it passed by the shield 
building, could have excited the building into vibrations, resulting in low cycle fatigue cracks in the outer 
rebar mat. Moreover, the dynamic loading of the swirling wind from the tornado could have resulted in 
the observed the laminar cracking. 
Data to be collected and Analysed: 
Exam of core samples 
Wind related stresses - Exhibit 62 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
A detailed wind related stress modeling analysis was performed and reported in Exhibit 62. 
The analysis concluded that wind velocity of 105 mph resulted in stresses of less than 1 psi around the 
area where laminar cracks were observed. 
Clearly, scaling the wind velocity up to 150 mph (tornado wind) would not create significant stresses 
that would be sufficient to either initiate or propagate the laminar cracks. 
Moreover, PII did not observe any fine cracks near the main fracture surface. This evidence indicated 
that vibrations from tornado would not have been the cause to propagate the cracks. 
Discussion: 
Above 
Conclusion: 

• The Tornado Event at Davis Besse was not a cause of the laminar cracks. 
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FM 3.4 - Electrical Potential 


Description: 
This failure mode hypothesizes that unbalance of electrical potential of the shield building was set up in 
different parts of the shield building due to failure of grounding system or different concrete/rebar 
material properties. The existence of the unbalance of electrical potential sets off accelerated rebar 
corrosion in certain areas of the shield building due to galvanic effects. The rebar corrosion, in turn, 
resulted in the cracking of concrete. 
Data to be collected and Analyzed: 
Exhibit 49 - Photos from construction opening 
Exhibit 68 - Photometric's report that discusses corrosion 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The Refuting Evidences against this failure mode are described below: 

• The rebar corrosion was observed to be minimum in all rebar visible during opening of 
the shield building and in one core sample that was inadvertently drilled to be in contact 
with an inner mat rebar (Exhibit 68 - ~18 mils 0 f corrosion thickness in this samp Ie). The 
observed level ofcorrosion is considered normal and is not sufficient to produce stress in 
the concrete and cracks near outer mat rebar, 

• All electrical grounding system was functional without registering loss-of-grounding 
alarms since the plant operation. 

• Based on construction records, the concrete mix and material properties of rebar were found to 
be the same throughout the building. 

Discussion: 
Above 
Conclusion: 
Electrical Potential was not a cause of the laminar cracks 
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FM 3.5 - Hydro-Demolition Damage 


Description: 
The process of hydro-blasting exploits the existence of micro-cracks, voids, capillaries and cracks to 
enable concrete demolition using high pressure water jets. This raises the question of potential damage 
to concrete in adjoining area through direct pressure, vibrations, or crack propagation. 
This document is intended to determine if hydro-blasting can cause cracking and if any occurred at 
Davis-Besse 
Data to be collected and Analysed: 

• Review literature Exhibit 21 is a "Guide for the Preparation of Concrete Surfaces for Repair 
• Using Hydrodemolition methods", Exhibit 22 includes selected pages from ACI 546R-Q4 

"Concrete Repair Guide", Exhibit 23 includes selected pages from the book "Hydrodemolition 
of Concrete Surfaces and Reinforced Concrete" by Andreas Momber, Exhibit 24 is a published 
article "Hydrodemolition for Removing Concrete", and Exhibit 25 is a research report from 
Missouri Department of Transportation "Hydrodemolition and Repair of Bridge Decks"); 
Verified Refuting Evidence: 
1. literature review shows a consensus that hydro-demolition does not cause significant damage to 
adjacent material (see highlighted sections of Exhibits 21, 22, 23 and 24). Alternative mechanical and 
impact methods can damage the residual concrete that is to be repaired (see for example Exhibit 21, 
pages 3 and 4 of 16); 

2. Hydro-demolition removes concrete not by impact, but by introducing high-pressure water into 
existing voids (Exhibit 23). The high internal pressure in these voids causes the concrete to fail, 
the surface material; 

. Verified Supporting Evidence: 

i Hydro-demolition works through the introduction of high pressure water into cracks (Exhibit 23). If a 


delamination crack is encountered during demolition, the water will fill it and exert pressure internally, 
potentially accelerating propagation. 
Discussion: 
Delamination cracks at Davis-Besse were found throughout the structure. This rules out hydro-blasting 

as the universal cause. 

Delamination cracks in the demolition area were not spread around the opening, as would be expected 

if hydro-blasting was the cause. 

The mechanism of hydro-blasting supports propagation of existing cracks as the result of the demolition. 

It is possible that some crack extension was caused by the hydro-blasting, but there is no evidence that 

this extended beyond the opening. 


""""---"""---- -----" 
ConClusion: " 
T~e hydro-blasting did not cause the laminar Cracks 
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FM 3.6 - Freezing of Water near Rebar in a Blizzard 


Description: 
A blizzard is a severe storm characterized by sustained winds or frequent gusts that are greater than or 

equal to 35 mph, blowing or drifting snow which reduces visibility to X mile or less and lasts for three 

hours or more. 

The top three blizzards, in terms of freezing temperature and duration, occurred near the Davis-Besse 

Power Plant in 1977, 1978, and 1994. 

The lowest temperatures registered during these blizzards are: 

• -6 degree F (1977) 

• -24 degree F (1978) 

• - 17 degree F (1994) 

The event that is of particular interest to the analysis was the 1978 blizzard that struck the Toledo area 

on January 25th and lasted through January 27th 1978. According to NOAA records (Exhibit 66), this 

blizzard is one of the worst on record for the Great lakes area with southwestern winds of 105 mph. 

This failure mode hypothesizes that wind induced pressure during a severe storm caused water to 

penetrate the concrete and remain trapped in the voids around the outer mat rebar. Upon freezing 

during blizzards, the volume expansion near rebar would cause laminar cracks. There are two sub­

modes for this failure mode. One is related to the freezing of water near outer rebar, and the other is 

i related to the expansion of concrete due to ice formation (see discussion below). 

Data to be collected and analyses to be perfonned: 
PII used the state-of-the-art concrete stress and fracture analysis modeling techniques to understand 

the feasibility of the failure mode. These modeling techniques were originally developed as a part of the 

Crystal River-3 (CR3) root cause investigation and calibrated against the CR3 fracture and temperature 

data. Note that the CR3 root cause investigation was extensively reviewed by the US Nuclear Regulatory 

Commission (NRC) over a period of more than one year and has received no negative comments from 

the NRC. 

For the first sub-mode, detailed finite element analysis was performed to show the damage 

development in dense rebar areas due to the formation and accumulation of ice (Exhibit 51 and Exhibit 

51 Appendix). Extensive finite element analyses (FEA) showed that the second sub-mode can be used to 

explain the increase in radial stress and the damage development in the shell during the blizzard. The 

coefficient of thermal expansion (CTE) of Davis Besse concrete was considered to be temperature 

dependent, which means the concrete expands in a certain low temperature range. PI! continues to 

. explore the CTE phenomenon and its effects on concrete expansion. The temperature dependent CTE is 

i discussed in Exhibit 57. Exhibit 64 presents the results of finite element thermal analysis for internal 
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temperature fields in the structure. Exhibit 61 presents the results of finite element stress analysis. 

Exhibits 66 and 71 present meteorological information used in the analysis. 

Exhibit 72 explains the sources of water used in the analysis. 

Exhibit 73 is describes the model and conclusions of FEA analyzing the effect of the 1978 blizzard. 

• Exhibit 51- Freezing-Failure-study-DRAFT-report-section-Rev-0_95 

• Exhibit 51 - appendix-Freezing Failure study Rev 0 95 

• Exhibit 57 - Temperature dependent CTE - v04 

• Exhibit 61- 2012-02-11 Stress State during the 1978 and 1977 Blizzards 

• Exhibit 64 - Thermal Stress Analysis with Gravity and Wind Load 

• Exhibit 66 - Toledo 1978 weather 

• Exhibit 71- Comparison ofToledo Blizzards 

• Exhibit 72 - Water and moisture transfer into concrete - v02 

• Exhibit 73 - 2012-02-12-Laminar-Cracking-due-to-1978-Blizzard-Rev-0_i-DRAFT 

Verified Supporting Evidence: 
The following are the supporting evidences: 

1. The crack is considered a crrcumferentiallaminar crack and not a through-thickness crack. 

2. The location of the crack is limited to the outer reinforcing (rebar) mat, not the inner mat rebar 

due to the fact that the water accumulated near outer rebar. 

3. The cracking is prevalent in the flute shoulder areas. 

4. The crack is also prevalent in the higher reinforcing areas at the top of the shield building and 

along the blockouts for the main steam line room penetrations 

5. Cracking is more prevalent in the South and Southwest quadrant of the shield building 

6. Cracking is less prevalent in the flute areas and the shell areas (between the shoulder areas). 

7. The shield building exterior surface was not sealed with a water resistant sealer, so moisture can 

penetrate into the concrete. 

Verified Refuting Evidence: 
None 

Discussion: 
Analysis to evaluate Laminar Cracking due to 1978 Blizzard (exhibit 73) concluded that: 

• Cracking is predicted due to the 1978 blizzard and not due to the 1977 blizzard: 

• The 1978 blizzard produced stresses and strain energy adequate to initiate cracks at the of 

rebar mat. 

• The 1977 blizzard did not produce conditions sufficient to initiate cracks in the concrete. 

• The locations of the cracking are confined to the observed crack locations under the thick 
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sections of the shoulders and not in the thinner sections in the flute and panels. 

Another study to evaluate freezing failure and rebar spacing (exhibit 51) found that only a small fraction 

of the voids under the rebar need to fill with water and freeze in order to get laminar cracks. It also 

determined that for a given motivating force, large laminar cracks form in regions with dense rebar and 

not in regions with sparse rebar. 

The moisture diffusion and ice formation process in the shoulder area were not simulated by finite 

element model, because, as stated earlier, the moisture diffusion process is driven by two field 

variables: temperature and moisture. The two field variables are fully coupled. Moreover, the 

formation of ice in the pores of concrete changes moisture diffusivity of concrete since ice crystals in 

pores block the pathway of moisture and thus reduces the diffusivity; on the other hand, when an 

excessive amount of ice formed in pores, the ice generates cracks in concrete and thus increases the 

diffusivity of concrete (Eskandari-Ghadi et al. 2012; Xi and Nakhi 2005). Furthermore, the effect of high 

wind pressure on the outer surface of the wall makes the numerical modeling of moisture penetration 

process into concrete a very complicated task. Currently available commercial finite element programs 

can only handle such a sophisticated multi-physics problem with extensive customization to incorporate 

highly-specialized physics, which was not feasible within the scope of this project. 

There are two small areas of laminar cracking in the shield building that are not exposed to blizzards due 

to their locations being inside the auxiliary building. The two areas are located 45 degree above the 

blockouts of the two steam line room penetrations. However, these two areas are connected to laminar 

cracks above the auxiliary building roof. It is believes that the laminar cracks in these two areas initiated 

above the auxiliary building roof, probably due a lower concrete tensile strength and a high density of 

rebar, and propagated downward into areas that were not exposed to blizzards. 

Sub-mode 1 - Freezing of water near outer rebar 
This sub-mode can be used to explain the laminar cracking in the shoulders. The damage process 

is shown in Fig. 1 by three stages: 

1. 	 As the environmental temperature drops below the freezing point during the beginning stage of a 

blizzard, the trapped water near the horizontal outer mat rebar would freeze first near the flute areas and 

in the shell area between two shoulders because, in these two areas, the horizontal rebar are closest to 

the cold surface (- 3 inches), as shown in the upper figure in Fig. 1. The moisture in the pores of concrete 

behind shoulder remains in liquid or vapor states (no ice) because the shoulder keeps this area warmer. 

2. 	 As the blizzard continues, the temperature would continue to drop well below the freezing point of water. 

At this point, the water trapped near the outer mat horizontal rebar between the two first-freezing areas 

starts to freeze, I.e., in the areas directly behind the thick shoulders from the surface. The moisture 

behind the shoulder diffuses towards the ice fronts, which are located near the surface of the flute and 

shell wall. The diffusion directions of moisture are shown in the middle figure in Fig. 1. The moisture 

diffusion is driven by the maximum temperature gradient from the hottest area to the coldest area as well 

as by the maximum free energy gradient from the area with higher free energy (vapor and liquid) to the 

area with lower free energy (ice). 
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3. 	 When the diffusing moisture reaches the ice fronts, it turns into ice. This is shown in the third part (the 

enlarged area) of Fig. 1. So, the ice fronts move from both sides (the flute and the shell wall) toward the 

middle of the shoulder. Due to the formation of ice at ice fronts and high density rebar in the shell wall, 

high pressure is generated there to push the crack to propagate in the shoulder. 

Formation of ice in shell wall 

FOImation ofice in flute 

--­

... 
" 

Jvlois hlfe lSe (along the direction ofma." . tempera 
fro m io> r area of bigh temperah'l"e to ice Ii·onts. 

Pr essure from the ice M o re ice formed 

Progressive delamination ofconcrete cover near outer rebar mat 
due to ice formati o n 

Fig. 1 Freezing damage near outer rebar mat in the shoulder 

This failure mode would exist only under the following conditions in a severe blizzard : 

I. A significant amount of water is diffused into the gaps between outer mat rebar and the concrete due to 

wind induced surface pressurization . 

II. The environmental temperature is well below freezing point of water for a long period of time so that the 
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temperature near the outer rebar mat behind the shoulders (3 ­ 18 inches deep into the shield building) 

could drop below the freezing point (from a non-freezing state of a normal temperature range from 35 

degree to 50 degree F). 

III. The temperature in the inside annulus of the shield building is low. Note that if the reactor is shut down 

during the blizzard, the inner surface temperature of the shield building will be in the range of 55 degree 

F, versus 105 degree F if the reactor is in operation. 

Sub·mode 2 . The expansion of concrete due to ice formation 
Concrete may expand instead of contract during a cooling period. This is possible because of ice 

formation in the concrete. During the blizzard, as shown in Fig. 2, the temperature in outer layer of the 

cylindrical wall is lower than that of inner layer. So, the ice may form in the concrete of outer layer of 

the wall resulting in an expansion, while the inner layer of the wall has contraction . This special outer­

expansion-and-inner-contraction deformation pattern may generate a tensile stress in the radial 

direction of the wall. Delamination cracking may occur in the case of high radial tensile strength. This 

failure mode was used to analyze the damage of concrete walls of more than SO water tanks in Ontario, 

Canada (Grieve et al. 1987) . 

• 1 · · 

J
I•· 
• 

~ P 

-If-6 ' ,R 

Fig. 2 Expansion of outer layer and contraction of inner layer of a concrete wall generate tensile stress in 

the radial direction (Grieve et al. 1987) 

References: 
Eskandari-Ghadi, M., Zhang, W.P., Xi, V., and Sture, S. (2012) "Moisture Diffusivitv of Concrete at Low 

Temperatures", Journal of Engineering Mechanics, ASCE, in press. 

Grieve, R., Slater, W.M., and Rothenburg, L. (1987) "Deterioration and Repair of Above Ground Concrete 

Water Tanks in Ontario, Canada", Research Report to Ontario Ministry of the Environment, Golder 

Associates and W.M. Slater & Associates, Inc. 

Weblink: http ://www.greatlakes.salsite .com/ToledoSnowstorms.html 

Xi, V. and Nakhi, A. (2005) "Composite Damage Models for DiffusivitV of Distressed Materials", J. of 

Materials in Civil Engineering, ASCE, May/June, 17(3), 286-295. 

Conclusion: 
Freezing of water near rebar during the Blizzard of 1978 caused the Laminar Cracks. 
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FM 3.7 - Long Term Thermal Stress Cycles 


Description: 
This failure mode hypothesizes that solar exposure and repeated cycles of thermal expansion of the 
concrete near the surface cause radial stresses high enough to produce radial cracks near the outer 
rebar mat. 

Data to be collected and Analysed: 
Data regarding the environmental conditions around the shield building was collected and analyzed for 
resultant stresses and strains. Details can be found in: 
Exhibit 64 - Thermal Stress Analysis with Gravity and Wind Load 
Exh ibit 56 - structural and thermal analysis investigation 
Exhibit 78 - Test data of Photometric lab report 
Exhibit 26 - WJE Lab report 
Verified Supporting Evidence: 
The supporting evidence is that the cracking in the south-west quadrant of the shield building, which is 
typically at a higher temperature due to solar heating, is more prevalent than the north-east quadrant of 
the shield building. 
Verified Refuting Evidence: 
The refuting evidence is detailed below: 

1. A detailed finite element analysis was performed (Exhibit 64) to determine the radial stresses 
near the outer rebar mat. It was determined that the resultant stresses were not high enough to 
cause damage. 

2. Thermal and shrinkage strains (Exhibits 56 and 64) were not high enough to cause the cracking. 
Discussion: 
Thermal fatigue damage 
Thermal fatigue can be considered from three aspects: 

(1) Stress level caused by tem perature gradient 
(2) Damage, such as cracking, due to thermal strain variation 
(3) Damage due to elevated temperature. 

The stress due to solar temperature variation. The finite element thermal stress analysis (see Exhibit 
64) showed that the maximum radial stress in the structure is about 300 psi during a record hot summer 
day. That is about 33% of the tensile strength of the concrete and well below the fatigue limit of 
concrete under cyclic loading, which is about 55% for 107 cycles (Mindess et al. 2003, p343). It is 
important to note the 300 psi radial stress is the maximum peak stress occurred in the structure due to 
solar heating, and it is not regular daily temperature variation. The cyclic stress due to regular daily 
temperature variation is below 300 psi, and the corresponding stress ratio is below 33%. Accordingly, 
thermal stress due to cyclic solar loading is not a root cause. 

The thermal strain. The surface strain of concrete under solar heating is a combination of thermal 
expansion and drying shrinkage. Thermal expansion creates compressive stress in the surface of 
concrete. The stress level is well below the compressive strength of concrete (see Exhibits 56 and 64). 
The drying shrinkage creates tensile stress of concrete, which could generate cracking in concrete. This 
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is especially important for early age concretes. In some cases, solar heating cycles can combine with 
other factors to cause cracking in concrete. Bier et al (1991) showed that, in addition to solar heating 
cycles, repeated heating of hot exhaust gases of the auxiliary power unit of aircraft can generate 
significant shrinkage cracking in concrete pavement. In our case, there is no other cyclic loading that 
have continued for 40 years during the life span of the structure. The petrographic analysis results (see 
Exhibit 26 WJE report) showed that the depth of shrinkage cracking is not more than one inch after 40 
years of exposure to the environment. This depth is relatively small comparing to the depth of concrete 

cover. More importantly, the internal surfaces of many concrete samples were examined by 
microscopes (see Exhibit 78), and there is no significant amount of microcracking in the concrete. This 
indicates that the small surface shrinkage cracks did not coalescence to form discrete large cracks. So, 
the thermal strain and shrinkage cracking due to cyclic solar loading is not a root cause. 

The damage due to elevated temperature. It is well known that properties of concrete change under 
elevated temperatures (Phan 2002; Lee et al. 2008). There are phase changes taking place in concrete 
when the temperature is above 100°C (e.g. vaporization of water, decomposition of calcium hydroxide, 
etc.). Upon fast heat (e.g. 20°C/min.), the rapid increase of vapor pressure may cause spalling of 
concrete. In the case of solar heating and cooling, the temperature level and the rate of temperature 
variation are not sufficient to generate significant phase transformation and spalling damage in 

concrete. So, the elevated temperature due to solar heating is not a root cause. 

Reference 
Bier, T.A., Wise,S., and Chang, P. (1991) "A Mechanistic Study of Failure of Concrete Subjected to Cyclic 
Thermal Loads", NCEL Contract Report CR91.008 by CEMCOM Research Associates, Inc., and University 
of Maryland. 
Lee, J.5., Xi, Y., and Willam, K. (2008) "Properties of Concrete after High Temperature Heating and 
Cooling", J. of Materials, ACI, July-Aug. 105(4), 334-34l. 
Mindess, S., Young, J.F., and Darwin, D. (2003) "Concrete", Prentice Hall, 2rd Edition. 
Phan, L.T. (2002) "High-Strength Concrete at High Temperature-An Overview," Utilization of High 

Strength/High Performance Concrete, 6th International Symposium, Leipzig, Germany, Vol. 1, pp. 501­
518. 

Conclusion: 
Long term thermal stresses cycling is not a contributor to the Laminar Cracks. 
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FM 3.8 - Permafrost 


i 

Description: 
This failure mode hypothesizes that the permafrost was formed in the outer rebar mat, causing the 
concrete to crack. Permafrost is a phenomenon that involves diffusion of water into warmer, but still 
under the freezing temperature, underground locations; and the water accumulated to amounts that 
may exceed the potential hydraulic saturation of the ground material (usual ground rocks). The 
consequential volume increase from over-saturated water produces cracks in parallel to the ground 
surface. 
Permafrost will typically form in any climate where the mean annual air temperature is less than the 
freezing point of water. Exceptions are found in moist-wintered forest climates, such as in Northern 
Scandinavia and the North-Eastern part of European Russia, where snow acts as an insulating blanket. 
The bottoms of many glaciers can also be free of permafrost. 

I 

Data to be collected and Analysed: 
Construction drawings: 
Exhibit 44 - C-0111A 
Exhibit 41- C-D110 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The Refuting Evidences include the following facts: 

• The permafrost layer usually has a thickness much more than 0.01 inch, which is the 

average crack width of the cracks in the shield building. Typical permafrost thickness is 
greater than 2 ft. 

• The mean air temperature near the Davis Besse Power Plant is greater than the freezing 
temperature of the water. 

• All the identified laminar cracks are located a considerable distance above ground 

elevation. 
Discussion: 

I. None. 
Conclusion: 
Permafrost was not a contributor to the laminar Cracks. 
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FM 3.9 - Chemical Attack 

Description: 

Concrete is vulnerable to multiple mechanisms of chemical attack that may lead to deterioration over time 

and potential failure. In porous materials, water can be the source of chemical processes of degradation 

by transporting aggressive ions. Therefore, controlling permeability is the main method for limiting 

chemical related damage. The two other factors affecting durability are the availability of aggressive ions, 

and the presence of concrete constituents that are vulnerable to these ions. Chemical attack may be 

prevented by reducing permeability, using non-reactive concrete components, and preventing aggressive, 

ions from penetrating the concrete. 

Chemical attack may be the result of Sulfate attack, acid and base attack, aggressive water attack, 

phosphate ion attack, Alkali Aggregate Reactions (AAR) , Carbonation, efflorescence/leaching, and 

biological attack. A detailed discussion of these mechanisms is beyond the scope of this document and 

may be found in external sources (such as ACI 201). 

The effects of chemical attack vary, but generally include loss of concrete cover accompanied by staining, 

erosion, reduction of concrete constituents, cracking, and spalling. 


, A visual survey is considered (ACt 349) an effective way of quantifying the effects of damage and 
identifying possible sources and composition of the aggressive chemicals. 
This document will attempt to identify potential reactions and determine if any occurred in a way that 
impacted the observed failure. 

Data to be collected and Analyzed: 
• 	 Exhibit 1 - mix design 
• 	 Exhibit 2 - Lab Test results from CTl 
• 	 Exhibit 26 Test report from WJE 
• 	 Exhibit 29 Permeability vs Water Cement ratio 

• 	 Exhibit 32 - ACI515 Protective systems 

• 	 Exhibit 55 - ACI 201.2R-08 table 6.3 
• 	 Reports of damage related to chemical attacks (exhaustive search of plant inspections was 

conducted) 

• 	 Exhibit 58 - Carbonation study of cores by PII 

Verified Supporting Evidence: 
Test reports from WJE (Exhibit 26) describe: 

"Secondary deposits thinly line virtually all the air voids throughout the concrete in Core F2. 
The deposits have an approximately equal thickness throughout and appear to consist of 
Ettringite and calcium hydroxide. The presence of these deposits in air voids typically 
suggests long term exposure to moisture migrating through the concrete..." 

The same test report from WJE also states: 
IIAir voids in Core F4 contain secondary deposits linings in the same abundance and pattern as 
those of Core F2... " 

Verified Refuting Evidence: 
1. The concrete meets industry standards for low permeability required for durability 
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FM 3.9 - Chemical Attack 

(Exhibit 55 - ACI 201.2R-08 table 6.3; Exhibit 1-mix design; Exhibits 2 and 26­
representative Petrographic reports. 

2. 	 Petrographic report by crL (Exhibit 2) for two concrete cores identified carbonation to a 
depth of 5-8 mm. Test report by WJE (Exhibit 26) for another two concrete cores 
identified carbonation of about 20 mm. These are small carbonation depths for the 40­
year old concrete. More importantly, the thickness of concrete cover is much larger than 
carbonation depth and thus the current carbonation does not reduce the concrete's ability 
to protect the embedded steel. 

3. 	 Petrographic reports (Exhibit 2 and 26) found no evidence of destructive Alkali Aggregate 
Reaction (AAR). Nor were reactive components found in the aggregate. 

4. 	 There is no indication that the structure was exposed to significant levels of water borne 
aggressive chemicals. 

S. 	 Inspection of steel bars showed small corroded spots on rebars (Exhibit 33). Details are 
described in FM 3.10. The interface between rebars and surrounding concrete remains in 
good condition, with a small amount of rust on the surface of rebars. The limited 
corrosion and the small carbonation depths consistently indicate that carbonation and 
carbonation-induced steel corrosion did not cause the laminar cracking. 

6. 	 Inspections over the life of the structure did not detect any indication of damage due to 
chemical attack. 

Discussion: 

Permeability 


Industry standards, as demonstrated in Exhibit 31 from ACI 201.2R-08, use water to cement (W/c) ratio 

as an indication of concrete's permeability. It has been established that concrete with W/C of 0.4 or 

lower has voids system that is mostly made of disconnected discreet small voids - making it practically 

impermeable (Exhibit 29). 

Based on data from all pour cards of concrete used in the containment structure it was established that 

the concrete was placed with WIC ratio average of 0.51. Exhibit 1 is a summary of mix designs used in 

the construction. These designs were prepared with W/C of 0.51. 

Exhibit 2 is the CTL Petrographic report that made an attempt at estimating the W IC ratio. Estimates 


ranged from 0.45 to 0.55 which match the calculated values. 


Based on the above it is concluded that the concrete has low permeability. 

Alkali Aggregate Reaction 

Alkali Aggregate Reaction (AAR) requires the presence of reactive aggregates in sufficient quantities to 

cause destructive expansion, as well as sufficient moisture. According to Petrographic reports (Exhibits 
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FM 3.9 - Chemical Attack 

2 and 26), the aggregates are composed of limestone, dolomitic limestone, argillaceous limestone, and 

other carbonate rocks. No potentially reactive materials were detected in the coarse or fine aggregates. 

Exhibit 2 concluded that: 

IINo alkali-silica reaction (ASR) gel is observed in the concrete, nor are any cracks observed 

associated with the particles.// 

Sulfate attack 

Sulfate attack is a process of forming expansive products in the hardened concrete by converting 

cement components into Ettringite and/or Gypsum. This process requires permeable concrete, 

moisture, and availability of Sulfate ions. 

As demonstrated above, the concrete has low permeability and there are no readily available sources of 

sulfate ions, either from the soil or the environment. The below-grade portion of the structure was 

constructed with Type II cement that would reduce its potential for sulphate attack. 

Petrographic analysis found no evidence of Sulfate attack (Exhibit 2). A thin layer of secondary deposits 

reported by WJE (Exhibit 26) is not enough to create stresses of reduce strength and is likely the result 

of internal reactions (as opposed to external attack). 

Leaching and efflorescence 

Leaching and efflorescence are a process and indication of moisture transfer through the concrete, 

resulting in the removal of dissolved salts. These salts crystallize into white powder on the exposed 

surface when the water evaporates. No significant incidences of such process were reported over the 

life of the structure, nor were any observed during visual inspections of the containment structure by PII 

in 2011. 

Acid 

Exposure to acids has the potential to cause significant damage to concrete. There is no indication that 

the containment structure was directly exposed to acids during its lifetime. 

Carbonation 

Carbonation is the result of the interaction of carbon dioxide gas in the atmosphere with the alkaline 

hydroxides in the concrete. Like many other gases carbon dioxide dissolves in water to form an acid. 

Unlike most other acids the carbonic acid does not attack the cement paste, but just neutralizes the 
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FM 3.9 - Chemical Attack 


alkalies in the pore water, mainly forming calcium carbonate that lines the pores. 

Carbonation damage occurs most rapidly when there is little concrete cover of the reinforcing steel. It 

can also occur when the cover is high but the pore structure is open, pores are well connected together 

and allow rapid C02 ingress and when alkaline reserves in the pores are low. This occurs when there is a 

low cement content, high water cement ratio and poor curing of the concrete. 

The concrete incorporated into the containment wall has low water/cement ratio, high cement content 

(Exhibit 1) and proper curing (see FM 2.2) 

Virtually all the constituents of hydrated Portland cement are susceptible to carbonation. The results 

can be either beneficial or harmful, depending on the time, rate, and extent that they occur and the 

environmental exposure. Carbonation can improve the strength, hardness, and dimensional stability of 

concrete products, or it can result in deterioration and a decrease in the pH of the cement paste ­

allowing corrosion of reinforcement near the surface. 

Petrographic reports (Exhibits 2 and 26) identified a limited layer of carbonated paste on the outside 

face of the concrete. Exhibit 2 states that on one core: 

"Paste is fully carbonated along outer surface to depths of 5 to 8 mm (0.2 to 0.3 in.) ..." 

while the other core showed 

"Paste is fully carbonated along outer surface to depths of 5 to 7 mm (0.2 to 0.3 in.)." 

These are very low carbonation levels for concrete that was exposed to the environment for over 40 

years. 

Exhibit 58 presents a study by PII on 17 cores to determine average carbonation depth on outside 

surface, and 23 cores to evaluate carbonation inside cracks. Its conclusion is similar to the previous 

petrographic studies with an average exterior carbonation depth of 8.6mm. 

Evaluation of concrete cover in FM 2.2 concludes that the carbonation did not compromise the covers 

ability to protect the reinforcing bars from corrosion. 

Moisture Migration 

The WJE report (Exhibit 26) provides physical evidence of moisture migration uniformly through the 

concrete for the full depth of the cores (over 4 inches). The thin layer of secondary deposits after 40 

year exposure is not considered an indication of attack since it does not create any stresses or strength 
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FM 3.9 - Chemical Attack 

reduction. The presence of deposits is not considered a strong indicator of moisture migration that 

should be pursued further with tests for Ettringite presence - especially since no environmental Sulfates 

were suspected. Ettringite may be present in concrete pores at different time periods and for different 

I 	 reasons, including sulfate attack and normal internal reactions. 

General Chemical Attack 

1. 	 Exhibit 23 presents a list of chemicals known to have a deleterious effect on concrete. 
None of those chemicals is known to be present in significant quantities in contact with 
the concrete containment structure. 

Conclusion: 
i 	 The containment structure's concrete did not undergo chemical attack. Therefore, chemical attack was 

not a contributor to the Laminar Cracks. Specifically, carbonation depth is small comparing with the 

thickness of concrete cover for the 40-year old structure, and carbonation-induced steel corrosion is not 

a root cause. 
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FM 3.10 - Corrosion of Rebar 


Description: 
Corrosion of embedded metal is one of the main causes of failure of concrete structures (ACI 201.2R, 
ACI 222R). The critical elements needed for corrosion to occur are water, oxygen, and chloride ions, ! 
which in turn makes permeability the main concrete property that influences corrosion resistance. The 
high alkalinity (pH>12.5) of the concrete protects the thin iron-oxide film on the surface of the steel, thus 
making the steel passive to corrosion. The alkalinity can be reduced by carbonation or exposure to acidic , 
solutions, allowing corrosion when oxygen and moisture are available. In the presence of chloride ions, 
the pH threshold for corrosion initiation is considerably higher than when chlorides are not present. 
The initial stage of corrosion often produces cracking, spalling, and staining in the surrounding concrete. 
These can be detected by visual observations. 
This document will attempt to identify basic properties of the concrete, type of exposure, and service 
conditions that affect its corrosion resistance. 

Data to be collected and Analyzed: 
2. 	 1. Permeability of the concrete.( Exhibit 29 - correlation between W/C and permeability; 

Exhibit 1-mix design) 
3. 	 2. Design parameters that affect corrosion resistance (Exhibit 31 and 33 include a 

representative plan and enlarged detail). 
4. 	 3. Availability of chloride ions (Exhibit 2) 
5. 	 4. Petrographic analysis for extent of carbonation (Exhibit 2 and Exhibit 58) 
6. 	 5. Visual observations of the rebar (Exhibit 33). 

Verified Supporting Evidence: 
7. 	 None 

Verified Refuting Evidence: 
8. 	 1. The concrete meets industry recommendations for low permeability required for 

durability (Exhibit 29 - correlation between W/C and permeability; Exhibit 1-mix design). 
9. 	 2. Providing adequate cover of low-permeability concrete was part of the original design. , 

Original plans called for concrete cover of 3" over the reinforcing bars (Exhibit 31 and 33 
include a representative plan and enlarged detail). 

10. 3. 	Measurements taken during the demolition in 2011 show cover size in line with the 
plan requirements and with ACI117 (Standard Specifications for Tolerances for Concrete 
Construction and Materials) that allows cover variation of t%" in elements thicker than 
12", Exhibit 33 is a photo where splicing of rebar resulted in cover of less than 1 inch. This 
is an unusual situation where construction limitations resulted in cover that is less than 
specified. However, there is no evidence that this condition resulted in corrosion after 40 
years exposure (explanation follows). 

11. 4. The containment structure does not have direct exposure to chloride ions from spray (it 
is located next to fresh water lake) or artificial sources (such as deicing salts). Test for 
chlorides in concrete cores found low chloride levels as reported in Exhibit 2. 

12. 5. Petrographic analysis revealed a dense, low-permeability concrete with low depth of 
carbonation after over 40 years in service (Exhibit 2 - reported measured carbonation 
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FM 3.10 - Corrosion of Rebar 

depth of 5-8 mm). This level of carbonation is an indication that the concrete in the 
structure is not losing its ability to protect the metal inserts from corrosion. (See FM 3.9 
for additional analysis of Carbonation) 

13. 6. 	Visual inspections over the life of the structure did not detect corrosion related 
distress. 

14. 7. 	Exhibit 33 includes a photo taken during hydro-demolition where corroded rebar are 
embedded in the concrete in the inside rebar mat. 'rhe corrosion appears to be surface 
rusting with no scaling or loss of material. It is likely that this level of corrosion was 
present during construction before the rebar was installed. It is not considered a problem. 

Discussion: 

Industry standards use water to cement rN/C) ratio as an indication of concrete's permeability. It has 

been established that concrete with W/C of 0.5 has very low permeability levels (Exhibit 29). Exhibit 1 is 

a summary of mix designs used in the construction. These designs were prepared with W/C of 0.51. 

Based on the above it is concluded that the concrete has low permeability. 

Another source of moisture and chloride ingress can be surface cracks. Visual inspections did not identify 

open cracks through the surface concrete that exposed rebar or tendon. All rebar in the containment wall 

are protected by a low permeability cover of concrete, meeting design criteria and industry standards. 


Conclusion: 

The concrete in the containment structure did not experience corrosion of rebar. Therefore corrosion was 

not a contributor to the Laminar Cracks. 


© 2012. Performance Improvement International-_ Appendix VII-56 



I 

FM 3.11 - Rebar Creep 


Description: 
This failure mode hypothesizes that the material strength of the rebar is subject to creep under 
thermally induced radial stress over time in the hot summer days. During the winter days, the crept 
rebar could not shrink back, thus generating radial stresses and cracks the outer rebar mat. I 

Data to be collected and Analysed: 

Verified Supporting Evidence: 
None. 
Verified Refuting Evidence: 
The rebar are purchased and qualified under ASTM standards for material strength, not subject to creep. 
Moreover, the stress in the concrete produced by thermal effects is too low (less than 500 psi) that is 
well below the creep stress threshold for rebar (i.e., greater than 30,000 psi). 
Discussion: 
Above 

! 

Conclusion: 
Rebar creep was not a contributor to the Laminar Cracks. 
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FM 3.12 - Concrete Creep 


Description: 
This failure mode hypothesizes that the concrete creeps under stress over long period of time. When 
the shield building was cut to install access opening, the crept concrete near the opening bounced back 
and redistributed the stress. The stress redistribution caused the laminar cracks near the outer 
reinforcing mat to occur. 

Data to be collected and Analysed: 

Verified Supporting Evidence: 
None. 
Verified Refuting Evidence: 
The refuting evidences are listed below: 

l. Had this failure mode been responsible for the laminar cracking, the cracking would have 
limited only to the areas near the access opening, not over all shoulders and in areas far 
away from the opening. 

2. The measured creep coefficient is about 2.2, which is considered in its normal range. This 
coefficient means that the permanent creep is only about 33% ofthe elastic strain. Since 
the concrete elastic strain is near zero due to a very low tensile stress, the amount ofthe 
creeQ recovery is minimum and not sufficient to cause any laminar cracks. 

DIscussion. 
Above 
Conclusion: 
Concrete Creep was not a contributor to the laminar Cracks. 
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FM 3.13 - Excessive Snow/Ice Loading on the Dome 


Data to be collected and Analysed: 

Verified Supporting Evidence: 
None. 
Verified Refuting Evidence: 
The refuting evidences are listed below: 

• The dead weight of snow that could have caused any laminar cracking would have been greater 
than 2,000 ft of snow in height on top of the dome, which was not possible. 

Discussion: 
Above 
Conclusion: 
Excessive Snow/Ice Loading on the Dome was not a contributor to the laminar crack. 

I 

Description: 
This failure mode hypothesizes that during operation, heavy snow and rain accumulated on the top of 
the dome caused the observed laminar cracking. 

I 

I 

I 
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FM 3.14 - Vibration 


Description: 
There is a potential that long term low cycle vibration from rotating equipment may set up a failure 

. mechanism 
Data to be collected and Analysed: 
none 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The Shield Building is a free standing reinforced structure that shares foundation with the Containment 
Vessel and the Containment Internals. This foundation bears directly on bedrock. There is no 
equipment located on or supported from the Shield Building. The only major rotating equipment in the 
Containment Internals is the four Reactor Coolant pumps and the three Containment Cooling Fan 

-rhere have been no unacceptable indications identified. 
Discussion: 
Above 
Conclusion: 
Vibration was not a cause of the Laminar Cracks 

motors. These components are closely monitored by plant personnel for any out of tolerance vibration. 
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FM 3.15 - Physical Attack 


Description: 
Concrete is vulnerable to multiple mechanisms of physical attack that may lead to deterioration 

over time and potential failure. Physical processes include salt crystallization, freezing and 

thawing, abrasion and erosion, thermal exposure, and irradiation. 

Thermal exposure, fatigue and settlement are discussed elsewhere in separate Failure Modes. 

Salt crystallization is a process where dissolved salts move through the concrete by capillary action and crystallize 

on or under the surface as the water evaporates. The growing crystals can exert pressure on the "skin" of the 

concrete, resulting in spalling of the surface. This process can continue as long as there is a ready supply of 

moisture from the soil or atmosphere and the concrete experiences cycles of wetting and drying. 

Abrasion and erosion are processes where surface material is removed from the concrete by either dry 

rubbing/grinding or impact of fluid carried particles. 

Irradiation by either neutrons or gamma rays can cause changes to concrete's physical properties and/or volume 

change of aggregates (a summary of concrete irradiation is provided Exhibit 30). 

This document will attempt to identify potential processes and determine if any occurred in a way that impacted 
the observed failure. 

Data to be collected and Analysed: 
1. Permeability of the concrete (Industry Standards - Exhibit 29 Permeability vs Water Cement ratio; mix design; 

Petrographic reports - Exhibit 2 - Lab Test results from CTL; Exhibit 26 Test report from WJE) 

2. inspections record of damage related to physical attacks 

3. Radiation exposure records (Exhibit 30 Irradiation effect) 

Verified Supporting Evidence: None 

Verified Refuting Evidence: 
1. The concrete has low Water to Cement (W/e) ratio (measured average of 0.51) and 

permeability (Exhibit 29 is a figure showing established relationships). 

2. Petrographic reports did not detect salt crystallization inside the concrete (Exhibits 2 and 26). 

3. Thorough review of inspection reports and NCRs over the life of the structure did not identify significant 

surface salt crystallization (efflorescence) or concrete spalling that is associated with salt crystallization. No 

damage typical of physical attack was reported. 

4. The structure was not exposed to abrasion or erosion causing processes from mechanical abrasion or 

flowing water. 

5. Irradiation levels are low at the concrete level and will not have a detrimental effect on the containment 

structure's concrete. 

Discussion: 
1. Industry standards use water to cement (W/C) ratio as an indication of concrete's 

permeability. It has been established that concrete with W/C of 0.4 or lower has voids system 
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that is mostly made of disconnected discreet small voids - making it practically impermeable 

(Exhibit 29). At Davis-Besse, all the concrete was placed with 1.5" aggregate and W/C ratio of 

0.51 (as calculated from actual delivery tickets). Based on the above it is concluded that the 

concrete has low permeability. 

2. Some of the physical attack modes mentioned above require moisture transmission through the concrete. 

Impermeable concrete will be resistant to damage by salt crystallization. 

3. WIC ratio is also a good indicator of concrete strength. The low WIC ratio resulted in strong concrete, 

able to resist higher stresses caused by physical attack. 

4. Irradiation levels at the containment wall are very low and would not have significant effect on the 
concrete's physical properties. 
Conclusion: 
Physical attack was not a contributor to the Laminar Cracks. 
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FM 3.16 - Freeze-Thaw 


Description: 
Freeze-thaw is a collective name for several mechanical weathering processes induced by stresses 
created by the freezing of water into ice. The term serves as an umbrella term for a variety of processes 
such as frost shattering, frost wedging and cryo-fracturing. The process may act on a wide range of 
spatial and temporal scales, from minutes to years and from dislodging mineral grains to fracturing 
boulders. Freeze-thaw is mainly driven by the frequency and intensity of freeze-thaw cycles and the 
properties of the materials subject to weathering. It is most pronounced in high altitude and latitude 
areas and is especially associated with alpine, peri-glacial, sub-polar maritime and polar climates but 
occurs wherever freeze-thaw cycles are present. 
This failure mode hypothesizes that water is diffused into the shield building concrete, filling up some 
small voids in the concrete. Inside the concrete, the water in the small voids gradually migrate to the big 
VOids, such as gaps between the outer rebar and concrete, which have lower free energy to trap water. 
When the temperature drops below freezing point of water, the volume expansion of ice produced 
radial stresses and laminar cracks near the outer mat rebar. 

Data to be collected and Analysed: 

I Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The refuting evidences is listed below: 

• Had this failure mode been responsible for the laminar cracking near the outer rebar mat due to 
the degradation of the material strength, micro-cracking near small voids in one of the 83 
samples would have been observed. No excessive micro-cracking has been observed in an 
extensive SEM (Scanning Electron Microscope) examination of the 83 samples. 

• There is no sign of freeze-thaw (Le., chipping of surface concrete) on the concrete surface for all 
the concrete cores (a total of 13) that contain laminar cracks near outer rebar mat. 

I Discussion: 
Above 
Conclusion: 
Freeze-thaw was not a contributor to the laminar cracks. 

© 2012. Performance Improvement International - Appendix VII-63 

I 



FM 3.17 - Containment Cutting 


Description: 
This potential failure mode will examine if the action of cutting opening in the structure could have 
caused the observed delamination 
Data to be collected and analysed: 
Extent of delamination (Exhibit 42 is a drawing by CTL of NOT testing for delamination cracks) 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
Oelaminations were found throughout the structure including areas that are not directly linked to the 
opening. 

! Discussion: 
If opening cutting related stresses were the cause of the delamination we would see most of it 
happening adjacent to the opening. 
Conclusion: 
Containment cutting was not a cause of the Laminar Cracks 

I 
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FM 3.18 - Modification Activities 


Description: 
The only modifications to the shield Building have been the two temporary construction openings 
installed in 2002 and 2011. The evaluation of these mod activities is described above in FM 3.17 

IData to be collected and analysed: 
See FM 3.17 

! v "fi d S rt' E·derl e uppo mg VI ence: 
None 
Verified Refuting Evidence: 
See FM 3.17 

Discussion: 
See FM 3.17 
Conclusion: 
Modification Activities was not a cause of the laminar Cracks 
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FM 3.19 - Building Settlement 


. Description: 
This failure mode hypothesizes that the settling and its associated movement of the foundation of shield 
building was the cause to either initiate or propagate the observed laminar cracks. 

i 
I 

Data to be collected and analysed: 
Exhibit 45 - C-OI00 Shield Bldg. Foundation 
Seismic data 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The entire Shield Building foundation rest directly on bedrock (reference drawing C-100 -110) and 
precludes any differential settlement. Had the foundation settling caused the observed laminar cracks, 
both the inner and outer rebar mats would have shown laminar cracks. Note that the observed laminar 
cracks were only in the outer rebar mat. 
Moreover, foundation settling would have resulting cracks at building joints and/or corners. No such 
cracks were observed neither in the shield building nor in the adjacent auxiliary building. 

I Discussion: 
i None. 

Conclusion: 
Building settlement was not a cause of the laminar cracks 
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Description: 
This failure mode will examine the potential for loads caused by the translation (movement) of piping 
penetrations in the Shield Building. 
Data to be collected and analysed: 
See FM 3.21 
Verified Supporting Evidence: 
None 

FM 3.20 - Penetration Translation 

I 


I

Verified Refuting Evidence: 
As described in FM 3.21, the high energy piping lines that penetrate the Shield Building are structurally I 

Iisolated (no physical connection). Therefore, there this potential failure mode is refuted. 
Discussion: 
See FM 3.21 
Conclusion: 
Penetration Translation was not a cause of the Laminar Cracks 
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FM 3.21 - Piping Penetration (High Energy Loads) 


Exhibit 69 - Drawing M-284A 
Exhibit 70 - Drawing M-284B 
Verified Supporting Evidence: 
None 
Verified Refuting Evidence: 
The high energy piping that penetrates the Shield Building is limited to the main steam and main 
feedwater lines. These high energy pipes are structurally isolated from the Shield Building, Ref. Drawings 
M-284A & M-284B. Therefore, there is no mechanism to transfer high energy piping loads to the shield 
Building. Also, these piping penetrations would only affect a relatively localized area of the building, 
which does not conform to the crack condition documented on drawing C-I11A. Therefore, the high 
energy piping mechanism can be removed from the potential causes for the laminar cracks. 
Discussion: 
If opening cutting related stresses were the cause of the delamination we would see most of it 
happening adjacent to the opening. 
Conclusion: 
Containment cutting was not a cause of the laminar Cracks 

i 

Description: 
This failure mode will examine the potential for piping penetration loads on the Shield Building as a 
cause for the identified laminar cracks. High energy piping, if applicable, could cause vibration/fatigue 
stresses in the acljacent concrete . 

. Data to be collected and analysed: 
! Exhibit 44 - Drawing C-ll1A 
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Appendix IX Resumes 
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Exhibit 2 

C~ROUP 

October 27,2011 

Mr. Jon Hook, PE 
Project Manager - FENOC 
First Energy Corporation 
5501 N. State Rt. 2 
Oak Harbor, OH 43449 email: jghook@firstenergycorp.com 
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Dear Mr. Hook: 

At the request by Mr. Joseph Charles of Sargent & Lundy and John Gruber of Bechtel 
Corporation, CTLGroup performed laboratory evaluation of two concrete core samples 
removed from the wall of the Shield Building at the Davis-Besse Nuclear Plant located in Oak 
Harbor, OH. The scope of work requested included petrographic examination and water­
soluble and acid-soluble chloride testing of the core samples. 

Concrete cores A and D were received by CTLGroup on October 19th 
, 2011. Cores were 

nominal 2 inch diameter and removed from the Shield Building exterior wall surface near the edge 
of Flute a (see Figure 1 in Attachment A for core location sketch). Both cores were removed in 
areas where nondestructive Impulse Response testing revealed high mobility values and where 
internal concrete cracking was suspected. Inspection of the core holes using an optical fiberscope 
revealed internal concrete cracking. Field core logs for Cores A and D are included in Attachment 
B. Information on original mix designs for the Shield Building concrete was provided by 
FirstEnergy and is included in Attachment C. 

OODlJ!J IJ IJIJOO[1]JITIIOOMIlDOO[]J] DO 

Petrographic examination of Cores A and D was performed in accordance with ASTM Ca56 
"Standard Practice for Petrographic Examination of Hardened Concrete". Results of the 
examination are summarized as follows. Complete petrographic report is included in Attachment D. 

• 	 While concrete represented by the cores exhibits some non-uniformity, concrete appears 

consistent with the mix designs provided in terms of composition and quality. Apart from 

several transverse fractures in the as-received core samples, the concrete is in good 

condition. 


• 	 Transverse cracks in both cores, associated with those crack locations identified in the 

core holes, pass through coarse aggregate. Fracture surfaces appear clean, with no 

discoloration or debris, and few deposits. No materials-related causes for the cracks and 

microcracks are observed, and no evidence of chemical reactions involving aggregates 

and paste constituents (such as alkali aggregate reaction) was observed. 


Austin, TX • Chicago, IL • Washington, DC 

Corporate Office: 5400 Old Orchard Road, Skokie. IL 60077-1030 P: 647-965-7500 F: 847-965-6541 www.CTLGroup.com 
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Exhibit 2 Mr. Jon Hook Page 2 of 2 
Concrete Evaluation - Davis-Beese Shield Building October 27, 2011 
CTLGroup Project No. 262600 

• 	 Paste along the outer surface of the cores (i.e., exterior surface of the Shield Building 

wall) is fully carbonated to a depth of 5 to 8 mm. Carbonation in the body of the cores 

exhibits a mottled pattern with small areas of carbonated and non-carbonated paste; 

however, this feature does not appear to affect the overall integrity and performance of 

the concrete. Paste along the fracture surfaces of both cores, associated with those 


. . . . 	 . 

pattern observed in the body of the cores; however, the paste does not appear to have 
carbonated due to exposure along the fracture surfaces. 

• 	 Estimated air content in Core A ranged from 1 to 3%. Estimated air content in Core 0 
ranged from 1 to 3% at the outer end and 3 to 5% in the body of the core. Concrete 
appears air-entrained, but overall air contents are lower than specified in the original mix 
designs shown in Attachment C. 
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Water-soluble and acid-soluble (total) chloride ion tests were performed on concrete samples cut 
from various depths in each of the two cores. Testing was performed in accordance with ASTM 
C1218, "Standard Test Method for Water-Soluble Chloride in Mortar and Concrete" and ASTM 
C1152, "Standard Test Method for Acid-Soluble Chloride in Mortar and Concrete." Acid-soluble 
chloride ion tests measure the total (soluble and insoluble) chloride ion level in concrete. Chloride 
testing was performed at a:X to 4 inch depth for Core A and at a % to 4 in. and 19-1/4 to 23 in . for 
Core D. Laboratory test report is included in Attachment E and results summarized as follows: 

0 omrn O[[[] 

Oo [[] 
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A 3/4 to 4 0.083 0.037 

0 3/4 to 4 0.090 0.031 

0 19-1/4 to 23 0.083 0.031 

We appreciate the opportunity to assist First Energy on this project. If you have any questions 
or require additional assistance, please call. 

Sincerely, 

~O·R~ 

Carlton A. Olson 
Principal & Group Manager 

John J. Roller, PE (Ohio - PE. 74103) 
Structural Engineering & Mechanics 

COlson@CTLGroup.com 
Phone: (847)972-3244 

Jroller@CTLGroup.com 
Phone: (847) 972-3178 

COA #01178 
Attachments- A through E 
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Location Sketch - Cores A and D 
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Shield Building Concrete Mix Designs 
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Petrographic Examination Report 
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Date: October 26, 2011 

CTLGroup Project No.: 262600 
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Two core samples identified as Core A and Core D (Figs. 1 through 4) were received October 

20, 2011 , from Mr. David Drengenberg, CTLGroup Engineer, on behalf of First Energy 

Corporation, Oak Harbor, Ohio. The core samples were extracted from a wall of the shield 

building at Davis Besse Nuclear Power Station. During removal of concrete to install an opening 

into the shield structure, cracks were noted within the approximate 2-ft. thickness of the wall. 

The submitted core samples were extracted from the wall, with the intention of capturing the 

observed cracks. Petrographic examination (ASTM C856) of the core samples was requested to 

evaluate the overall composition, quality and condition of the concrete, and to characterize the 

crack surfaces, including their appearance and depth of carbonation. 

Information for two mix designs, dated October 2, 1970, were also provided by First Energy. 

The provided mix designs are fairly similar; the main difference between the mixes is the 

specified slump- 6 in. vs. 5 in. The mix designs indicate a specified 28-day compressive 

strength of 4,000 psi , 1 % in. aggregate top size, 3 to 6% air content, "cement factor" of 6.25 

sack/yd3 of concrete, and water-cement ratio (w/c) of 0.52 for the 6-in. slump mix and 0.51 for 

the 5-in. slump mix. 

ODIJ 0 DIJ 0 Oilll DO DIJ 0 DODO ODIJ DOD 

While concrete represented by examined core samples exhibits some non-uniformity, it 

generally appears consistent with the provided mix designs in terms of overall composition and 

quality. Apart from transverse fractures within the as-received samples, the concrete is in fairly 

good condition. 
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Davis-Besse Shield Building Wall Evaluation October 26, 2011 
CTLGroup Project No. 262600 

As received , the core samples were transversely fractured into multiple segments, however only 

a few of the fractures reportedly represent cracks within the wall structure (Figs. 2 and 3). All of 

the observed fractures extend mainly through aggregate particles. Surfaces generally appear 

cleanly fractured, with no discoloration or debris, and few deposits (Fig. 5). In addition to the 

main transverse fractures, the cores exhibit a few microcracks (Fig. 6). Based on petrographic 

examination, no materials-related causes for the cracks and microcracks are observed. The 

concrete does not exhibit deleterious chemical reactions involving aggregates and paste 

constituents (such as alkali-aggregate reaction) nor other forms of chemical or physical 

deterioration. 

On a small scale, concrete within the cores exhibits considerable variability in physical paste 

properties and paste microstructure. Within the body of the cores, paste ranges in color from 

light beige to medium-dark gray (Figs. 7 and 8). Where lighter in color, the paste tends to be 

moderately soft to soft, and moderately to highly absorbent, with dull to subvitreous luster. 

Where darker in color, the paste is moderately hard to hard, subvitreous, and moderately dense. 

Throughout the core samples, paste-aggregate bond is very tight. Given this variability, w/c 

within the concrete varies over small areas but is judged to be moderate overall, estimated in 

the range 0.45 to 0.55. This estimate is consistent with the provided mix designs, but is 

somewhat speculative due to the age of the concrete and the advanced degree of cement 

hydration. 

Paste along the outer surface of each core is fully carbonated to depths of 5 to 8 mm (Figs. 9 

and 10). pH staining suggests that paste at greater depths is non-carbonated but thin section 

examination indicates an unusual pattern of paste carbonation within the body of the cores . The 

paste is fully carbonated along the periphery of several aggregate particles (such areas 

generally appear lighter in color and exhibit weaker paste properties). Elsewhere within in the 

body of the concrete, the paste exhibits a mottled pattern of carbonation with small areas of 

coarsely carbonated paste and small areas of non-carbonated paste (Fig. 11). The observed 

pattern of carbonation and variability in paste propertieg may have been influenced by: 1) the 

use of moist or wet aggregates at the time of mixing; 2) interaction (non-deleterious) between 

the carbonate aggregates and the paste; 3) incomplete mixing of the concrete constituents; 

and/or 4) the presence of moderate to large amounts of clay-sized carbonate fines within the 

concrete. While the observed pattern of paste carbonation is unusual and the paste is non­

uniform, these features do not appear to have affected the overall integrity and performance of 

13 of 3 4 
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concrete. Paste along interior fracture surfaces exhibits the same mottled carbonation pattern 

• as observed elsewhere in the body of the concrete. Thus, the paste does not appear to have 

carbonated due to exposure along the fracture surfaces. 

In general, the concrete consists of crushed carbonate rock coarse and fine aggregate in a 

hardened portland cement paste. Observed aggregate top size is 25 mm (1.0 in.). In Core A, air 

content is estimated at 1 to 3%. In Core D, the air content varies with depth, ranging from 1 to 

3% at the outer end to 3 to 5% in the body of the core. The concrete appears air entrained 

based on the presence of small, spherical voids in the paste, but overall air contents are 

generally lower than specified by the mix designs. Additional findings and details of the 

examination are provided in the attached petrographic data sheets. 

MDDDD o o lID D([[]ODD 

Petrographic examination of the provided samples was performed in accordance with ASTM 

C856, "Standard Practice for Petrographic Examination of Hardened Concrete." The samples 

were visually inspected and photographed as received. The outer two segments of Core A and 

the full length of Core D were then cut in half longitudinally, and one of the resulting halves of 

each core was ground (lapped) to produce a smooth, flat, semi-polished surface. Lapped and 

freshly broken surfaces of the concrete were examined using a stereomicroscope at 

magnifications up to 45X. 

For thin-section study, two small rectangular blocks were cut from each core, and one side of 

each block was lapped to produce a smooth, flat surface. The blocks were cleaned and dried, 

and the prepared surfaces were mounted on ground glass microscope slides with epoxy resin. 

After the epoxy hardened, the thickness of the mounted blocks was reduced to approximately 

20 \-1m (0.0008 in.). The resulting thin sections were examined using a polarized-light 

(petrographic) microscope at magnifications up to 400X to study aggregate and paste 

mineralogy and microstructure. 

Estimated water-cement ratio (w/cm), when reported, is based on observed concrete and paste 

properties including, but not limited to: 1) relative amounts of residual (unhydrated and partially 

hydrated) portland cement clinker particles; 2) amount and size of calcium hydroxide crystals; 

3) paste hardness, color, and luster; 4) paste-aggregate bond; and 5) relative absorbency of 
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paste as indicated by the readiness of a freshly fractured surface to absorb applied water 

droplets. These techniques have been widely used by industry professionals to estimate w/cm. 

Depth and pattern of paste carbonation was initially determined by application of a pH indicator 

solution (phenolphthalein) to freshly cut and fractured concrete surfaces. The solution imparts a 

deep magenta stain to high pH, non-carbonated paste. Carbonated paste does not change 

color. The extent of paste carbonation was confirmed in thin-section. 

Victoria A. Jennings 
Petrography Group 

VAJ 

Notes: 1. Results refer specifically to the samples submitted . 
2. 	 This report may not be reproduced except in its entirety. 
3. 	 The samples will be retained for 30 days, after which they will be discarded unless we hear 

otherwise from you. 

CTI}~~ 15 	of 34 
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0=:10000 OO[tCI[[[['ODM[oC[tO] 00] =:10]000=:10000]0 DOOCOO=:nIJOOMOllODT 

STRUCTURE: Shield building wall DATE RECEIVED: October 20, 2011 

LOCATION: Davis-Besse Nuclear Power Station, EXAMINED BY: V. Jennings 
Oak Harbor, Ohio 

O=:1MOOO=:1 

=:1 1TIlIJ0ilil [l[]]]IlIlIIIII[[]I]OCore A. 

=:1 DOc] rOOoud J[[]]]IJTI~10D2969001-01. 

OOJ] OOITJJOCOCore diameter is 42 mm (1.7 in.). Core was received as 6 main segments and 
several smaller fragments. Outer segment marked "A1" is 207 to 225 mm (8.1 to 8.9 in.) long. 
Next segment marked "A2" is approximately 90 to 105 mm (3.5 to 4.1 in.) long. Segments A1 
and A2 fit together tightly and total approximately 315 to 325 mm (12.4 to 12.8 in.) in length. 
Segments marked A3, A4, A5 and A6 fit together and total approximately 65 to 70 mm (2.6 to 
2.8 in.) in length. Core represents partial wall thickness. 

D [[])'O]CdOFairly even, though rough surface exhibits some exposed fine aggregate 
particles. Surface is light to medium gray in color and moderately soft. Core is chipped along 
edge of surface; chip extends to depth of approximately 55 mm (2.1 in.). 

:K![[t0]cd [RoUgh, broken concrete fractured through aggregates. Surface appears cleanly 
fractured, with no discoloration or debris, and few deposits. 

DrDCIIIIlJJD[[I[J]JJJ[JO'O=:1[1JO[iJlITITransverse fractures that divide core into its main segments 
extend mainly through aggregate particles. Surfaces generally appear cleanly fractured, with 
no discoloration or debris, and few deposits. Concrete contains a few entrapped air voids 
measuring up to 11 mm (0.4 in.) across. No joints observed. 

C] DIiJClJrCJDD DDDIJNone in core segment. 

000 =:100 OOOOID 

[tOO'i]Dc--:(;rushed rock composed of limestone, dolomitic limestone, argillaceous limestone, 
and other carbonate rocks. Particles range from dense to moderately porous. 

ODJJODManufactured sand with similar composition as coarse aggregate, including fragments 
of calcite and dolomite. 

OrD:l:IllIIHlDo]OOJU[[[CWithin small diameter available for examination, appears fairly evenly 
graded to an observed top size of 21 mm (0.8 in.). 

DO=:1DC1IlJ]OO[])'][IlIJJUIlltO]C][]]llo=Coarse- angular to sub-angular, and equant to flat/elongate, 
with rough, irregular surfaces; distribution appears fairly uniform. Fine- angular to sub­
rounded, and equant to occasionally elongate; distribution is uniform. 
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DDDOOI] 

o DrnJrDVariable. Paste is beige where carbonated along outer surface; color then appears 

mottled between light beige-gray and medium-dark gray to depths of approximately 50 mm 

(2.0 in.). At greater depths, color ranges from light beige to light gray to medium gray. 

D[)'dDDDODVariabfe from moderately soft to soft where lighter in color to moderately hard 

where darker in color. 


OODJI)'DGenerally subvitreous. Locally dull where lighter in color. Paste also locally appears 

resinous to waxy near some aggregate particles. 


OffiJIIillDDrDDDJlIIIJDDdDVery tight; surfaces of freshly fractured concrete extend through 

nearly all coarse and fine aggregate particles. 


Ll[l![]]OLlDIIJOIJEstimated 1 to 3%. Concrete contains some small, spherical voids but is 

effectively non-air entrained. 


D[O[J]][]][]]]J[),LlDD[]]ITJDDPaste is fully carbonated along outer surface to depths of 5 to 8 mm 
(0.2 to 0.3 in.). In body of core, paste is also fully carbonated along the periphery of several 

aggregate particles. Elsewhere in body of core, on a microscopic scale, paste exhibits a 

mottled pattern of carbonation with areas of coarsely carbonated paste and areas of non­

carbonated paste. Paste along interior fracture surfaces exhibits similar mottled carbonation 

pattern as observed elsewhere in body of concrete, i.e., paste does not appear to have 

carbonated due to exposure along fracture surfaces. 


DD[]][]]O []]o:irDiJ]je.,TI:Could not be evaluated due to unusual pattern of carbonation within 

body of concrete. 


DD::I.dDrnmcrQlIl.Ol[]]DJ DJ[][]][][]]O[)'[]][), 11'11111 ! II Estimated less than 1 %. Relics of in-situ 

hydrated clinker particles are abundant; particles up to 150 IJm (0.006 in.) are fairly common. 


ODOUJITJ O[![[tOJiJ[O [[][[];]]JDo:MLIJIrillIIlillNone observed. 

OOIlDd[)'O[]] [oDJIJlIIJDRelatively coarse calcite crystals line the surfaces of several voids. 

Inwardly-projecting ettringite crystals also line the surfaces of, or completely fill, some voids. 


MIT::IDODODDO[]JJO! OCore exhibits one longitudinal microcrack, extending from outer surface to 
depth of approximately 55 mm (2.2 in.). Two outer segments of core also exhibit transverse 
microcracks at depths of approximately 115 mm, 250 mm, and 285 mm (4.5,9.8, and 11.2 in.). 
Microcracks extend both around and through aggregate particles. 

OOIJ[MlJJIJD[]] DDODDL DMODDOIJLlLl[[] lJ\Iariable throughout cement paste but overall 
estimated to be moderate (0.45 to 0.55). Numerical estimation is somewhat speculative given 
age of concrete, advanced degree of cement hydration, and unusual pattern of paste 
carbonation. 

MIJIjDDDLlDDDD DOLl 

1. 	 Outer surface of core is covered with mortar coating, up to 1 mm (0.04 in.) thick. Mortar 

contains sificeous sand aggregate in a soft, absorbent, cementitious paste. 


27 of 34 



a 

Exhibit 2 First Energy Corporation Page 17 of 20 
Davis-Besse Shield Building Wall Evaluation October 26.2011 
CTLGroup Project No. 262600 

2. 	 Paste is highly absorbent along outer surface to depths of up to approximately 5 mm 
(0.2 in.). In body of core, paste is moderately absorbent to moderately dense. In general, 
paste is more absorbent where lighter in color. 

3. 	 Concrete contains a moderate to large amount of carbonate fines, likely crushing fines 

from aggregate. 


4. 	 Concrete exhibits some intermediate- to sand-sized, fine-grained and porous aggregate 

particles that appear darker and retain moisture longer than other particles. The cement 

paste adjacent to these particles often appears resinous or waxy. Despite the 


earance of the ad'acent aste, no other evidence is observed to su est that the 
particles are reacting with alkalis in the cement paste. No alkali-silica reaction (ASR) gel 
is observed in the concrete. nor are any cracks observed associated with the particles. 

*percent by volume of paste 
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C C [IJ 0 0 [] 0 IJ ITO IIO0 [1M[]] [Tlill 0 ITO OITO 0 0 0 0000[]] 0 0000OO[[][IJ [] oM []] ITIIJ 

STRUCTURE: Shield building wall DATE RECEIVED: October 20, 2011 

LOCA TlON: Davis-Besse Nuclear Power Station, EXAMINED BY: V. Jennings 
Oak Harbor, Ohio 

ooMoooo 

[11[[OIillii CCiITIlDIlu][J10C::Core D. 

o OIJO rO[IOrn:l ITXlmrrTIl[[1a2969002-01. 

O[]] OO[]IDoDDCore diameter is 42 mm (1.7 in.). Core was received as 4 main segments. 
Outer segment marked "D1" is approximately 350 to 364 mm (13.8 to 14.4 in.) long, next 
segment marked "D2" is 20 to 33 mm (0.8 to 1.3 in.) long, "D3" is 12 to 19 mm (0.5 to 0.7 in.) 
long, and "D4" is 235 to 245 mm (9.3 to 9.6 in.) long. Individual segments fit together closely 
and total 645 to 648 mm (25.4 to 25.5 in.) in length. Core represents partial wall thickness. 

o o[])'[]]CXicRough, irregular concrete surface with exposed aggregates. Surface is yellowish 
gray in color and moderately soft. 

OIJOO'OIJCXiORough, broken concrete fractured through aggregates. Surface appears cleanly 
fractured, with no discoloration or debris, and few deposits. 

IJr[[]]OIDJ[]]JIIII:1O'OO[]]O[lllo:::ITransverse fractures that divide core into its main segments 
extend mainly through aggregate particles. Surfaces generally appear cleanly fractured, with 
no discoloration or debris, and few deposits. Core exhibits one short transverse crack 
occurring 3 to 4 mm (0.12 to 0.16 in.) beyond outer surface; crack extends only partially 
through core diameter. One hairline crack, an extension of one of the main fractures, occurs 
within segment D2. Concrete contains a few entrapped air voids measuring up to 14 mm 
(0.6 in.) across. No joints observed. 

o [lillDIJr:J..JJ ITJDIJNone in core segment. 

DO 00000000 

OOO'DDDCrushed rock composed of limestone, dolomitic limestone, argillaceous limestone, 
and other carbonate rocks. Particles range from dense to moderately porous. 

O[]]O[Manufactured sand with similar composition as coarse aggregate, including fragments 
of calcite and dolomite. 

oro:f[[J[[JO[]]O]JOOO]JOILIJJVithin small diameter available for examination, appears fairly evenly 
graded to an observed top size of 25 mm (1.0 in.). 

OOIT[[J[[][I]UIDJrC[[][IJ[[J]'[]]O[[][IJOOCoarse- angular to sub-angular, and equant to flat/elongate, 
with rough, irregular surfaces; distribution appears fairly uniform. Fine- angular to sub­
rounded, and equant to occasionally elongate; distribution is uniform. 

~!290f34 
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OO:::JOOO 

OCIIIJrCVariable. Paste is beige where carbonated along outer surface. Within body of core, 

color ranges from light beige to medium beige. and from light gray to medium-dark gray. 


oO'd:::JDITJJVariable from soft where lightest in color to hard where darkest in color. 

Oc:n:JI)'CVariable from dull where lighter in color to subvitreous where darker in color. Paste 

also locally appears resinous to waxy near some aggregate particles. 


OOrn::mO[JrDDOJIJID:::JedDVery tight; surfaces of freshly fractured concrete extend through 

nearly all coarse and fine aggregate particles. 


O]l[[]JO:::JITTI[[JEstimated 1 to 3% in outer approximate 180 mm (7.1 in.). then 2 to 4% to depth 

of approximately 360 mm (14.2 in.); estimated 3 to 5% in remainder of core. Overall, concrete 

appears air entrained based on presence of small, spherical voids in paste matrix. 


[I:::JDITCillJJlI]O'[I[lOOIIIIIO:::JPaste is fully carbonated along outer surface to depths of 5 to 7 mm 
(0.2 to 0.3 in.). In body of core, paste is also fully carbonated along the periphery of several 

aggregate particles. Elsewhere in body of core, on a microscopic scale, paste exhibits a 

mottled pattern of carbonation with areas of coarsely carbonated paste and areas of non­

carbonated paste. Paste along interior fracture surfaces exhibits similar mottled carbonation 

pattern as observed elsewhere in body of concrete, Le .• paste does not appear to have 

carbonated due to exposure along fracture surfaces. 


O[]]l[JO illJI:::tiromlDICould not be evaluated due to unusual pattern of carbonation within 

body of concrete. 


orn]l[lD.:IE[JrITIIi:lDJJDD DD[][]UIIJDO'illJ:::tIJT:I1JII.rEstimated less than 1%. Relics of in-situ 

hydrated clinker particles are abundant; particles up to 150 !-1m (0.006 in.) are fairly common. 


O[l[IODIC LlDDl'DIiJOD ITJJlIi[][[JOOMDJ.l:)'OIIJI[[JNone observed. 

[lDDJLdO'DITCDDO:JIIIIIJRelatively coarse calcite crystals line the surfac~ of several voids. 

Inwardly-projecting ettringite crystals also line the surfaces of, or completely fill. some voids. 


MCIlIJ :::J[lIJIJDUDD Ceore exhibits one longitudinal microcrack. extending from outer surface to 
depth of approximately 170 mm (6.7 in.); an adjacent. parallel microcrack extends to depth of 
only 23 mm (0.9 in.). Core also exhibits a transverse microcrack at depth of approximately 
465 mm (18.3 in.). A few other microcracks branch off of and run parallel to fractures through 
core. Microcracks extend both around and through aggregate particles 

[loolMoooo[[]J :::JOOOiJlJOMOOoO::::;:::JoillJDVariable throughout cement paste but overall 
estimated to be moderate (0.45 to 0.55). Numerical estimation is somewhat speculative given 
age of concrete. advanced degree of cement hydration. and unusual pattern of paste 
carbonation. 

MDIJOOOJJO[lO DOD 

1. Paste is highly absorbent along outer surface to depths of approximately 4 mm 
(0.16 in.). In body of core, absorbency is variable, ranging from highly absorbent to 

30 of 34 



Exhibit 2 First Energy Corporation Page 20 of 20 
Davis-Besse Shield Building Wall Evaluation October 26, 2011 
CTLGroup Project No. 262600 

dense; paste is generally more absorbent where lighter in color and more dense where 
darker. 

2. 	 Concrete contains a moderate to large amount of carbonate fines, likely crushing fines 

from aggregate. 


3. 	 Concrete exhibits some intermediate- to sand-sized, fine-grained and porous aggregate 

particles that appear darker and retain moisture longer than other particles. The cement 

paste adjacent to these particles often appears resinous or waxy. Despite the 

aooearance of the adiacent caste no other evidence is observed to SUQQest that the 

particles are reacting with alkalis in the cement paste. No alkali-silica reaction (ASR) gel 
is observed in the concrete, nor are any cracks observed associated with the particles. 

"percent by volume of paste 

~~310f34 
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DDODDO[[][[]D 

Acid Soluble (Total) and Water Soluble Chloride Ion Test Reports 
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Client: O[ll[illoct[J[I[]::'rmrrniIl[J CTL Project No: 


Project: [J[JOJ CTL Project Mgr.: [][to:::J.'CJOIl 


Analyst: [J IJlII:CJO 

Contact: [] ctOJDCIJ Ll.I[';D Approved: 'Rwcr~ 

Submitter: Date Analyzed: o DJIJDCrfJIJt Cll.:J.:'11 

Date Received: Date Reported: CJ mJ[]orrnnJIIJl1 

Sample Identification 
CTLID Client 10 Description 

Determined 
Chloride 

(wt% sample) 

2969001-02 Core A-- 3/4 to 4 in. Concrete 0.083 

2969002-02 Core 0-- 3/4 to 4 in. Concrete 0.090 

2969002-03 Core 0-19 1/4 to 23 in. Concrete 0.083 

Notes: 

1. This analysis represents specifically the samples submitted as received. 
2. Analysis by potentiometric titration with silver nitrate. (ASTM C 1152-04(1) 
3. This report may not be reproduced except in its entirety. 

QLT40-027 Corporate Office and Laboratory: 5400 Old Orchard Road Skokie. IINnoiS 60077-1030 Page 10f1 

Revision 1.0 

Page 33 of 34 



Exhibit 2 

Client: UlIlITl!ITlOO'uCJill Dr[]O'rnITlO CTL Project No: ::rrIIlD 
Project: OOITJ [llDill []ITIlDJ]] CTL Project Mgr.: oO'iIliIJ;::m 

Analyst: OillDD:: 
Contact: Approved: 'Rwcr~ 

Submitter: DO'OO::JD Date Analyzed: o ;::JmDO'ITlIIIlllD11 
Date Received: 0 CImOO'C:::c:::::1lIJ11 Date Reported: o ::::::WOO'ITlIIIlllD11 

co:::: ODDiJIJl'Doo::mOlJO:::: DITlJD 

Sample Identification 

CTL ID Client ID Description 

Determined 

Chloride 
(w\% sample) 

2969001-02 Core A-- 314 to 4 in. Concrete 0.037 370 

2969002-02 Core D-- 3/4 to 4 in. Concrete 0.031 310 

2969002-03 Core 0--19 1/4 to 23 in. Concrete 0.031 310 

Notes: 

1. This analysis represents specifically the samples submitted as received. 

2. Analysis by potentiometric titration with silver nitrate. (ASTM C 1218-99 (2008» 
3. This report may not be reproduced except in its entirety. 

QLT40-027 Corporate Office and Laboratory: 5400 Old Orchard Road Skokie, IIHnois 60077-1030 Page 10'1 

Revision 1.0 
Page 34 of 34 
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DATE: 11/1912011 
TLSC JOB NO: 110889.1 

Page 10f1 

M.O.E., SPLIT TESILE AND COMPRESSION TESTS ON CONCRETE CORES 

CLIENT: Performance Inlegrlty Intemallonal 
2111 S. 8 Camino Real, 
~an~e,Ca.92054 

JOB NAME: Fenoo •Davis· Dess! (as reporled by Client) 
SAMPLED FROM: Davis-Besse Shield Building 
(looalion In Structure) Shoulder ( as reported by client) 
Cored On: NlA 

SpeoIfted Strength: See Attachment 4.000 psi 
TAKEN BY: Twining from client OffIce In Newport Beach, CA 
Picked Up On: 11/1812011 

CORE 1.0, 
DATE OF TEST 
DIAMETER, In, 

81 (core#1) 81 (core # 2) 8p1ilUng Tensile on sa 
11/19/2011 11/1912011 11/19/2011 

3.67 3.67 3.67 

M.O.E.ls rounded to the nearest 50,000 psi 

TEST STANDARD: ASTM C42, ASTM 0469, ASTM C496 
Notes: Core Idenflfied as 81 was cut Into two pieces, sample ## 1was tested for M.O.E. ,test## 2was tested for 

compression tesl. 

Mike Fattal, Manage 

SenIor Project Engineer 

Twining, Ino. -Z Review Englneeer 


AllnpO<I$ r.main the property ofTwining. Inc. Authorization (or publication ofour rtporls, condusions. or exlJaclS fromExhibit 3 Page 1 or regardinglhmt b ~cved pauling our wrilten approval.s a mutu.1 prol«tion 10 (\i.,,\.I, Ihe public and ouru:lvts. 
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Exhibit 4 

TF(,IINIC\ l Sj'ECIFICATlONS 

FOR 

OF 

CO:-':CRETE 

1.0 GENEnAL 

This Sl'~'dlk.iti(lll \.·,l\·... '" til(' ..·,'mpl"'I': lormim~. nladl1tl. lilli ..hil\~~ and Curl!ll! ur 
\'0111..'1'1:1(.', II fl.'l1l1s ~I part \~r Sp.:.... iikalil'" Nu, 77·19..( <HS. Shh:ld lluilclin\,!, ami 
COllsll'Ul'liolll'Jt)\.'UIlWIlI No. 77·i\)·llS, 

Th~' WORK illdutl~·s Ill" rurnishin!) I.lr all super\'isioll. h!llOr, 1It:ltcriah•• tool:;. am.! 
l'quiP1llCIlI i11l11 t Iw 1'\'''fllrm:IIl~'l' {)f JIl op~mtjon:i and illl..'it.h.:utah Ill'c~sury 10 (~('jrnplt'h' 
Ih\~ forminf.. plildll~L filllshin~ ,mJ ,:urill!: ~)( Pot'II:lI!d \.'\'111('111 c()ncr~t(' in :Icconjancc 
with this Sprdlk:llion and Sp"'\.'iik.ltion };I), 1749-('·38. Shkh.! UulhJing. 

The WORK also inl'lut!,,·s rlltni~hing dOC!I!llClIl:ltioll to IIll' C'ONSTRU(l'JON 
MANAGER ;I~ spcdlkJ in l)ilI"ll~ ...,ph 3.0 .mu S\~l;tioll XII of tlli.. Contract Document. 

1.3 The inltmt of th\'~(' Spl'dlicali~l1ls i~ to I;'slabli~h crih,~I'ia lilf Ihe forming. pl:ldng of 
concrete, rcillforCCllwllt alld cmlwJml'nts.•md finishing and tUring of Portland Cl'lllcnt 
concrete, 

o 2.0 ABBREVIATIONS 

o The abbreviations lisled bell)w wheu u~"'\i in these Specifications shall have the following 
meanings and shall refer to thl.' latl.'st rc\'isi~1n in effect on the d~llc of this Contract. 

AASHO· American Msot'ialioll (lrSt:!t!.' Hi¥hway Officials 
ACI • American Concrete Institute 
ASTM • American Sodety tor T~sting and ~bterials 

Par~e t of 15 
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'. 

.'",WI all.\ \ IIllu\lI>1' 

II""",,, 

.tU QUALITY CONTROl. RH')UI RI:\1ENTS 

J.I Q(' I{t'l:onl:-; 

The cquiPIll':1I1 or m;tl~'tlJIs lip~dnl'll Ih'n'Ulllh'f ;In' QUst ih'llls .lIld :lr~' to pl'rf!.1rIll 

nitka! ftllR'!iOIl" in IIll' ~:lId";\r jl(l\wr Planl. Tlw CO~TRACTOI{ <;hall furnish, lor Ihe 
tWill'll' or Ih,: ('o~~;-., flHTllON .\I,\NAGI: I~, Cc-llilk{1 R...wtdli or QlI,llity Control 
Imp{'t'tilH\l' ;!IH: ·1 ...~ls Ill:ff.mlll'ti lIIIlUl~! prolhh:tr.,'Il, :IS w'lllih'd in 1IH.'~l· Slwdtkaliolls 
und SCl:lkHI XliIII' Illl~ (".'1111,\. I /)oL'tlll!('nl. 

Without llhl'till!\ fl':o.I'HJI'.,l'oililh"i 1111/1(;1'\\,,11 l'y \.'(~\ks, Ihew Spcdrh:alilllls, llpplh.:ablc 
l'tatlltc'S. dc.. and III ;,oI,/lti<}1I It. Iht')·~, olh,'r\\ !.-,' h'qllin'l! Ih~' CON'I'HJ\(TOI{ )-.h;11I 
tuo"ill\, l'opi\''i or in"IWUWIl ;1I111 H'~lll'Jll)rb, ,I" ll"kll hdn\V, in ;lItvaIlC~' ofmnl",ri.lil)" 
(.'quipllI\'1l1 shiplIWlI1. 'I'll\' ('O~";TI{;\CI'OH a~~f\'~"; II) jlwvitlc 'Il'n'';!; lu h;I:;ic it):,pl'dil.1Jl 

fl"i,:O\"\!o;.. indtl\linl'. Ihow oi nOJ)·dc~lrUl·llw h~,b;, ;,nl! "hall !;IIIHlI:lh' wh':n I)jighwis \\111 

ttl! rclC:15~'d to thl' COXSIRllCTloN MAN:\(;ElC Bldtll'l~ 1-.11:111 !.lIhlllil wHh tlw 
1}\'opnsill, an t)\lHin\:' nl' ttl\' 111Mlit)' l.'Unlnll i'hPCl'ti'lIl alii I 1t,:~1 prol'('liun'" '1.1 b", 
follmwd ill rurtlishill!~ 'he Ilhlkri:ll or cqllil1llWIlt. Withill thirty days ant'" receipt of all 
order. till.' CO~TRA('lOR sllall fumbh ,iL'l;lill'tl qa;l\uy «:(1)1101 ill"IIt'I.'lion lind resl 

Jlrocl~dllrCs.. and till' SdlC,luk fur :,cc:oJllPIi:;hilltl Ihe adiviljc~, The ('ON')'RACTOJ('S 
inspection tllltl l\'st J'll'O":t.·lhIT('S slwll pro"i"l' for maillt~'Il;lIlce of" calihration system to 
control the m,'cUr:lq' tlj' his 1U";Jsllring and I\'sl ,'qllipllwut The S!llllt' infonn:ltioll slwll 
hI: l\fovidcd for l\U 'ow~r·tict SllHCONTRJ\{'lORS alhl SUppliCl!i fUllli ..hitlg malerial" 
compollents or !it'lykes to rhe CONTRACTIlR whkh u'qllirc insllI'djnll or c\'rtiCicll"_~_~~~~...... 
tion . 

. ..') 
3.2 

-
The COXSTRUCTiON M,\NAGER will rml furnisll a Shop In~;J)cctor for the water 
:>h>ps lish.-d in I'ar:l!!ntph SA hili will m.luil\· tilt' CO:-:T I{ACIOj( 10 fmnish letter!: of 
COtlff,lfl\U\IlC!,.' or t~-st n'\lorts i,\\ ".~\\\~' !!ty;;:n',.:\II,y till:' (mp.. or Enl!i'll'~r" Spcdfkatiolls 
in PilnJ~!nlph 5.4, 

Page 7 of 21 
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1'oWr.1Iu\t.\ Indll~iJW Specification No. 

Divifion 


3.3 	 Q,wlity COlltrol DOCtllll':n{;Jlir,HI Required 

3.3.1 Tht: followil1:,.! dOCUllI'mt:ttioll tll\ 1\»)1)lhm. plrcdng IIntl l'Uting c\)ncrctc is I 
r"''1 t1irl'''' I'm rh.:- rONSnWfTiOX ~,l/\ NAGEI{'S H!vil!w .lnl' me. 7. 

Plw:illg in:>pl,'dor\ report ". end or curing time. 

J.J.2 	 '1'11... ;thll\"~ oI.Wul\l... nlatiOl\ is rcquih'lI for the CONSTRUCTION MANAGElt'S 
fill.' for tlh' foill/wi liS st rudu[I!s and ~lIl\\){)t{s: 

fl. 	 Shield BlIilding including all "'U)bl'ddcd itellls. 

--_ .... ---_.... ---	 --- ---.... ---- .. --.-..... ---1- ....----4 

3.4 	 Handling. Shipping nnll Shmlgc 

Th~ CONTRACTOR ~\\\I\n nlilinll'in hllndtlng, slorogc, PI'CllCJ'Vllfioll. 11rlcking ,lud 
shipping prllccdurcs to protect the qwt!ity of ,lroducts and }')r"wnt d:unagc. lo~, 

o 	 dcteriomtion, dcgmd:ltion. vi" buostimtion of [>foducts. Means shull be provided for 
necessary protection agllinst deterioration or damage to products to be held in fieldo 
stOnt!te. When products r~qnirc special ellvironments ill storage, tho CONTRACTOR 
shan label packages to indicate this condition. The pro":C!1UFl)S for handJing. storage, 

5pn.-scrvntioll, packing, :Utd sltiPlling slulll be submiUed for approval in nCI.'OJdanC0 

with Form ED60S8. 

4.0 • FORMS 

4.1 	 Construction 

t'age 3 of IS 
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-,--~-------.-----------------------------

1\" ... ,. ~ ..d I "u.... lfill 
Ui"1S1011 

Tht, Shil'ltl Buildin~ w~lils will hI." ~lll1~truL!t'tl hy th~ ~!ip-rOl III IIIl'llwd as lI~s(."ril'~d in 
SIR'dtkOllion No. 77·~t)·(,-J8. Fonn;, sh,,11 !'.,' .:'ollslrudt',1 ill ;I,'\'Or,);Ill.:'\.! wilh the 
'lpplil'abh: Pro\'isions of AC! 3-1, ,'\,'.:pl ;I" l:w\!ifkd Ih'l"d)l or llll lilt' ,!r,iwings. FI)rtns 
shall b,' ,)1' wood, an.:I,I!. ~tm.:t\:T.,1 hardh-'.mJ or t'th\.'f :-uiuhh: 1U,!t.:ri:l1 Ih;!t will 
p.-mlut:\." Iltl' tl'quirl'd sutl~I';~' linj,h, FO(lH~ :.h:11I h,' ':I~nstfll.:h·d II) ,\)lIl"unll h.\ thl.' 

sh:II)~·. ftlflll. lillI.' ami !!rad~ fel]uit",1. ami shall bl' <,ulh.'knlly rigid to l'f<.'Wllt 

dl'forltl,ltion \llll!c,. If'ad ;md b~' ",\ Iksi!!IWd ;,-, to h·.' f;.·lJlm·t"~1 Tt';lclilr ~t:ithollt iIliuring 
Iht' ..'tt!l,·rcl~, Joint;, ',h,llIlw 1l1\111;,if {j~hj ,11,..1 ;:rran!'-t'd h> nml\mn to lh,' \l<lttcm -:11 the 
dl'sil,!11 rl'lillil\'lL Fl)/IU~; 1'1:1.:'.',1 lor ~·la.Ti.'~.·,i',c I'0ur~ iLlr "0111 illllOIlS :-mfal'c~ :;h:111 he 
nH~ .., to :i'.'l:llnttl! ;tli~llIlh.'IU to .l~~\lt( ;1 MilVI)!h l'nmph'tl.?lI SI!TI,I\'(' fret:· from 

inl'l;u!;trilk" t1n \'XI'~I:~\1 ~,mf,t""" ll..·l"lllkl(l't~, ,u... h ,I~ dUI'P.:d plrwoOlI 01" kh~k~ ill 
stl't'l forms. will not he:' pl.'nnill\'J, T~l1ll"otary OI,,'1l1l11!" '~hall Iw providl'd \\'hl'r~ 

l"l.'quirl'd 10 I'adlil;lll' ,,·k:mill!!. m:-i'",.'li'\1! .m~1 pl.I'll;<!. hHIII:; to tw I\.'uscd 5h;;11 hl' 
thoroughly dl.';IIWtl and ~.1H~lull~' 1i';'I'~'dl'd I'M SIII'-.I·.'l' lL,I1I:lgC 111i....liiglllllellt. ..:11;., 
hl'forc £1.'-\1:\,'. Ulllc'iS 1IIhl'I"\':b,' H('1nJ. dl:lll1f.!r ~trip'" ,.hall b,' provi(kd in lIw ~':xt .... I'iOI' 

nll!!I!!:; of I\-))'Im tn 1',\,lIu.:,' (·k.':!. Slrai!!hl <il!J IIllij'Olm ~·\Igl'.i on any nmcr:::tc Ih'lI will 
be l'XI'os~'d in its Iwrm;lIwllt ali~j Iillhh~d :o;lat~, 

';/ 

forlll til'S shall h~' (~f a~tl'qllah' hI J\'l1gth all.l nf a 1)'l'l' ~lIilablc for th..: purpose, Tics 
shall hI.' SI.I llrr,lIlgt'd IIml, Wlll'lI fl'rm:> ;lfl' r,'llluwd. all IIll'lal shall llC nol Ic~s than 2 

( ':J inelll'S from SIII'f:ux's cxposl'd h' lak..· wilh.'1' :IlId not I,'s~ !han olle ill~h rrnm ,>UrI;WIJS 
SUbjl,\.·tcd to mcJin:Jry Wt,',ltlWf \'xposurc. 1.1I~::i. ~OIW~;. wash..'"" or olh~r d~vkcs ;.11:111 
nOI 11."1n' a surI'Ut'\' dt'l'l'cssioll nr holl' lal'gl'C' Ihan '!'X indl ill diillUl.'lI.'1' 011 ex!'osed 

'.J.,;/' 

~J surf:lces. 
,,) 

4.3 Form Parting Agent 

Fonns for surrm".~!l w!lkh will bl' ~'xposcd. I:'X':~'iH tliv:<ot:' xllfi;l\:es to be Il:titltcd, shall be 
coated with ullpl'oveli parlinll :lgCIlI b.:fol'l' lil,' rdnfol'l,'l'll1\,;'nl is pli!~<!d. SUI'plus anda 
splatll"red (~n:lIi1'!~ m:!!!.'!'!:!! <$h::H b~ r~ml""':'~ fivlii {he fOrll1b, rcmtorCCII1Cllts and 

t~ 	 adjacent cOl1crcl{.' surftlecs prior to COJ1cr~tc phlcemcnt. ellre shull b~ taken that the 

parting agent docs not get into concrete or rcinforc(,lIl1.'lIt which is (0 bond with new 

concrt·t~. Fonus for exposed concrcte surf:J~""s 10 rcceiw p.linl or similar co:ttillg ~ll<lll 


be spmycd wilh laC{IUl.'r. shellac, p~liJlt. or <.Hhcr sllilab!,' l)f~'p(!rutiom; Ih;)( willle.....e the 

concrete ~urfnce free I'rol11 oil. l!rCll5C or rl'sidul' from thl.! parting ugcnt, Sudl ;,ud"ccs 

will be illdkltl~'d ill Ihl' SI)l'dficution for Fll'/d P;linling Mal on Ih~ l\r~hitcdllHII 


Dcuwin,!!!">. The IlUI'lillll 3.!l\.'ul Sdet'tl'd shall he dlCflli:::llly comratiblc with tltt:' 1l3i:~t or 

protectiw l'oating to tw npplil'u. Forms fur ,Ill'll Surf:ll'CS ~.h,11I nol bl' placcd prior to 

the CO:\STIHlCTIO:--': MA SAGE R'S "1'Pro\'.11 of Ih". pml illg ligen!. Wood forms. for 
 ;.l 

lIurrnccs which will not be ('Xlll)sI.'II 1l1OlY hc Ihotoll!;!hly \w'lcd wilh w\ller in Iku of 

form coalill1!. ex (.'q>1 tlmt in cold wt'ilthl'r with prohahh.' frccl.ing h'l11p('ra:urL's. 
~·(l'llinv sh;11I Iw mell. 

I'.lrtillg "ElCUl shall 1101 hl' used in IlIl' slip·fol'lll (lll...·rutioll. 

I 
I 
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o 
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5.1 

5.2 

5.3 

5.4 

I'(m cr ~m' 'n<lll'lri~1 
l1ivj,;oll 

Forms li.)r wall~. sides of Ill'ams, sl;lh~ ami (!inkr" alld ollwr parl~ not 

5.0 

l'nlllJ1lJl~. 

supporting tlw \... ~i~~ht of thc L't)IlCrI.'ll'. shaH hl' fl'Ill.)\'ct! a~, ~OOll ;1\ /lradic:lbl~' in (11'\h'r 

to avoid dd:IY in l'uring and repaitil1t~ ~urf:l\:e illlp~·rft.'l'lil)nli, Wl,lud f(lnns \w il\$ulat.:t\ 
!>tCt'l [{.lflIlS for Ilwmbt"" ~·I n li'~'1 or !:rt';lll'r in Ih;d.n('~s 0;11,"1 !>t' stnpPl'd wilhin : •• 
hOIl(:;, No!\-insulah'\\ ~{cd fOHn!> \1);.:\1 rllr ml'mh<:l":< 2·); 2 t\,\,{ ill thil'klll'S~. ~h:lll. i r 
PI';ldi':al.II.', b(' ~Iripllt'd wilhill .',t hours 10 allow ftlr pfl\I'~'1 l"tuill!! lmd r~\lail" \\1' 

surlllt'.~ iIlJI'I'rli;,'li{11! III Il') '.';,',,-', IlnWl'Yt~r, ,hall form" Iw '~'llJon'd hdOll' ;rI1I\1'o\';11 hy 
1I1i~ O.)N$Tt~UCT!O:-'; ~.II\NA{il',R, l:onn" .,k,1I n'm,lill ill placl' 1I111i11hc tOlletl'h,' has 
rl':II:!ll'd ~lIIHldt'1I1 :clr"In::lh II' pH'vent C:tO{hCf!l1i~' {f;h:kill~!, Fnl1ll« ~:hall be r..:1110\-'::U in 
sUd; a 1l1:ll!n~'r a~ nil! ;j"';lIIC till' tOmpldt' 1-"I!-ty of till' Sin/cliffI.' ;llld prl"'Cllt damage 
to Ill'" (01V;f":(.:. \'\\\'In Wfll ~ f,,>, he;1II1 ;}Jl, I ~'JI(lo:r :inffil;:, ,h", :lIId OtJWf palh OWl 
support tlw \\'d~'hl "I' th·,' t:l1l1':H'\l' :,h;,1J tt'lIIaill in pl:u:,: IInlilllw ':(,IKrC\.: hlls rl!\I..:h~d 
suftkit'llt :'In'lll!th hi 1}1\'\l'uf .'\,',111l'fnli<: l'l:u:!;in.: ;111.] ha!> IYadh'd HO pl'r~:l'nl \If Us 
spcdl1cd ~8 day "Ih'n:,~th III 110 p\'rn'nt !)f ih ~'I\C'dnnl .)() t!;lY ,>lll'llgth. A(.:cd~r:ltt.'d 
r",rlll slril'pill!! lillW \\illl.)\~ t/\'h'rltlirwd fmm Ih,: r~stllts v" "ddili(lIlal \'Ollnctc l.'ylil){h'l' 
strel1g!h !l'sls, 

EXI'ANSION JOINTS 

Expansion joints shall h,' forlllcd (I, agree with tire ddaib shown on the dnlwings IInu the t 
material s\lpplied in a~'l'ordallcc with thl! followint~ rC!ip~divc Slh!cifications or rC(luin:nlcnls. 3 

t:.XI>:\IlsiO!l Joinl Filk,i' 

l)rl'r!)rm~'d ":Xpilll~ion joint filkr shall ~'OllrorlU t{l :\ST~I I>l'Si,!!lUltioll1>994 OJituJllillol!s 
TYPl'), f) 175\ fBi!Ullliilous Type), or 1)1 7'5,~ (Nonhitlllllinous Type I"" indicated 01\ th\! 

Joint Scaler'" 

Joint sc:d..'1' sImI! l'onform to ASTM l>l'l\igllalioll Dl i90 CHot-POlitetl Typct D I 850 
(Ctl!d'Applh:iliioll TypeJ or USAS S!,l't"i fj':a Iion /\11(1.1 (Multipk·('ompon..:nt Type) us 
indi\,::lll'd on tlw dcsil!tl drawill\!s. ,Ioint l\rCllaration and ill'P\iI;u\ioll of primer and joint 
s~'lll:lI1t sh:rll ('1m form to st'ld:ml 111,11111 fa.,:I lII'l'r'S i!l~J w.:! k>!ls. 

Shl'1If Keys 

Shl':lr key forms shall be made frolll Illl'lal to th~ !iileS ,lIld lihapes slu.)WII Oil the 
dmwing.~, or be form~'d with lumhl.'l' lo propl'r diml.'llsions, 

Watt'r Slops* 

Water stops shall be of rubl,wr, p()h'vinykhluridl?, md"I, or I\COllrCne or ,I~ ~pcdfied on 
the dr."villl~S :Hld hl' locall.'d and installl'd as shown OJ) Ill{' dr"win/;!s, If thc need arises. 
the CO:-;STRUCTIOX ~1.·\NA(jER will :"ipccify Of ",hanp.<, Ihl.' location of Ih~ wlIter 

st()ll~. 

Rubber lind PVC finished water stops shall meet or excl"cd Ihe physicill properties of 
the ('orps of EJlllinl.';:rs Sp\'ejfications CI~D-C513 and CR I)·C5 1'). n!spcctivcly. 

"'Th~' ('OSTR1\ClOI{ ..hall I'm ni\h ,I 1\'I\\,f or l.:onfOl lll.tIl.:'.' or 11:... 1 n'J>(lII>; I" tIll! 
I:Mjl~II:J< ,11111 (,O;'>.;STRLJCTION MANAGL({ for Ihb llluleri,,1 ii!> showlI in Form 
EI) (,O~,~, 
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6.0 CONSTIWCTION JOl~TS 

COlIslru~tioll jl.)inl~ slt,11I he mild,,' in '1I:..:t)rdanl.'l' wilh ,\l'I ) 18 I.'X~I·l't jI~ ll1~ly b!! moditkd 
hl'fl'ill or {lit IhlC' dra\\'ill~~s. jnilll'> i!l ;'.'OltI.!I)IIS or pil'j"S shall rl' illiltk al lilt' .llndet'Sidl' of thl! 

d~l'lw:\t h':;III). pin!':! or h'lUndJ fr.;mill!:!. I'WPllt'LllY :;Iwa( !,;\.'ys ,lIld WOller <;\()I's :;h;11I bl.' 
in~tllll",d in ;}!..'!..'lml'1I1I..'l' wilh the nWI1Ufa,'Wh'c\ ditl.,\·tion~ and 1Ill' COSSTRUCTION 
MANA<3ER'S 1I1)ph)\al. 

When till' ~\llbl'l' nf .. lift i~· lOIl!W\'t,,\1 wilh r.:inft1rrilll' '·;kd. \)f is n~'ati"l.'ly 

il\m~~·l'sslhk. "1 if fur all)' 01111:1 n:il~I'11I ;1 b urH!~:"u'ah!~' h' 1,li... \\IIb Ilh' ~lIrlal'c or IIlifI 
tu:fur.: rinal ~.l·l II;IS t;lk~'11 pl.",', ','.11 1".'<;<' ...tltt1n~ hy IlW,IIli. III' air,wllier jds will not be­
pCfmilh'\1 \lnk'.s :1I'I"~1h'd by til': f,ONSlRUTIOX :-.t,'N,,(I}~IC I\n(/ Ihe usc of 
S:lIld-hl:l:"tllll! or li!!ht hll,,11 h..\ll\m~·nnt' Of 1I!1,,'s 111\'.",,; will h\~ n.'lluill,·d. Surface !;ct 
rduru~lnt ":Hlnl'\\III1\h; lol\allllOl I.\\.' uSi'd. 

6.2 

V\~f(icul ~·on:;lrul·tion joints. Whl'fC r..:quir\,\1. ,;h.11I \w t'\1,.'<lncd hy saIl(Jbla~ling. hy Jiuht 
bush han1OWrm!!. 01' lly olhl.':f Jppro\"I!J m.:an~. Th~' l',h,lmg !;Ul'lilr:e shall bl.' thoroughly 
\wlted beCOf!! pl;tdllg \1\Il.:'W (\,lunctc. 

-L..-,----------W-t:wf(.'Gon~tru.·ti(ln joints ar.' made bytlffilllS of l'xpundcd ruetHl, ,Idj;tt:enll.(YllrS shatl--4------+ 

6.3 

(,.4 

not be mad!! until (Ill Inll/tipl<.' laps of thl.' t'~l'alldcd met.\lar\, n.'l!loved :md the I •• itallcc 
is r~'mo\'lxl to expOSl' dl.'.Ill.$('Iund cOI1.:'rck >It the ol)cninr.s ill til(' ('",pallded metal. 

Clo!>\.' inspection shall he p~rf(,\m\l'd to ;Is~un:, that 110 voids cxi~1 in the concrete on the 
opposite side of the wcl,h'l.\ wirl' mesh. 

Snndblasting or W:l!t!tbbs!in~ 

Samlblustin!,! Of wuh'rNastill,f! l;hall he ~'ll1ploycd in Ill\.' Pt~'p;ltali{Jn of the Shi\!I~1 
Uuildi\l~ wall COll:>tTlICllOIl jl,jIllS. TIl\' opcr"iitlll l>ii.IU h.; ,:oJitinuo:d "ntH all ull~alh· 
fuclor), ("oncr\'ll' '1Ilt! ull l:lil:ln\·~'. coaling, !it'lins. ddlris ;\lut other I{HI.~i;,!n mntcrials ure 
rt'lUowd nnu liolid :'.;!JTl';::II!! is l·xp{)~cd. T!l\.' surf",,~ 01' tlw concrclc s'uill then be 
w4Ishcd thorou~!Jly to t\'lIIt)\:c aU l\loS\! m;)lerial. 

Air·W..'~'r kl ('1l1t111~ of I I ori 7. 011 Iill Joints 

Air,w;lh'r jl'( nl\lill~ III.IY h~: Iwr(mllwd UPl)p 'Ippmval by Ihe CO:--;STR U(1'ION 
MI\ NA(;j' R" Tlw ~lIrfi\(\' :-.11.111 h\: WI with .. hi!;'ll pn.'sMltc air,w;II'~r jd 10 rcIlW\"..: .111 
Iilit:tncc mull0 \'xPOW dcall, ",ollnd aggrc!!:ltl.' wilhout ulldcn.:ulltng Ihe edge!' of Ihe 
hUl!c IMfI idt'S of 3rgrt'L:il II.'. 
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I',,\\'('I allli Imlu~lli. 
Ili'ilioh 

(,.S Construction .Ioinl Tfl'alnwnl 

All concreh.' wrfact:5 to fl'n'in" new {·(llla,'h.' shull be \\'l'1 '.I"wl! Iwl..~ hlmrs prior to 
Illadll!.! concrete. All hori1.ont<l1 smi;l';~s b(' Ihow(I:'hly ,overel! wilh 
approximaldy I!~ indl (If nwllilf immelti:Hd}' hef(lf.;:' lilt' ,,;111'1,'1\' i, phlc,'d. For 
congested IIrea~ Ihe mortar m~ly b~' forn'd ~llh'3" or th..' concrt'lt', Tht' 11l0rlar shaH h;wc 
Ul\~ ~mc l'l'ml'Jlt~,;md r;llii) ;,S USN) in Ihe ('oI1Cfc:h' bcil;~_~ pl;II:,'d, 111(.' pn.'\·jsion 

requiring pl"':"'1I1I.'111 Ill' I! .::" mortar (\11 Iwrii'.,}ntJlconstmctivr: 1"lIIls 1Il.IY be W:li\.:'d by 
tbe CONSTRl'CTIO!'>: ~L\-S,\GER Oil ,\it',fl)fm wl.'\rk wl;t'll in hb judgement the 

CONTRACrOI{ th'!Unl}:ifr.lh'$ Ihal a S:lli~f,'t'loIY .ioinlcan ilL' ohiailll'd \\ ilhout the usc 
ofmorlut, 

7.0 	 llMHEDr>m) ITEMS 

Reinf(lrcl.'l1lcllt7.1 

Rcinfmcing bats nr m~:,h. ;1\ the: time c\'n".t'\·h~ is P!:I\·CU. shaB be ffl~C- from lO~'$\!' fliSI, 

seulc, clift, gr(';ISc UI' other co;uing,> that will d....:Olruy or rcdu(:l.' 1Ill' bOlld. 

:1 1.1.1 	 Rdnfordng shull h~' pJ.l"l·t1 in .ll'~'Ohi.II)C': witlr ACI 31 K An 30/ and ;IS ';;Itll~d 

fol' on the dmwill!!s :Hlli sh;tli bt' Se(UH'i)' li.;>\l ill both directiolls with ~o. 16 
t~gc black :.umcillcd wi\'\~ ;llId !w~\\fdy h\:1d in position durin!! 1'1ao;jn~ by 

-""-. spacers, chairs. or othl'l' sUPJI('fls approved b>' the n.'STRl'(,TIO:O-: 
......, MANAGER. For placelllents Oll !!r:llk, the rdnforc~'nwllt shall be $uJ'rorted 

011 pr('c'lst concrete blocks, spa('\'t! ill inh:.... als as required by the size of 
---~~····----·····-----·····----Ic.-inrOlcclnent, to Jlhl!nt3in the sJJccifh..'li cov~------

7.1.2 	 Tbl' bt'ndillg. lapping. l'plking lUld un:,~·lting of rcil1r~m:(.'ml.'nl ;md !h~ C{\!lcret~ 
cowr re()uircd for the variotls I),pl'~ ()[ strw.:luI'CS shall be as shown 011 the 

. _,.' 
(\mwings . 

o 7,1.3 Splicing b)' Ihe C;ldwc!ll ll!cth(.\t!. if r!.'qtlir~'{I, shall be in a.:cordance with 

o SVl.'dflcnlioll No. 7749,,(:·30. 

'7.1.4 Exposed reinforcement intcndCl\ for bonding with future I.'xtcl1sions shall b~' 
protected from corrosion by (.·onl.'rl'h~. wrupping. or olher adtqu3te co\,erin!!. 

7.105 	 Rdllfotdll!;! hacs :;hall not he cui, wl'Itkd or moved from tlw lo~ations SIHlWIl 

on the dmwin~!' ex.:epl with prior :Ipprov,tl from the CO:-';STR l'CTION 
MANAGER. 

7.2 	 Inserts 

Anchor bolts. !>It-ews, dmin'\, curb and Irelll.'h ungks. !iI.reell ltuidl!s. door fr;!lll~·~. 

conduils and oullt't bll:'>;t'S, \Illi'Struh .lIId othl'\" insl'rts. as ~h(jw~\ t)l1 Ihe dnlwil\~' ....h~\11 

be accllmlcly plw':l.'d Or tt'mplatl.'d in and sl.'l.'ml'l)' :lIlchon:d prior III plucinr, conn,'h'. 
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8.0 	 CI.ASsr:s OF CO~CREn: .\l-:lJ MAX'\m~\ SiZE :\GGHHiA)T: 

Concrete of thl' \'ari('\1~ d:1S';I.'$ al\.1 Illa'lnmm iI/.!!:rl.'!, •• 11.' ~i7.l'S \ViII i", pro!\o..tilln~d in 
IlCCQl'd'IIll'(~ wilh Spl.'..::H'i"::lt iOIl "(\;0, Ti 49-('-~:=< ('clllral C,)IIC rell' :-'fix I'lant. .mll will bl..' Ill(' 
rcspool>ihility of others, Till.' ;)Ctual ,1)1)(rt'h' d,l~.~ :Uld com.'spl}nl.lill!! ~IIIIIIP fif!IIrC for tlw slip-
form COllcn:tl;' slt,tll bl.' a~ 5ho"\'1\ on lh(' dT;lwinf;5. 

9.0 coNVEYING :\1'\0 I'L\Cl:<G 

Conv\."yil\l; ;md \h.. p':";shln~ nl' e(lIlCH'~<' .,h;lll be in m:c~1r!l.lJlt't· wi/h ACf 301. ACI 304, ~ 
ACI 31 R. ASTM ( ..t}4, ;md .IS- fr'lIo\\'>,: An illla,T'/lIwc!t'd tl.'1l!ph01W 01 1;IIJif) !i)'foli'llI for Ihe 

US\' of IIll' bald) plat\! im:)1\TIOI. I'bc'illf' in"i','dol'. anti Ilw ':Olll'll'lt' h'"lill!! I<lbo/'illury 
shill! h,~ maintaillt'd, 1')\1' cOllllllwli-';Hirlll ~ystl.'l11 ;,1 the Ifu;alioH of 111:1l'l.'lIwllt shall 
he l~ru\'i\kll \\'1\11 :1 Slll(,j~;ll' ill1l1l1l1\ I;i/.ll' ;illli li).:III /<1 ;,n 1.11; I illlt:lllioll ulld~'r \Vorkinl; 
eOllditiullS, An .1II1lU1wiall;'lr ;Iud li!!hl !.h.lll h,' ll:;l'tJ III ,',HIlmI nJllw::illl!. of I.'tllll.'fl'll' hy " 
cunCrdt' pllmp \)]' 1111\"11110111\ plnt't'r. n,h' ,;,'1 \\ Iii I',,' !!Ieak..! :!I IlIl' poiul Ilf (1I:pOlliHtl\\ :lIld OIW 

l\\'\ a\ Ow ~onl'tl'h' PUlilP 'll 1'Il'~lIlJ"lIi.; pt......... :\\1 :thlll/llilll)) pilw;h'llt h." IISl'U 10 I:UI\\'I.')' 

ctmcrl'lt' rrom a l'tm,'rdl' pump or 11UCUlIl;Jlk 1\I'h','1' It~ poml til Il!;U;I'II\I:lIl. 

9.1 

lkfon' d('Pl\sitill~! l'(llll'rt~lc, ,III pl:l.:in!! l'quiplIIl'UI lOh;,1l !~ o:kall~'d, IJdHis fmud, snow 


I and icc) shall Iw fCllll'wd from spa':l':-; hl r~'l'l'h'" "ltll,'I"\'tl', alld thl.! fI:infon~cm(~nl and
r·) 

-----t-- olhel' nll'lal 10 hI.' l'lIIhNhkd sh:tlllw IhOfClUg,hly <k.IIII.'\1 ul" ;,IIIol»)\1.' H1Sl, sC(llc, IlIld/or 
i -·------·········--olfler CO;IlIll~! whidl might im\1itir th,' bOlllt. All l·,'II\J>"l:h.'li ~(;il:--rock-o-I·-C-'o-II-c-rc--:·lc-.l·------
! :'.~ 	 surfaces to r~'cci..c C~'Il\,'rctl' )'liall be thOl"('ul!llly \\'\'11\'\1 t'dOT.: pl:ll."l:lIl1:11I, 

9.2 	 Deposition 

Critical stmclurlll concrete shall be del1osit ... d in .w\','rll:mcc with a <;chedule dc\'c1opcd I 
by the CONTHACTOR ;'Ind approved hy th.; CONSTRUCTION MANAGER showing 
1he Illllubcf. !lixc and s~'qtlencc of com:rctl1 "l~UI'S, A l.'onl~l'etr. pom ched:out c'lrd shell 
be completefJ prior to concrete deposition. Should ad(\ilionaJ w'ltcr be added to ,he 
concrete ill transit Of ;Il the point or plnct'lYI(,llt, :1 minimum of (30) additional 
revolutions will he reqllited in the mix truck. TIH' time between introduction of 
mixing wnlcr and th(' start of discharge of .;'('IlIcrclc l"Jl)m the tmek shall not exceed 45 
miJlUtcs. However, th~ time from introdtu:lioll of illiliaJ mixing wllter to the time of 
complete discharge of concJ'Ch.' from tht' \nll'k ~h;d) 1101 t'xc,-,cd thHt ~pl'cificd in AST~I 
C-94-68, Water intl'('hh'c ...\1 lo iiw dry mix, cHllt'" 'It :1 cCJltnal p)(ml. tmllsit mixer, or 
tranSllort mix('r a\ PQint of (\l.'positioll :.h:lll b;: Ilw h)\.11 "ulum~ of wat(:r dl'signHtcd by 
lhe dcsi[!R mix coudated to fick) l'nllditions of :W!!rep-atc ami !',Iump differentilll, 
Addition of h"m,~crill!! water will 11111 b~' pl'rluith.'d ('x,,"cpl ,,> approved by the 
CON!,;TRU(,TION MANAGEn ..mi fl'IJuin.'s hOlh slump lr:st ,lIlO Ie:M cylindo.)ts tnI~~n 
of the atlered Cllllcret~' at the point of plal'l'lll('nl. 

J 
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9,3 ('on1(01 johns 

C'ollcrl'tl' I1WIllL'('I'S shall t", rl.lc{'d ill a mallHI.'f not fl' l.'xcc\,..ltI1l7 h<,ni/l'nhl) or "erlkal 
lli"wn~i<)llS ~hl"'wn (>11 1/1,' dr,!,\ int;$, Cl'fk'n'l~ shull b.' .kpn-.it.·I! ~·'.l!ltll\\tO\l:;ly l\~1 lh;l\ 
the unit will h~ JIloll('lilhk III ,'()n~inh:ri('II. wht'r,'wr l"'~sihk. ('Ollu"ldim\ joint, :;1);11\ 

b~' pm\'idl'tl ia /:Irg,' ~I:tll~ l'f ",.lnti!1l1,n:" :,lrii'S as $1);.')\\ II on [11.., 111,1\\ ill;:S., In ~'l.'tll.·r;tl. 
t;lH1~ll1ll·tiOIl ,h,ints shaH h .. !.)<.:all.',f 1l~,1f th.... mi..hll:.' t'! Ihl.' span:; of ~Iahs, bl!./m~ and 

gird..'l'S, ~·X(:I.'1'l UI.II. if h',ll1h ia!,'I'S;:':i <,mieN ,11 Ihi~ ".,'im, Ih~' point III the giHkr ~1;.I11 

tw \'\n~';1 :\ di'.\.lill\' c'pl.11 1<1 l\\/c,' Ib: widlh .,," III..' h',IIll, Joill!'; in w,llls :lIld l',,,iwlllIS, 
~haH Iwat til.: HII\klf,ilk 1..'1' 1'1,','1>. h'.mh l'f ~i(d,·r.' ;Hld .11 trl\' !tip or fn(llillgs and fll)ol' 

:;lah,;. HI'am::, t"ir,kr-;, hr;ht\-t, :lm.! IUlIl',,'!I\" ,lull h,~ l't'lIn'" ;I' 1I1l' ~.tIlh' liOll' ,,~ Ow 
1>lahs. 

COlIstflldill!l jniub ~h:11I h... p,·tl',,'t:,.lio:lIl.lI I•. ' Ih~ I\l;litl rl!in\'urCl.'lIwl1\ anti tile 
fdnl'ol\'\'IIWIH "halllw l.'olllinlit',1 :!~'hl":; Ilh' ,'1,111'-1 nll.'t h1tl joint 

WhCfl' ~hrinkJl~\' I.'onlrol dkt;lh.'S. lill)\.' h\'!w~'\'11 ad.ia'·"111 plm:~/I1\·n". for nt~lIIbl'l" 
2·1/2 tt-I."! (lr mQr~ il) til\.' ",•.,a .-linw!lsi,'ll. ...11:111 }1\' hr !{Jll'dal '''';( rUl:lion hy IIw .... [JCONSTIU;CnO:-': MA:-':t\GER ~'r 5011.111 h,.. :15 ~hl'WIl \lll Ihe ,lrawiIlWi..: 

9.5 1'lilccllII?nl PI'OIc:dioll 

Wht'n min, snow, or frel'l.in!! wcall!\'f i~ fl.lf\'-=:I:.1 (II' lhr~a'~l\". udcquaw l)fOvisiollS .:,hall 
be 1lIi1(k to \,fott.'1:1 lhl! Ill'\\' l'Unl?fl'h' aZ;:,lin~1 d;IIIIa~I? 

."'", ,. '. 
9.6 

Concrete :;;haU "o1 bl' dlOPPl'\1 thr..~ugh d"'II~\' rdnfordn~t lot(.'el whkh mif(ht ~'~lItl\l' 
segregation of the Coal'Sc at!gr~~:lh~. In SUdl !':I~I'~ "l-'outs, cit'phalll trunks. or oth.-r 
suitllhll' Illt'i1HS shall be used. In ;\I\Y l'wm, ,'()Jwn'l\' shall nol ht'dWllp::d fn.'\.' thf~i,j;:h 
dl:llsC n'inror1.'jl\g from a Ill'i~ht of lIlor\! th.1II h 1;.'.,,\. t'xccl~t :1$ oth<:lwh,l: ..ppro\·~·,i b~ 
tll(> CONSTRLJCfION MANAGER. o 

On th... haltom of fonned beallls ~lIld sl;}nl>, wh\!rc the congestion of :>tc~l ne,\r th~' 

forms m:.kl'" placing difficult. a laYl.'f of lIlort;lr, /lot to exceed one ino..:h ill dCl>th wi~h 
the same l~CIIICllt·~'lIld J'l/tio as uscd in the fOlIl.:tt'll" sh:1I1 he first deposited. 
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Speciiic;lll~.m No. 

('OIh.'n'h' !'hall h' Ikpmih'u ill Iwrizt'lll:rl lar~'~ Ill' nt.1 [!1'("lkl Ikl11h th;m ~·l iI\Ch~", 

ilud ~hall ml! b,' "H,\w<:d (lr .;.ttls,'d 10 flow ;1 di:-;I;1I1<,\' withi" Ihe: 1Il:'S~, of IIwn' th:llI 5 

1........ 1 h \11\\ plll!1\ "I' d':I'<"iIHJll, 

V~'rlk:d IIH'lIlh~·I:;;. :;lIdl ;l\ w;llI~ and ..:(.iumns. ',11:111 b... 1'~>\1\·:.1 \1} a 1,:"0:) approximately 

I inch ubo\'>~ lltl' !,I1(f11 Ill' h':lIllS, l~ihkl~' h,l\lIldll"., or IIlhcl' :-:l!)t'rilllpllscd 
t'(l/I:;(ructiOl\ 01 tt11~ vI' \~;llb .1Il.! 11\':11 ;-.!lIIl.k .. tl 10 IIlIt' k ...d ;.j!", ··.·:lIknwl1t II;IS (.Iken 

J>lao~. 

10.0 C'ONSOLIllATION OF CONCRETE 

COllcrct(' lIhall h~' pl;lt'\'d wilh tht' ilid t'( Ilh.'dl;mkal \'ibr.lli\\!l C\II,lijllHI'lll ,md suppklilt'llh'd hy,1 
hand ~pildinr. anti tllllIpinl!' Tlw vibraling ,'quiplIII'nl ~;h;11I h,' of Ihl' i',!t:fIlill type alit! ~hall :11 
an times be 'l~kqUiltl.' in Ilumh\'r of unib ,lIld pow,' .. <'\1' l'adl IIllil In properly CO!l',olid,lh.' ;1/1 

COlll.'n'tc, TIll' vjhl'alion l'r<'l\lIl'Il\'Y ~h:ll1 h.,. \\Oll~;:.~ \I!:ill 7000 l'rd,'~ I'er Illilllll~, 'l'h~' dur:ltiull 
of \'ibmliol\ shall be Iimih'd 10 thl: Ill'l'('ssary IlIlll' h) prollm;l' :-."tisia:':lor~' CI)II<'lllid,ltillll 

wH1K)1I1 \..Ulsinr. objt:cli(')mlilk $\'!!H'!l:tlhlll, In t'(lll~;tlhd;llinl! ~';idl I<ly\!r of ':;(,mal"lt'. !II<' vit-r.llor 
__ ~11 b('_()Il"'nlt~ll int\n(';\r~cltk.}I_ J><)sllil)lhJllld Ihl.'\·ibr;l!in~ hl,':ld,lmll In.' aIJQ'o,~-:.:.,.4,,-.~1c-0_l-_ 

Pt·uClwil.' ulIJ~r lhe UCl101l onl:; own w~'h~IH am..! I"t'\'il'I:II!.' Ih~' COllcr!.'IC in tltt: 11\\1"'1' porllon 01' 
tlli.' undcrl}'ing laY\.'f. Neither form 111l!' surfal.'~' \'ihla{urs shall b.: u.,·:d 1II1h-:;~ :-.p,'dlk.illy 
approved. Vibrat01'S shull not be us!.'d to mow 01' SI)l"t';ld cOIwrclC. A rati(} ill lI()t less than Ol)~~ 
spun.' vibrator in good working ~ondili(>Jl [0 ~m:h tim.'\' vibrators r\,(IIH,,-:11 \1)1 'lI;tt)Sf;l ....h)ry 

vibr:ltion of the C'ol1\.:r"l~ bl:'ing pl:!\.'l'd shall be kq)1 ilvail:I\:Ilc for imlll';lliah' U:;(.' III pof:lt of 
dt'I)Oliition. pr~wisi('lns shall bl;' made ror auxiliiUY \i"WI.'r to provide cOlllj'luity of \'ibrati,m in 
CIISe' of pm\h,;'f fililur;.: fii)lii ill\." prillcill:li source. EX1\\)ri",n~~d mlll compl:hmt ojlCr:llOrs shan b" 

r'""""i provided for ('"eh vibr:ttor being used. 

J1,0 COLD AND HOT WEATHER CONCRETING 

1 ) ,I Methods 

Methods ilnd ml'ans of batch ill!!, m!X:Itl~~ .tlld lkliwrv of '~(HH.Je;, I: in cold :mu hot 
wC'ather shall l'ompl), wilh tlh' '1\"l'!1nil'al Sp\'l'jlk'ilion ~o_ 7749·(,·25, "Ccntt;J1 
Concrete Mix »1:1111", and slwll In' Ih~ responsibility of OtiWIS, ("oIlC'Fl'lc for sJip-!onn 
work !>hali not be considered m!l~s concrete bl!I lihall he trcllh:d iJ'; concrete for "thill" 3 
sections, 
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'. 
l\tWttl "'1.d ",du,.t,u.' 

Ilj>'hiHn 

Dtlrinl! 1I10th'ral;..' \walhL'r. frl'~h l"flR':I'l"h: shalilwi h\! pl:ln'd al .1/; aJ\lhi~'nllcllll'~r~htr\~ 13 
\{,wt:r Ihan ,15\=. H ~h,11l be I'rOI~ch'd fmlll ("xlnmw l\'lllpWaltm' v:lria!iOlIS for not t ~ 
h.'~s 1han 7 ~ hour~. 

11.3.1 (\l\l... h..\.... ,,~ Il'lIx.:d (hltin~~ (I'M W\·;sf}h'r. :,h:11I h:t~t' tI "'mp..:tHtm~· of not !t·ss 
Ihall Ill,: 1-",11,,)\\ jilt:·· I,aml ;1,; \.!wdfi..-\I in Spt·..:ifh·.,tJnl) ;-"). 'n49-l'·15. Central 
('0IlCrl'h' ~Ji:-. 1'1.lnl), 

lInn Sf'ci h\J\'\ Mass (·ollel'l.'tc 
Lt'~' thiln 2·1/2 feet ()f 

:! I/~ h:cl ill Mon~ in Lem>t 
.l~:~.U!.i!~!!l!!.!!. .Qi 111~'Il!jOll 

30F to 45F 60r SOF 
OF to -'OF ClS.~ 5SF 
Helow OF 70F (0): 

r~ 

11.3.3 All concrete members 2· t/: fCl.'t or Ilhlfl.' in thicknc~>. shall have a pJucing -- tem )cratme of not mort' th:1ll 70F and not l('s5 Ullin 45F with tho exec tion 
C', of I"lip-form concrete which shall have ;\ 1\\;I~iIIl\Un placing tempcJ:\Hm: of 8SF 

and II minimulI1 )Iacinl! t~'\Il )t'ralur~ of 70 F. Concrete less than 2·1 2 fed in 
<:) 

., 

0 

11.3.4 

thickn('~5 shall h:l\'c :I p!3cillg tcmp~l';ltun' of not more than HSF and nOI less 
than SSF. ••• 

. 
Bcfon~ concr~tt' is placed. all icc, snow, and frost shull he tomplctety romovcd 
from ~tlrf;lccs which will bt' ill cont:ICl wilh Ihl.' concrete. The temperature of 
stich surf:.l':~·s, willm ambit-nt tcmp~mlurc is hclow 321=, ;hall he raised within 
2017 of thl! \\!IUpcraturc spl'cifi~d irl Pilral.'ntJlh 11.3.1 !··~~·~Pt that no concrete 
shall be 1)1:lccd upon ~, com,tmction j\\illt unlns the c:on..,tMlcl;on joint has a 
t{'ftlp~r"tUf~' or :11 k'lsl 40F. No cvncrt:!c shull be pli\l;cd upon a frozen 
suhAradc or nn\' UH!! {'onlains fro1.c:n lIlah-ri.lls. 
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Exhibit 4 

"0,",('1 .tud In.h,,uid 	 Spl'cilh:,llic 
1l1\';"un 

11.;1.$ 	 ('On!:H"~', \"Wl'I)1 slip·j\'fI1l cmwl('h'. "h;lll bl' I'H\\('l'kll f!,'1Il freel, ill!;! hy 
mkqu;lll' m\';!ns fOf ~;'..wn (7) days. :\\!cqu:ltC \'tIUil'lI1l'nl for prol('~'lillg I. .' 
t:lmcH'I,' fmlll rr':'\'zill~ ~h:lil hI: twailabk' .\1 the johsil (' prior h' 1'l,lC:illl! ('l"'n~f('I('. 
P:lllkutu car,' shall Iw \'xl'rch~ctl to 11fOI;;'(:( ('d!-,,::; \l1ll1 1"I"'s\'\1 corners from 
fh·{'zin:,!. Forms ...hall b.:- remon-It ilnd II,,: .:'~~IlCtl'tc m... mlwr "h.11I hI.' compi("ldy 
I.'llciowd in ~Ul ambienl :Jir tl'ml'cr~tur(' 11(.'1 m~"'n' Ikm \OF 11!~l'n.' or 11:$$') (han 
tll\' h,'IllPNtlttll'(' at whkh the COJh~tI.,'ll' was pl:I.:~J, No <:111 in!,! wat('r will be 
n:lluifl'l! if l-1,';11ll is ('ml'h)~'~'d, If hl.'al b u:>o:d, nlre' ~lliill he 1,lk,'n 10 insure that 
no parI ~)f till' '::1)11':11.'1,' ""Comes ,lri,'11 ~)\lt Of IS h,',lkd tn h'l1lpl.'ratllr"s ~'hoyC 

(IOF. Wht'n IIrr 1"';11 b w'l·d. Ihl.' cOllcr"l!." $h,,11 bl.' :llkqll<lld:; \'url.'d by {"'Ill.' of 
tI\l' 1111'\ hods !-I'<.:dfkd in 1>;lr:l/!taph I ~\O. Thl' hOllsing, c:,~wri"~, or other 
proh'~-til\1I u~.;d :-.11,\11 fl.'lUain in pl;tn' :1I1J \lIta~'1 a\ h~ilsi ~., hours nn~'r the 
urliricl.ll h'.aim): is lIi:;,:unlillllO:IJ. 

.­

11.3.5,1 ('(\U':fl.'h' for slip-form \\'orl; ~haU I:On{uIIIl Ie' ACI Standard 

"){I.'Cl,llllllll'lIlh,'>.! JlI'a~'1 ice fllr Cold \\\',ilh~'r ('\IIKn:: ing4t (ACI 306, 

66), The con..'/I.'I(~ shull attain a minimUIIJ ultilll:JIl' comprcssiy\' 

slrl'np:th of I :.'00 psi in two d,lfs wlll'H IYllt' /I n':l1,nt is lIsc:ti and 

1600 psi ill two ,i<lYs whl.'n IYPI? I CI.'IlWIlI h u<;t'u. The COI'\TRAC· 

TOR shall l'(,ftiry and dOCtllllcllt by lal-oratory h'sls to the suth.­

faction of tht! EKGII'>:EER Il,at tlw ~pl't:incd ,"oncletc is not 

Stlscl"ptibl\~ to freeze·thaw damage wlwn ~xp()scd to cold w~:Hhcr, 


('old \\'(,:Ith~'r protec:tion of concrete shall be required for 11 minimum 

of two <llIYS.i--" 

11.4 	 1I0t Weather Concreting 

Concrete mcmlo\'rs for still·form work shall not be;> conskh..'H'd tiS mass concreh.' and I ' 
shall have a maximum placing lcmpcrutur(' of 85F :lIId ~l minimum pl~lcing tcmp~r;Jlur~' . 
of 10r. Tn k~'('p ihl" tcmp,.'rahlre of the cOIl\.'S'l'lc from \·:\.:ccd.ing tI,i~ limit during hot J 

....... wentllel', the CO~TRAC'TOH. !lhall, at his rxpcnsc. us~· apprO\'cd means and measures ..... ' 

for minimizinO! the tempemturc of Ihe c:ollcretc. ~IU liS ClI)pro\'l.'d by thl.' CONSTRUC­
TION MANAGER. 

o 
12.0 CURING 

The t'lltire concretl' surf'lce, ('xcepl as specified otherwise. shall be cured by onc or morc of the 
following I\wthods: 

12. I 	 Moi1\\ Curing 

Nl'wly phll:ed {'ollcn:h.' !>hall hI' k('pl wet by till' fontinllOIlS :IJllllk'i1tion of water with II 
'lou.lt·. sOOlkcfS Of wet bmlap for thl' nr~1 ., day!> after thl.' 'OIll'r{'ll! has been pla.:cd. 
Tlw t~milll\ w;:tcr l'h<lll bl: dean anu fr('c of conlamhwtillg ·,ubsl;mcc::-. lIult will db~olor 
the cOI\\:rL'tl.'. ('(lIlI:Tl'tl' Il1cmhcr!. 2·1/:! ft'e( or more ill Ihl' kH!\t dimcnliion ..nd aU 
C(lncrl;'tl~ nm~lru,·tioll joints to .'ccl'i\'c addilionallifts or connelt.' \h:11I be wlltcr cureli 

l'XCI'pt il1l'\tn'lIwly ....old Wl':lthl'r whl'1l :lIlollwf mdhml mu"t Iw l'lllpIIJYl'd. 
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Exhibit 4 
I. 

Th',' \'Iltih' l'urra~\' ...!I;lll bl' (owrnl with :t hlanket of ~,lHtI III \',II{h not k~s th,1t\ 2 
illdl~'s ill lhk~lw~!;. llllllll'l!i"kly arkl pla.:hl!!. lh~' I-I;mkt't sll;,11 h' fhoroughly WI."t1t'd 

;11111 k\'PI ~a!lHatcd fur not k's:; Ihall 7 dll~'S altt'l' h'ing 1'1:1\'1,'11. 

I ::!.J ('oltnn ~fal ~h:lhod 

Th\? l'lllil\' :;lHflll'\~ :~lun bl.' \.·(W\':<:u \\ jtll l'ul ill!) m:tb 1:llll dm·tllr upun Ill\.' concrete. 
Thl' \'011011 mal .. ,11;111 ,'unf(lrill If\ AASIIO 'k'l!!Il.!u<ln :'1-7,\·(.'1, 11I1II....lIiil t.:ly :Iftt't 
1)1:lt'iIl'~. lilt' 111;11'. ... h.dl he thoHlu!-,hly W'.'1I1.'\1 lIml ~'\'I)I :<Jlllmlnl rOt nol It'liS IIHm 7 
d:}}'~. 

Th..., \'\Hil\' s\\fl',ICI: l.I\,,1\ bt' ,'~\\il'I"'1\ wilh wal\'rptou! P:I\'\'" laid dill'l'tly upon thl' 
t'OIll'I~'h~, Thl' p;llwr shall t:ollfonn 1(1 ,\S'I'\! Ih:~il:llatioll ('·17 J. The p:lpcr !;h,,1/ h~' 

tt\I'I'~'d II,)! (.:\>!; lha1l 4 indh.'$ ,,\ ~\I)!~'j;, ;11)(1 \'I\lh. Jnd tw ~\'alt'd willi m(J~ljc or 
yn:ss\II\,·sl'lJ:,i!jn~ tapl' nnt Irs~ 11);111 1·1/2 Uldw~ ill Width. 1';llwr ',hall h .... wei!!hll.'d to 
llf\'\'cnl dhpi:lI:clUC'nl, Hf.)I~~ all,)c:lfil\~ durin!.! Ill\' ~'\Jr\I\t!: pc-riot! ..,han I)'.' illlmcul<lli.'ly 
pUfl'h\'d. I'a~ll'r shall r~'IlI:lil\ illl;let for nut k)'s I hall ., d<lrs ..ncr plat:illi!. When h'sted 
Ill'l'Onlilll.! III ASTM Stilllthlfll Col S6. the Ius,:, in Wl.'ii!ht (\1' wlIh:r thmugh the curing 
ut!lt~'rial shallllot t'xcccd 0.005 gmllls Iwr squan: (,.'I.'ltlinwlcr. 

,...... ...."1'.. " , .".. " , .. " ... ".uv.. 

The liquid·membrane curing compound slndl \."ouform to clear seal No. I :! as 
Iltllnllf3ctur~'d b)' Grace and Company, Cambrid~l·. ~1assnchusclts, CJr equivalent 
,,!,proved hy thc CONSTRUCTION ~IANAGER, Apl'lkation shllil L\' in accordance .3 
wilh manufacturer's ill~tnJctiollS ant! the ("ONSTRUCTION MANAGER'S lIpI'roval. 

c') 
All wull Slil rtl~{'S of the Shield Uuilding lI\lovC IIw foundation :o.lab shaH recei"c the 
liquid IIll.'lllbr;wc l'lIre. 

c 
12.6 Plilsti.: MClllbrall~ 

The entin,' surfa!;\.! shllll hI.' cm".!rl'd wilb a lloi)'cthell.'llI.' fIIllI laid dir\'t:tly upon the 
COlll'f\'''... The fihlJ shilll be lapped not 11.')l'\ than fout indw'i at \'dl-!cS ;md ",nt/s .•lIld he 
lieuletl with Ill,tsfil." or llrc!>stln.'·!>cn~ili\'''' lap... not kMi th~1II I I/~ lIid,\.'... ill wiuth. Thl.' 
I'IInt shall h~' \\'ci~htcd or othctwise f;&J;tcllcd tn prevellt di~pJacclllcnl. Uok... "prcarill~~ 
durin!! Ihe ~·utin~ period shall be illlllll.'di:lfclr patched. Th\.' fillIl )'11<111 rem;lin intil\."t for 
not ll'"'' thall sc"cn days anl'r ,,!.King. \Vh",n tl'!>lcU :lct:ordml! to ASTM Standard (,·156, 
the I()~.; in \\I.'iJ.!ht ur w;ul.'r Ihroul:h the ('uring materi:l! shall 1101 exceed 0.055 J,!rams 
I)Cr !>ll\l:IT( cl.'ntimctcT. 
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.~'.' 

" 

Ili\'i$jtlll 

13.0 ('ONCI~ETE tamUr AND MOlnAR 

n.1 Groul ('b,,!'itk:llion 

l',,"'l'r An" Indll~l{i... 

~ln'III!lh._.__....."*'.............
D.~ 
NOll-Shrink 	 4000 p~i 

5000 psi 

..o.ti£~lf!!~:' 
(\mcrd" ~;aml 

1£.!-::!l!t~!L 
As shown on 
dcsil!ll d r:l\\'illl:,'! 

Stand,lIIl Sail I\! saml· COllcn,;'h' ~and COllSI rth:tioll 

mOThlr cl'm~1l1 ratio join Is. :tnl1 
uwll in plItt-hing 
(:ofln~'h: 

B.2 	 NOIl·Shrillk Guml 

13.2.1 -
1 plirt Porll:md (,I.'ment 
I "url Master Builtkr:; EIIlIJl'~'n Allln'elmt\.'. or approved (!qual 
I p,lrl CNlIl, wdl gntJC\t COIlt'ldl' saud 
5.5 gallons of w:ltcr p('r sack of ~'\'III"JU 

13.2.2 lntcrior nnd Exterior N('IIl-Sluillk Gmul 

8. 	 Alumiman Powder non-shrink grout shall consist of c{'tnent, concrete 
sand, 'ntctl}iat "e" (as manuf;lctut1.'d by 5jkll Chemical Corporation or 
equivalent approved by the CONSTRUCTION MANAGER), and water. 
Groul shall be mhl'd in :Ii:~'ord;mce with Ihe Illanufacturer's 
instrllctions. 

o 
b. Five Star Grout m:muf(l\'lured by 1I. S. Grout Corporation shaIJ be 

mixed in flccotdllilce with the IlHlllUf.u:turl!f'S instructions. 

c. Test hatches shall b~~ m:tdl\ tested and approved by till' CONSTRUe'­
TION MANAGER for t'xp;lIlsiOIl and compressive !itnmgth !'ITior to mo. 
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~~-------.-,~.' ..-- ..-------------~-------------- ­
r,.\\t, ""llnt/.nhi, ­

\)M~ion 

, " j 

NOIH.hrinl; grout may b.: mi:-.c'.i fly h~mti 01' mt:dlimkal l\\i:""1 Til\: Emh~'(I.'" il~gH~!~alc-. 
or aillmillum Il()wlkr. and \\';:(l'r $l1all h.:- :j.l~kd It, 111\' mix IIIll1wdl<lh'ly prior IQ lI)i,~, 

Gaml shall lw lI1i\..:·d ill snEll! \luamitil:s ~"l that all ,!!nml "h:.III>,' l'l)lIlpkldy plac-l'ti 
within ::0 milmh't' .Ift..:'t Il\i:-.i!i~. Gmtll ~han Ilot II,' Il'h'IIIIWh·tl hy :ttldiuPII nf IIIlln~ 
waler. 

Dq'p!u:k ';h:tll ~','n,-iq (If a 1\11:-- hIt.· ~ h)' ~oli1:n~") of I pari n:lllt'l1l in :'·1/2 part:; of :;:1 no 
wilh 1-~r;lI!aliPll ~;!l(jl Chat l<tl) \','10,",'111 ~h,lli \,ho.; th~~ Nil. 11\ ·,i~"'\·. Only cntlu~h wakr 
shlill hI.' IISl.'d In f'r('\hh:~ ;1 111'.'11.11. W1Hdl whell IIs\'d. ~ll.lll :'Ii..-l; logcllu."r nn twilll!­
IIIQldt.'d in!(\ .1 hall hy ,I 'i.lil~hl r\I"~~\lh' of II .... 1I:1I1lh. ;lflll ~halllHII \'XII<Il" wah'r hUI wifl 
l\',lVc til\' h;Hhh. d<lmp, ThL' Ph'IWf ,1111"11111 (If Jl)1,~ill): waf"r ;lIld IIH' PWP\'t nw:;ish""t·y 
5111lB b,' O!:n whh.'h l'm,IIK,' ;t liHlnf "'ilkh h ;1\ Hh' I'oint "f ill'l'omillg rul,bl'Q' ",1I1'n 
(he nmll'ri;" i:-; s,l!i,lIy p:l\.'kl'd .. Any 11.'~;s \\',11'-,'1 will m'l 1II:lkt, a ~ulltld. ~Qlilt ilad,: any 
1II01\~ will r\'sull in l"x':I's"iw "hrlllk,I!~\' ;lIhi ,I hi,,.,,· t't'l'ail. I>typ;u k :;h,,1) h... pl;!<'I'd and 
p;tl.'kcll in ';l)'~'I':i. E:h-h lilYN 'ill.,lI hI' -;Illidl) ':f,mll.!l'h'd Un!!' its t'ulire Mlrf,lw hy tlw 

:-"z 	 us~ of 1I h~t\'~iwoml stkk and a h~,\mlWl'. 

14.0 	 SLUMP REQUIREMf:NTS 

of·" l4.1 	 'I'll\' ShUllI' a~ indka\~'d in Ihe Cl.'lliral Cuncr\:'t~' ~1ix Planl. Spcdfic;,Uun NQ. 7749·('.25 11 
shall bl' Inaillt>lillC.'d at the point ",S' dchvL'ty a1111 dischargl,,' to Ihil> Shield Building , 
{·ONT)~J\CTOR. S!IlIlljlS at th~' SI:lUOII:lf"mixl'l' shqJIJ~ lt~~L_1QJllitvidc-1JJ~",st~·~,_____ , ___+ 
required 1I1UIlIPS ,JIll! will hl' thc responsibility cr {)lht~ ..s. 1.\ 

15.0 	 CONCRETE SURFACE FINISHES 

- 15, I 	 See Spccili~'nlioll No. 7749·(,-38, Shield UuiMillg. 

c> 16.0 R.EPAIR OF CONe-RETE 

16.1 	 Sec Spedlicntion No. 7749·<>38, Shield Uuillling. 

11.0 	 MEASUR.EMENT AND I'AYMENT 

17.1 	 The Lump Sum Price ror the cO\1\\lletc WORK for tIll' Shield 8uildinu s}l:llI inl'/u,ll' the 
roncretl- Wt'dfied hCI'l'in. 1'11.... unit I'li~cs bi,1 in l'ar:tgnll)lt-; 2,:! and 2.3 orthc Prop(\:>:l1 
shall b\., used for adllitions (0 on.kll.'lions fr(,111 Ih~ Lmllp SIIIll bid jllllclU~ :!.l. t ami 
2.1.2 n:sp~ctj\ldy of th" PI'OP{lS;lI. Only nel rhangcf. ill qu:ultitil.:'s as din'ctcd b; till.' 

CONSTRUCTION MANAGER Ul' the ENGI:-;EER shall constillllc additjolls 10 Ill' 

deletions from the Lump Sum bil.b. 

1'1.2 	 Nct chang\'s in quantities shall be c;Iit;lIlah'd 011 If,,: tlim.:mioll-: ItS dd,liJed 011 till' 
drawhlDS, 
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~I' :"9 ~ ~ '"1:1 1
til ~ 5 

.. ; ,"I; u TIiST 8,\TCIIIWSULTS 1l.2.2.\': ~~ 1"": ~ ~ ~I ~~ i 1 
R!;I'IlIlIlIJCIBt.E

'" I:t ­_1~.u ~ ~ a .: t 
3 g ... r ~ 
~ 1! t)~ ~ 
1..., ~ ~ c: 16 

: :s! 8 ~ B 1--!r-.--------,----..J----..J---I-------I--+--I--I---t----1 
~,~ 1M 14'!: !:: Z 11 

jf- ~ ~ 2~~----------------------~-------+--__+_--------___4___+__~-=~__;_~ 

.-u. .. 

1
:jl" ~ "C Ii: 

:I'~ ~ ?5 it 18 

" '" II> '" Vl--f-____, - .---+-----_l_--+--------+--+~-_l_-+--+--; 


J~t~ ~ ~ ; ~ 19 -,.-l----t--i--+--t--i 
";N .-/ 'c ~ ~ 2Q BASIC INSPECTION IiECOROS J\vAlLI\6LE_ TO UUYf-R PER SPECIFICl\tlON 
I a: (FORf.CI\!:T D,\TI::,, 

TH,E TOLEDO EDISON COMPANY 
AND 

THE CLEVELAND ELECTRIC ILLUMINATING COMPANY 
DAVIS·Br:SSE: UNIT NO.1 CONSTRUCTION 

QUALITY ASSURANCE 
DOCUMENTATION DISTRIBUTION REQUIREMENTS 

JOB NO. 7749 

SPEC. NO. 7749·C·26 

ITEM NO. CD·18 

CONSTRUCTION DOCUMENT NO. 7749·18 P.O. NO. 
ED 60~8 (REV. A) 
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